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Preface

As we are editing the 10th volume of the Road Vehicle Automation books, we become
aware of the tremendous progress that the field of automated mobility has made over
the last decade. Building on the progress in advanced driver assistance systems and
vehicle-to-vehicle communication, automated driving promised a safer, cleaner andmore
convenient transportation of people and goods, and an utopia of self-driving pods seemed
near to reach. In the meanwhile, many lessons had to be learned, and a Gordian knot
of technical, societal, economic, human and legal factors was untied for letting highly
automated driving functions and first regular autonomous services like robotic taxi and
delivery hit the road. And, still there is more to come, once the opportunities of big data
and artificial intelligence are fully exploited and the innovation cycles for automated
vehicles are accelerated by fully decoupled software and hardware control architectures.

In that sense, it continues to hold true that this compendium is a good indicator for
the state of the industry and with that for how close automated road vehicles are to
wide deployment. We are glad to publish the latest on user studies, business models,
technology solutions, collaboration efforts, policies, and more with this collection of
contributions from the Automated Road Transportation Symposium 2022 (ARTS22)
that took place in Garden Grove, CA, USA in July 18–21, 2022.

We wish to thank all contributors to this book. Not only did they prepare and present
their talks or breakouts at the Symposium, they also spent the extra time to write the
chapters that make Road Vehicle Automation 10 the essential book that it is. Our special
thanks go to Jane Lappin, Valerie Shuman, and Steven Shladover for organizing with
their team the Automated Road Transportation Symposium in the first place, and for
helping with the creation of this book, including their introduction that provides an
insightful and concise overview of the Symposium. We would also like to thank the
teams at Springer Nature and VDI/VDE-IT, here particularly Meike Brandt, for taking
care of somany editorial and administrative tasks that are crucial for turningmanuscripts
into the final publication.

We hope that all readers will find valuable insights in the book, maybe this will bring
back great memories from ARTS22, and we hope to see everybody again at ARTS23 in
San Francisco, CA, USA.

April 2023 Gereon Meyer
Sven Beiker
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Introduction: The Automated Road
Transportation Symposium 2022

Steven E. Shladover1(B), Jane Lappin2, and Valerie Shuman3

1 University of California PATH Program, 1357 South 46th Street, Building 452, Richmond,
CA 94804, USA

steve@path.berkeley.edu
2 Blue Door Strategy LLC, Belmont, MA, USA

3 Shuman Consulting Group, LLC, Skokie, IL, USA
vs@shumangroupllc.com

Abstract. In 2022, the Automated Road Transportation Symposium returned to a
traditional face-to-face meeting format after two years of virtual meetings caused
by the global pandemic. The plenary presentations and breakout discussions con-
tinued to provide the meeting participants with the most up-to-date and authorita-
tive information about the current international state of development and deploy-
ment of road vehicle automation systems, retaining its standing as the essential
global meeting for industry, government and research practitioners in the field.

Keywords: Road vehicle automation · Road transport automation · Automated
vehicles · Autonomous vehicles · Self-driving vehicles

1 Overview

The 2022 Automated Road Transportation Symposium (ARTS22) was organized and
produced by a large team of professional volunteers working under the auspices of the
National Academies of Science, Engineering and Medicine (NASEM) Transportation
Research Board (TRB). The meeting was organized to serve the participants’ interests
in understanding the impacts, benefits, challenges and risks associated with increasingly
automated road vehicles and the environments in which they operate. It brought together
key government, industry and academic experts from around the world with the goal
of identifying opportunities and challenges and advancing Automated Driving System
(ADS) research across a range of disciplines.

The symposium was held at the Hyatt Regency Orange County Hotel in Garden
Grove, CA from 18–21 July 2022. The plenary sessions were scheduled for the full
mornings of the second and fourth days and half of the morning on the third day. The
afternoons of the first three days were devoted to full-length breakout sessions, and
half-length breakout sessions were held on the morning of the third day. Five parallel

The original version of this chapter was revised: The affiliations of the second and third author
have been updated. The correction to this chapter is available at
https://doi.org/10.1007/978-3-031-34757-3_15

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023, corrected publication 2023
G. Meyer and S. Beiker (Eds.): ARTSymposium 2022, LNMOB, pp. 1–9, 2023.
https://doi.org/10.1007/978-3-031-34757-3_1

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-34757-3_1&domain=pdf
https://doi.org/10.1007/978-3-031-34757-3_15
https://doi.org/10.1007/978-3-031-34757-3_1
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breakout sessions were held in each of the breakout time slots, for a total of twenty
breakout sessions.

The breakout sessions were organized by committees of volunteers to address a
wide range of topics. These were clustered into three thematic tracks to make it easier
for attendees to identify the sessions of strongest interest to them:

• Policy
• Operations
• Safety.

The plenary and breakout session programs were planned and produced by the
ARTS22 Planning Committee, which included a mixture of TRB volunteers and support
staff from Noblis:

John Craig, Noblis; Richard Cunard, Engineer of Traffic and Operations, TRB; Ray-
mond Gerte, Noblis; Cynthia Jones, Drive Ohio; Jane Lappin, TRB Vehicle-Highway
Automation Committee Chair; Steven Shladover, University of California PATH Pro-
gram (and former chair of the TRB Vehicle-Highway Automation Committee); Valerie
Shuman, ShumanConsultingGroup, LLC andChair, TRBCORVASubcommittee; Egan
Smith, U.S. DOT Intelligent Transportation Systems Joint Program Office, and Edward
Straub, SAE.

2 Keynote Talks

The plenary programbeganwith pre-recordedwelcoming remarks bySecretary of Trans-
portation Pete Buttigieg, followed by a more detailed in-person presentation of the U.S.
DOT perspective by Dr. Vinn White, Senior Advisor for Innovation in the Office of the
Secretary of the U.S. DOT. Secretary Buttigieg identified a goal for automated vehicles
to achieve safety better than human drivers, and emphasized the importance of seeking
equity in the job opportunities that would be available for workers in the automated
driving industry and industries affected by driving automation. Dr. White described
automated driving as “how we move better” and emphasized the importance of safety
in planning for widespread deployment.

Dr. Steven Cliff, the Administrator of the National Highway Traffic Safety Admin-
istration, gave the keynote talk to kick off the third day of the symposium. He noted that
NHTSA is studying the crashes that have occurred involving automated driving sys-
tems to try to understand whether they were caused by potential defects, which could be
cause for recalls. He advocated for a broad “safe systems approach” in automated driving
system development, including careful consideration of equity issues related to who is
likely to be injured in crashes during development and testing as well as deployment.

The final day of the Symposium began with a keynote talk by Dr. Robert Hampshire,
the Deputy Assistant Secretary for Research and Technology and Chief Scientist of the
U.S. DOT. He gave a comprehensive overview of the R&D activities that the U.S. DOT
is sponsoring to accelerate progress toward deployment of automated driving systems
across the various transportation modes, under the broad theme of “transformation”. Dr.
Hampshire reviewed the existing research programs as well as the relevant new DOT
initiatives such as the Highly Automated Systems Safety Center of Excellence (HASS-
COE) and the ARPA-I program to create more intelligent transportation infrastructure.
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3 Plenary Panel Sessions

ARTS22 extended the trend from previous years of devoting a majority of the plenary
program time to panel discussion sessions on important topics, featuring groups of speak-
ers responding to questions from the moderator and interacting with each other, with
only a limited number of formal presentations. These sessions also provided opportuni-
ties for audience members to submit questions through a web-based service. The panel
discussion sessions covered a wide range of topics in policy, technology and applications
of road transportation automation.

3.1 Real-World Automated Trucks: What It Takes to Integrate with Today’s
Fleet Operations

RichardBishoporganized andmoderated this panel of speakers fromWaymoandTuSim-
ple and their respective fleet customers C.H. Robinson and Loadsmith. They discussed
their ongoing field testing hauling freight for commercial customers using their auto-
mated driving systems under the supervision of test drivers. They agreed that the adoption
of the technology would initially be focused on the larger carriers, and that it would be
a gradual process, beginning with limited long-haul routes and gradually expanding to
more routes. One of the main themes was the improvement of work-life balance for
drivers, particularly with the shift of driving assignments from long-haul toward local
drayage operations. The labor impact of the introduction of intermodal freight using
trailers and containers on railroad flatcars for long-haul routes was cited as an analogy –
creating a larger number of driving jobs in other parts of the logistics chain than the jobs
that were eliminated in the long-haul operations.

3.2 Automated Transit Projects

Henriette Cornet from UITP introduced the large-scale European project SHOW, which
is field testing automated transit vehicles in multiple cities in Europe, and offered that
as a basis for discussion by representatives of transit automation projects that are being
initiated in Jacksonville, Trenton and Connecticut. The Jacksonville and Connecticut
projects simplify the technical challenges by operating the automated buses in dedi-
cated facilities avoiding mixed traffic interactions, while the Trenton project aims at
a more challenging application in mixed traffic but at low speeds. The developers of
these projects explained some of the surprising challenges that they encountered as they
worked toward implementation of their systems.

3.3 State and Local Government Approaches to Regulating Automated Driving

Steven Shladover organized and moderated this panel of speakers representing the states
of Texas, Arizona and California and the City and County of San Francisco, provid-
ing diverse perspectives on regulating the testing and public deployment of automated
driving systems. Together, these jurisdictions are hosting a large majority of the current
automated driving mileage in the U.S. All of them expressed interest in protecting their
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citizens and visitors from unreasonable risks associated with automated driving, while
encouraging automated driving innovations that are expected to produce long-term ben-
efits in mobility and safety, but they adopted different approaches to achieving those
goals.

3.4 Private Sector Perspectives on AV Public Policy

Ariel Wolf of Venable LLP organized and moderated this panel of representatives from
Aurora, Embark, Waabi and Waymo discussing their perspectives on the key public
policy issues that they face. The trucking automation applications face some additional
regulatory concerns based on FMCSA requirements, but the NHTSA safety regulatory
issues that apply to all vehicles are likely to be more complicated. There was general
agreement that the regulatory approach will need to be phased, and there was broad
interest in having NHTSA define a consistent national approach, with a single set of
data reporting requirements, but they were also reluctant to share much data, especially
if the data were to be made public. The panelists were receptive to having active federal
regulations to facilitate public acceptance and protect the industry as a whole from
potential “bad actors” working in this field.

3.5 Implementation of SAE Automated Vehicle Safety Consortium (AVSC) Best
Practices

The Automated Vehicle Safety Consortium (AVSC) was established as one of SAE’s
Industry Technologies Consortia (ITC) to provide a mechanism for companies to coop-
erate on pre-competitive aspects of AV safety. Amy Chu, the Director of AVSC, moder-
ated a panel discussion with representatives frommember companies Ford, Volkswagen,
Honda and Aurora. They discussed topics that they have worked on in AVSC, including
how to allow passengers to interrupt an automated driverless trip for an emergency, what
automation-relevant data to save in event data recorders for crash reconstruction, how to
develop Safety Management Systems (SMS) and how ADS-dedicated vehicles should
interact with vulnerable road users.

3.6 Discussion of Primary Technology Challenges to Widespread Deployment
of Automated Driving Systems

Steven Shladover moderated this discussion with representatives of Apex.AI and Edge
Case Research, companies that provide services to automated driving system developers.
They discussed the primary technological issues that remain unresolved in developing
verifiably safe automated driving that can work under a wide enough range of conditions
to be commercially viable. The topics included software safety design, verification and
validation; hazard perception and prediction; safety assurance for machine learning sys-
tems; scalability and portability of systems to new locations and vehicle platforms; high-
fidelity simulation development and validation; and identification of sufficient scenarios
to support robust safety cases.
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3.7 Building a Win/Win: AV/Infrastructure Collaboration

Valerie Shuman moderated a discussion with representatives from Cavenue, MAPtm,
The Eastern Transportation Coalition (TETC) and General Motors. A fundamental issue
going forward is how AVs and the infrastructure can share both real-time and analyt-
ics data to make the whole transportation system safer and more efficient. The panel
discussed how data can be used to enable AVs (e.g., by extending ODDs) and what
we are doing in this area already, including solutions that augment sensor perception
range and provide complementary/redundant sensor information; how data will be used
to support IOO safety and efficiency goals and what we are doing in this area already,
including using vehicle data to support data-driven decisions and to provide complemen-
tary/redundant sensor information; current challenges, such as determining appropriate
data for AV use and expected outcomes, data quality, usability and trustworthiness, stan-
dards across geographies and vehicles, coverage, business models and data vs insights;
and the need for practical collaborative research and strong stakeholder communication
and buy-in.

3.8 The Last Word: An Informed Discussion with Veteran Industry Journalists

Jane Lappin organized and moderated this discussion with journalists from Bloomberg
and Forbes who have extensive experience following developments in the automated
driving industry. They emphasized the significance of the ongoing industry consolida-
tions and the parallel dearth of new investment capital, forcing the industry to concentrate
on generating near-term revenues. They agreed that package delivery is a more promis-
ing near-term target than automated ride-hailing, particularly given the current public
reluctance to share rides. They thought that regulations will be needed on labeling or
naming of systems in order to reduce the current level of consumer confusion about
system capabilities. Looking forward, they saw the industry as fragile because of the
combination of technological vulnerabilities and lack of profitable business models.

4 Plenary Presentations

Individual presentations were distributed across the plenary program in between the
panel discussions to avoid Powerpoint fatigue from too long a sequence of consecutive
presentations. Three of the presentations were given by speakers who were invited to
cover specific topics that the planning committee believed to be important for the audi-
ence to learn about and the other three presentations were progress reports on some of
the most important public-sector activities around the world related to automation (the
U.S., European Commission and Japan).

4.1 Presentations on Specific Topics

• Laura Fraade-Blanar, Waymo – What is “Good” Driving? Framing Evaluation of
Autonomous Driving Behavior through Drivership

• Raquel Urtasun, Waabi – Waabi’s AI-first Approach to Scaling Self-driving Safely
and Rapidly

• Chaiwoo Lee, MIT AgeLab – Public Knowledge of and Attitudes toward Vehicle
Automation: Trends and Implications



6 S. E. Shladover et al.

4.2 National and International Government Activities Relevant to Automated
Driving

• Earl Adams, Federal Motor Carrier Safety Administration – ADS Trucks – The
FMCSA Perspective on Road Safety

• Andrea DeCandido, European Commission DG-RTD – The European Experience: A
Structured Approach to Cooperative, Connected and Automated Mobility (CCAM)

• Yoichi Sugimoto, SIP-adus Program (Japan) – Towards Social Deployment of
Automated Driving – SIP-adus Activity in Japan

5 Breakout Sessions

ARTS breakouts gather key experts from around the globe for more in-depth consid-
eration of specific topic areas. The goal of the breakout sessions is to collaboratively
answer the questions: What needs to be true to make the AV vision become a reality?
How can our research help drive progress year on year? The 2022 program included 20
sessions and covered a wide range of specialized topics from across the field to enable
this discussion for the industry as a whole (see program list below).

The primary findings from each afternoon’s breakout discussions were reported
back to the plenary the following day. The combined summaries provided in these Daily
Roundups distill the latest insights from across the industry. The major focus for 2022,
which cut across breakouts in all three tracks, was integration. In an evolution from
prior years, which focused on collaboration, many discussions highlighted the need for
integration in three dimensions:

• Geographic. Isolated local solutions are not the way forward. We need global,
national, and regional approaches for all of the core AV industry building blocks,
including strategies, roadmaps, frameworks, standards, terminology and definitions,
and policies.

• System-level. The role of infrastructure as both a support for AV operation and a ben-
eficiary of AV insights was highlighted this year. We need to leverage the strengths
and address the weaknesses of human, ADS and infrastructure performance for a suc-
cessful overall system. This need for three-way coordination came up in a wide range
of topic areas, including trucking, teleoperation, traffic management, first respon-
ders, construction and inspection zones, rural use, climate change, transit, digital
infrastructure, and cybersecurity.

• Data. The critical need for effective data-sharing continued to be a key area of discus-
sion in 2022. Data types of interest included test data, live and historical road network
operational data, asset and road environment data, monitoring data, and modeling
data. Research, Planning, and Operations were all viewed as both producers and
audiences for this data, while challenges around data capture, communications, and
developing the open standards and specifications necessary to enable sharing continue
to be important areas for ongoing work.

Breakout participants collaborated to develop new ideas, such as aCAVcybersecurity
ecosystem map. Other sessions used Design Thinking and Wargames methodologies to
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spark high-energy discussions among the participating experts. Additional highlights
included:

• The developers of safety assurance framework standards reported good progress.
• The NHTSA Partnership for Analytics Research in Traffic Safety (PARTS) has estab-

lished a much-needed safety data sharing model, with initial crash analysis data
expected in fall 2022.

• First responder groups are now coordinating to develop common use cases.
• The NIST OES has developed a structured description of the operating environment

to support testing & certification.

5.1 ARTS22 Breakout Sessions

5.1.1 Policy Sessions

• Unscrambling the Automated Vehicle (AV) Policy Puzzle: AV Policy Development
and Regulation Under a New Normal

• Mitigating Climate Change with ART Technologies
• Shark Tank: Is it Time for AVs to Grow Up?
• Beyond the DriveTrain: Achieving Efficiency in CAVs through Technologies and

Regulations

5.1.2 Operations Sessions

• Automated Trucking Research and Development
• Digital Infrastructure for Roadway Transportation and Automation Integration
• Inconsistency of AV Traffic Flow Impacts: Predictions in Literature
• Automated Vehicle Technologies for Crowd-Sourced Roadway Environment Assess-

ment
• Remote Assistance and Teleoperation for Automated Vehicle Operations
• AVs in Rural America: What Can We Learn from the Data?
• Enhancing Mobility with Automated Shuttles and Buses
• How Connected Vehicle Deployment Lessons Lay the Groundwork for Highly

Automated Vehicles
• Evaluating First Responder Interactions as the AV Market Expands
• Interactive Traffic Management for Highly Automated Vehicles

5.1.3 Safety Sessions

• Safety Assurance of Automated Driving
• ADS Standards Hot Topics: Operational Design Domain (ODD) & Operating

Envelope Specification (OES)
• Cybersecurity Hot Topics
• AV Testing and Data Collection
• Adapting War Games to Explore Safety Measurement: An Interactive Exercise
• Understanding the Human Factors of Teleoperation
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6 General Cross-Cutting Observations

As the field of road vehicle automation has advanced and the level of knowledge of the
issues has grown over the past several years, the areas of emphasis within the Symposium
have continued to evolve. Based on the discussions at this most recent meeting, three
broad categories of observations are worth noting:

6.1 Existing Trends that Accelerated Based on the COVID-19 Pandemic

• The urgency of identifying robust business models to achieve commercial success
with automated driving products and services became more acute. New investments
in automated driving businesses declined more dramatically than previously, as more
investors became conscious of the development challenges and electrification became
a more attractive market opportunity. Because of the difficulty of attracting addi-
tional investments, the existing companies experienced a more urgent need to gener-
ate revenue and shift attention to nearer-term and less technically ambitious market
opportunities.

• The consolidations within the industry through mergers, acquisitions and corporate
failures accelerated. This was related to growing recognition of the technological
challenges to achieving high levels of automation and of identifying market niches
that are both technologically and commercially feasible.

• The pandemic-inspired shift to work from home, online shopping and home delivery
of fresh food and prepared meals accelerated the shift of interest from passenger
movement to goods movement. The decline of commuting travel and the health con-
cerns associated with ride sharing had severe impacts on the ride hailing and public
transit markets, reducing the attractiveness of automated ride hailing. At the same
time, the growing need for package delivery and concerns about person-to-person
contacts in home delivery settings accelerated interest in automated local package
delivery. These trends accelerated consideration of the workforce implications of
automated driving, particularly among heavily unionized truck and bus drivers.

• The trends noted above also accelerated the growing recognition of how gradual the
deployment rollout is likely to be for higher levels of automation. This motivated
growing interest in identifying specialized use cases for automated driving that could
be deployed earlier and generate nearer-term revenues, even if they represent modest-
size markets such as ports, mines, or logistics hubs.

6.2 New Themes and Topics of Interest

• This year’s meeting generated a higher level of interest and direct engagement from
senior management at the U.S. DOT, including the welcoming remarks from the
Secretary of Transportation and substantive participation throughout the meeting by
senior DOT management officials.

• The leading participants from the industry appear to be converging on consistent
frameworks for ensuring the safety of their automated driving systems. They are
combining technical safety cases with consideration of organizational safety culture
and attention to the full life cycles for their systems, for a robust and comprehensive
approach to the safety challenges.
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• The state and local government representatives appear to share common goals for
their automated driving regulatory frameworks, even when those frameworks differ
in specific implementations.

• The need for remote human support for higher levels of automated driving is receiving
more attention, which is highlighting the safety, human factors and policy challenges
of remote support to a greater extent than in the past.

• Infrastructure support for automated driving also attracted more attention than in
the past, including both physical aspects (such as separations from other traffic) and
digital support.

6.3 Public-Private Sector Interactions

• The international presentations and discussions highlighted significant differences in
the public agency roles relative to the private industry roles. The private roles were
most prominent in the Americas, the public most prominent in the Asia/Pacific, with
Europe somewhere in the middle.

• The industry representatives appeared to be more willing than in the past to engage
in a consultative process with other stakeholders to develop a broader consensus on
regulatory approaches for automated driving.

• U.S. industry representatives expressed support for government playing the roles of
developing measures of effectiveness for evaluating automated driving systems and
for requiring “truth in labeling” on automation systems in order to enhance public
confidence.

• U.S. industry representatives expressed reluctance to participate in public pilot
projects that would require disclosure of significant technical or safety-related data,
while recognizing that it will be necessary to share a certain amount of data to earn
public trust. This tension regarding the appropriate amount of data sharing is likely
to be an important issue for the future.



Part I: Public Sector and Policy
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Abstract. This is a summary report on the latest SIP-adus activities. Cross-
Ministerial Strategic Innovation Promotion Program (SIP) is led by the Japanese
government. SIP-adus is one of the SIP themes, which is on connected and auto-
mated driving. The 2nd phase of SIP started in 2018, and SIP-adus is composed
of the 4 pillars, which are technology development, public acceptance, interna-
tional cooperation and field operational tests. As for technology development,
it has the 4 focus themes, which are dynamic traffic environment information,
traffic environmental data portal, virtual validation platform for safety assurance
and evaluation methodology of intrusion detection system. In this report, dynamic
traffic environment information and field operational tests are focused.
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1 Introduction of SIP-adus

1.1 SIP

Japan government promotes R&D policy under the concept of Society5.0 (Fig. 1).
Through Society 5.0, it will be possible to achieve a society that can both promote eco-
nomic development and find solutions to social issues by a high degree of convergence
of cyber space and physical space. Cross-Ministerial Strategic Innovation Promotion
Program (SIP) is one of propellants to realize Society 5.0. It began in 2014 as a five-year
research program and the 2nd phase of SIP started in 2018 with 12 themes. SIP aims
at promoting cross-sector government-industry-academia collaboration and intensive
R&D from fundamental research to practical applications and commercialization.

1.2 SIP-adus

The project for automated driving systems for universal service (adus) was chosen by
SIP as one of 11 research themes [1][2]. The governmental framework for promotion of
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Fig. 1. Society 5.0

connected and automated driving systems includes four relevant ministries and agencies
under the leadership of the Cabinet Secretariat and the Cabinet Office. Connected and
automated driving systems, which provide benefits to our society, require collaborative
efforts among government, industry and academia.

1.2.1 The 1st Phase of SIP-adus

When starting SIP-adus, reduction of traffic fatalities was set as the goal with the highest
priority. Automated driving systems are thought to have large potential for reduction
of traffic collisions. As it is challenging to cover all relevant technologies with lim-
ited resources available, the project prioritized five themes (Dynamic Map, HMI, cyber
security, pedestrian collision reduction and next generation transport) as cooperative
field technologies to be tackled.

1.2.2 The 2nd Phase of SIP-adus

The 2nd phase of SIP-adus is composed of the 4 pillars, which are technology
development, public acceptance, international cooperation and field operational tests
(FOTs).

Regarding technology development, the 2nd phase of SIP-adus has the 4 focus
themes, which are traffic environment information, traffic environmental data portal,
virtual validation platform for ADS (Automated Driving System) safety assurance and
evaluation methodology of intrusion detection system (Fig. 2). Virtual validation plat-
form for ADS safety assurance was reported in the previous volume of Road Vehicle
Automation series [3]. In this report, traffic environment information is introduced in
the following chapter.
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Fig. 2. Pillars and Focus Themes of SIP-adus Phase 2

2 Establishment and Utilization of Traffic Environment
Information and Field Operational Tests

2.1 The Field Operational Tests in the Tokyo Waterfront Area

In order to realize advanced automated driving, it is necessary to build and utilize a
framework for road traffic environment data, including a high definition 3D map. This
database of road traffic environment data is called as a “Dynamic Map” and organized
into a concept stratified by four layers: static data, semi-static data, semi-dynamic data
and dynamic data. This Dynamic Map database is thought to be effective not only for
automated driving vehicles but also for all other vehicles on the road.

In the 1st phase of SIP-adus, establishment of a static information platform was
conducted. Based on the results of this R&D, distribution of the high definition 3Dmaps
began in 2018, and it covered approximately 30,000 km of freeway nationwide in Japan.
Subsequently, the world’s 1st automated vehicle (Level 3) equipped with thesemaps was
launched in 2021, and the maps are also being used by several automobile companies
for their advanced safety driving support systems.

In the 2nd phase of SIP-adus, the “RoadTraffic EnvironmentData Roadmap” (Fig. 3)
was formulated to promote research and development for the establishment of a system
for utilizing dynamic road traffic environment data, which is linked to high definition 3D
map information. Standardization and practical use were advanced through the FOTs.

The FOTs were conducted from 2019 to 2022 in the Tokyo waterfront area (Fig. 4).
TheFOTs played important roles as places to openly confirmeffectiveness and to identify
issues through information distribution under real traffic environments on public roads.
29 entities participated in the FOTs, including car manufacturers, suppliers, universities
and startup companies not only in Japan but also from overseas.

Since it was considered to provide traffic signal information, lane-level traffic
information, merging lane assistance information, emergency vehicle information and
detailed rainfall information with high priority, it was decided to generate and distribute
such information in conjunction with high definition 3D maps for verification purposes.
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Fig. 3. Road Traffic Environment Data Roadmap

Fig. 4. Test Areas and Participating Entities of the FOTs

V2I (Vehicle to Infrastructure communication) and V2N (Vehicle to Network com-
munication) were selected as communication methods, depending on data to be dis-
tributed (Fig. 5). The experiments showed that V2I is on track for practical application
in traffic signal information distribution and that V2N has potential for road traffic
environment data distribution [4].

2.2 Distribution of Traffic Signal Information

In the Tokyo waterfront area, V2I communication devices were installed at 33 signalized
intersections, which distribute current signal information and remaining time to change
colors. Also, the similar information was transmitted by V2N using cellular communi-
cation. Figure 6 shows traffic light recognition distances from an intersection by V2N,
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Fig. 5. V2I and V2N Communication System (for Traffic Signal Information)

V2I and an on-board camera. The result shows that the recognition distance using the
on-board camera is approximately 150m and that the traffic signal information transmit-
ted by V2I or V2N makes it possible to recognize signal status from farther distance,
although all methods meet with the requirement for the recognition distance, which is
assumed to be approximately 120m for vehicles to pass through an intersection. It was
also found that recognition using an on-board camera becomes difficult in situations,
where traffic signals are not physically visible or under severe environmental conditions
such as shown in Fig. 7 and that V2I and V2N are considered effective in such situations.

Fig. 6. Comparison of Signal RecognitionDistances betweenV2N,V2I and anOn-BoardCamera
[5]

In this project, a function to support smooth signalized intersection entry was also
developed by utilizing information on remaining green time transmitted from V2I, and
the effectiveness of this function was verified. In a so-called “dilemma zone”, where a
signal light color changes from green to yellow/red just before entering an intersection,
sudden deceleration is unavoidable. It was confirmed that the function makes it possible
to start deceleration before the actual signal light color changes, enabling smooth decel-
eration to stop at an intersection (Fig. 8). Since sudden deceleration in a dilemma zone
can occur regardless of whether driving in an automated or manual mode as long as a
decision to enter an intersection is based solely on current signal information, remaining
green time information by wireless communication is considered to be useful [5].

Also, ISO/TS 19091 (Intelligent transport systems – Cooperative ITS – Using V2I
and I2Vcommunications for applications related to signalized intersections)was adopted
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Fig. 7. Examples of Scenarios in Which Signal Recognition Becomes Difficult [5]

Fig. 8. Effectiveness of Deceleration Suppression in a Dilemma Zone using V2I Signal with
Remaining Green Time Information [5]

as communication specification for the test vehicles. It was confirmed that it meets the
requirements for automated driving systems.

2.3 Distribution of Traffic Environment Information

Since 2021, it was started to distribute traffic environment information by V2N, which
can communicate with vehicles broadly. In addition to traffic signal information, lane-
level traffic information, emergency vehicle information and detailed precise weather
information were verified in the FOTs (Fig. 9). Those are expected to be effective for
vehicles to prevent possible conflicts.

The overall flow of the provision of lane-level road traffic information is assumed to
be the collection of data from probe operators, followed by the provision of the generated
information to individual vehicles through the same probe operators (Fig. 10). Therefore,
the component technologies that need to be considered for cooperative area of the lane-
level road traffic information generation can be broadly classified into the following five
areas: (1) data aggregation from probe operators, (2) integration of data from multiple
information sources, (3) generation of lane-level road traffic information, (4) conversion
to data capable of representing locations and (5) data distribution.

Figure 11 shows an overview of the traffic information generation in target use
cases. Congestion tail information (A-1: branching support) is intended to be provided
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Fig. 9. Traffic Environment Information Distributed in the FOTs

Fig. 10. Overall Flow and Scope of the Project on Lane-Level Traffic Information [6]

at branches. In the case of lane-by-lane congestions, the system estimates congested
lanes based on speed information in each direction at a branch and provides information
on congestion tails. Congestion tail information (A-2: passing support) is intended to be
provided at merging points. The system estimates congested lanes based on turn signal
information and provides information on congestion tails. Obstruction information such
as traffic collisions, fallen objects etc. (B) is intended to be provided for all road segments.
The information generation and the provision logic are the same as those of congestion
tail information (A-2: passing support), butwhen there is little traffic and congestion does
not occur, the system uses turn signal information to estimate lanes with an obstruction
and provides information on locations of the obstruction.

The FOTs were conducted on two Metropolitan Expressway routes to investigate
effectiveness of the information and to identify any further issues. As a result, it was
able to obtain results regarding the amount of information that can be collected and
the possibility of generating lane-level road traffic information using probe data, with
a view toward practical application. Issues to be addressed for practical application
include establishment of a sustainable operation system, data infrastructure development,
maintenance of the system and clarification of a roadmap for service expansion [6].
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Fig. 11. Overview of Information Generation in the Target Use Cases [6]

3 Conclusions

In the second phase of SIP-adus, the R&D on the utilization of road traffic environment
data and the FOTs in the Tokyo waterfront area were conducted, aiming at clarifying the
requirements for road traffic environment data necessary for realization of automated
driving and establishing a system for information generation and provision.

The technical prospect on practical application of traffic signal information provision
through V2I was verified, which is necessary for introduction of automated driving on
surface streets. The V2I environment in the Tokyo waterfront area will be passed on to
and used for the next step of research.

In order to meet future needs for distribution of information from area-covering
network, the R&D and the FOTs on various types of traffic environment information by
V2N were also conducted. The effectiveness of the system and the potential for utilizing
the information were demonstrated. The requirements and the issues for realizing the
system were identified, and implementation of the system was proposed. It is expected
that the results of efforts in the 2nd phase of SIP-adus will be utilized toward practical
applications of road traffic environment data.

The reports by project and by fiscal year can be downloaded from the page linked
from the "Research andDevelopment" tab of the SIP-adus website. The English versions
of the summary reports are available on its English site. Those who wish to refer to the
reports can freely download the PDF files [7].

4 Next Steps

4.1 The 3rd Phase of SIP

The current 2nd phase of SIP will end in fiscal year 2022, and it was decided that the
3rd phase of SIP would start from fiscal year 2023. In order to fully consider the issues
to be addressed in the 3rd phase of SIP in advance, 14 areas have been identified as
candidate themes, including 10 areas corresponding to the 10 social visions listed in the
Sixth National Strategy as “Society 5.0” that Japan is aiming at. Among those, there is
a theme on “Smart Mobility Platform”.
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The Task Force was formed to conduct feasibility study on possible sub-subjects
of Smart Mobility Platform, and it was decided to study the four sub-subjects based on
RFI (Request For Information) responses, which are (1) redefiningmobility services and
social implementation, (2) data platform supporting mobility services, (3) infrastructure
strategy to support mobility services and (4) strategies for the social implementation
of mobility services. The current plan for each sub-project is to identify core research
themes and to conduct technical feasibility studies.

These studies are expected to be advanced efforts toward a smart mobility society
that include organic and flexible linkage with various means of transportation and traffic
environments as well as automated driving, while taking advantage of the results of
SIP-adus [8].

4.2 RoAD to the L4

Another relevant project on automated driving in Japan is RoAD to the L4 (Project on
Research, Development, Demonstration and Deployment of Automated Driving toward
the Level 4 and its Enhanced Mobility Services), which started in 2021. It is a 5-year
project led by METI (Ministry of Economy, Trade and Industry) and MLIT (Ministry
of Land, Infrastructure, Transport and Tourism). The project has the 4 themes shown in
Fig. 12. Theme 1 and 2 aim at realization of Level 4 mobility services at 50 locations
or more by 2025. Theme 3 is to put Level 4 automated driving trucks into practical use
in 2025 or later. Theme 4 is to realize infrastructure cooperation such as V2I and V2N
communication to support automated driving in urban mixed traffic situations.

RoAD to the L4 aims to socially implement the results of theme 1 in society and to
launch automated driving services in fiscal 2023 as a leading example of this project.
For the other themes, the plan is to conduct necessary studies and preparations during
the first two years, to start FOTs in the third year and then to realize social implemen-
tation after undergoing review for various criteria. For these plans, it is also expected
to make maximum use of the results of SIP-adus, such as the traffic signal information
distribution FOTs in Tokyo waterfront area, the study of communication methods that
realize cooperative automated driving and the study of public acceptance, with the aim
of early social implementation of level 4 and other automated driving mobility services
[9].
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Fig. 12. Themes of RoAD to the L4
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Abstract. Automated road transport mobility will develop only if fundamental
conditions are fulfilled: acceptance by users and citizens, economic sustainability,
contribution to a more sustainable mobility and last but not least, demonstration of
its safety. Fulfillment of these conditions needs to be addressed by policymakers
through regulations, standards, guidance, assessments and stakeholders’ involve-
ment. France built its regulatory framework on this balance by assuming safety
will be the main factor for other conditions for the development of automated
road transport systems to be reached. This paper presents how France has set up
its national framework for the development of automated roadmobility, integrating
various policy challenges in a safety-first based approach.

Keywords: French regulatory framework · national strategy · automated road
transport system · safety demonstration · scenario-based approach

1 Introduction

Vehicles’ automation and more precisely transport systems’ automation is developing
through increasing use cases, diversified functionalities and driving environments. In
this context, one of the main challenges for public authorities is to set the right balance
between innovation on one hand, and road safety and security concerns on the other.
Policy actions for the development of automated mobility gather work forces on public
and user acceptance, sustainability, economic sustainability, skills evolution, and last
but not least safety demonstration. Technical regulation including technical guidance on
safety demonstration and validation remain the key instrument to set the balance between
innovation and road safety and security, both at national and international levels.

France has been an active stakeholder in the international scene since 2017, first
by proposing to develop a technical regulation addressing the challenges of automated
driving at the UNECE/WP29 level [1]. In the same time, France published its first road
map for the development of automated road public transport [2]. This document already
presented the will of France to equip itself with a strategy for the development of auto-
mated roadmobility, supported by a collaborative ecosystem between the administration
and the French industry.

French framework for the development of automated road mobility is based on a
significant state-of-the-art to build a comprehensive and holistic approach. Following the
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examples of its counterparts from theUnited States [3], Japan [4], Germany [5] or United
Kingdom [6], France adopted its national strategy for automated road mobility [7].
This strategy aimed at building the regulatory framework for the development and then
deployment of automated road mobility systems while reinforcing innovation through a
consolidated testing regime.

The French approach is based on three principles – safety, progressivity, and accept-
ability. The French regulatory framework has put the system (beyond the vehicle itself),
including remote capabilities and the service at the core of safety demonstration. By
doing so, this approach has aimed to optimize the complementarities between vehicle
type-approval, which is at the core of the European approach, and the need to fine-tune
vehicle functionalities with predefined locations where those vehicles will provide a
scenic (and vice-versa). The systemic approach considers the global system not only as
a combination of each component but also as a whole, both independent and interacting
with its environment. By its complexity and its vocation to provide interactions between
the vehicle and human people – as well as passengers, other road users or a supervision
center, an automated road transport system becomes critical for road safety. Safety as a
pillar is probably the most important one as it is the binder between all activities in the
development of automated road mobility. It is on the one hand the guideline of the regu-
latory framework to preserve road users and passenger vehicles’ integrity, in compliance
with the Highway Code. On the other hand, it plays a great role on acceptability and in
particular, in building confidence in automated driving systems; the more people would
trust the system, the more they would use it. Finally, by designing a performance- and
progressive-based approach, safety is a guiding principle of type-approval and validation
of systems.

1.1 Defining a Global Approach for the Development of Automated Road
Mobility

For the last decade, vehicles’ automation has been developing rapidly, though increasing
levels of automation and diversified functionalities and driving environments. Building
on the momentum and success of prior and current research, and working both on
automation and connectivity – more generally on intelligent transport systems (ITS), a
certain number of countries decided to launch their own national strategy. These strate-
gies reflect the views from an entire ecosystem made from public authorities, industries
and academics gathered around the development of automated road mobility. Although
these strategies fall under national priorities and do not aim at reflecting common views,
it enables the international community to establish a global vision on automated and con-
nected mobility by proposing guidelines on the work to achieve. Experts from around
the world are now able to share their strategic views, their experiences and their vision
to move forward on both regulatory and technical framework.

At the United Nation (UN) level, a dedicated group has been set up under Working
Party on Automated/Autonomous and Connected Vehicles (WP29/GRVA/FRAV) that
aim is to set and define requirements for the type-approval of automated and connected
vehicles. At the European (EU) level, the Commission has launched a working group
on the type-approval of fully automated vehicles. The European Regulation 2022/1426
entered into force on August 2022 [8].
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Europe has adopted a strategy for the development of automated and connected road
mobility in May 2018 [9], supplemented by the sustainable and intelligent mobility
strategy of December 2020 [10]. This framework notably includes a major component
of support for innovation.

In line with other countries initiatives, France launched its own initiative to build
its national strategy for the development of automated and connected mobility. The
national framework gets inked in 2014 with an industrial roadmap for the develop-
ment of autonomous vehicle. After Law 2015-992 [11] allowing experimental testing of
automated vehicles, France initiated to work on a regulatory framework at UNECE level
[1]. Several months later in 2017, French administration presented strategic directions to
develop automated and connected vehicle through the prism of industrial benefits for the
entiremobility system [2]. This documentwas then submitted for a national consultation.
In November 2017, the French government decided to provide France with a strategy
that, while integrating with international and European work, mobilizes national public
and private stakeholders around the objective to strengthen France’s position among the
leading countries in the development of automated vehicles, and to contribute to the
new mobility policy [7]. To achieve that goal, the Government appointed Anne-Marie
Idrac, former Minister, as High representative in charge of the French strategy for the
development of autonomous vehicles. The strategy formulated in 2018 has laid out three
principles of action – safety, progressivity, and acceptability – that are still in effect.
It has set up cross-functional working and leadership frameworks, in a public-private
ecosystem. The strategy was articulated around two main axes: preparing the legislative
and regulatory framework for the deployment of automation; supporting research and
experimentation.

Part of these national strategies is safety a very important aspect, becomingmore and
more important as work on automated road mobility becomes clearer. In all most recent
versions of national strategies, safety appears as one of the main topic, if not the most
important aspect to work on. Technical and research works focusing more and more on
safety demonstration confirm this statement.

1.2 Safety Demonstration as Main Pillar Supporting the Development
of Automated Road Mobility

Automated driving systems (ADS) with high levels of automation require to set com-
monly and widely accepted and applied high level safety rules and efficient validation
framework to ensure safety. Reflections on the development of autonomous driving
safety validation have been very active in the past five years, based on the consensus that
existing validation approaches have to be significantly modified [12]. Academia, indus-
tries, standard-setting organizations and regulators have produced a significant stock of
ideas and proposals, as well as national governments around the world issued position
papers.

At the UN level, a dedicated group is working on safety validation tools and methods
(VMAD). The objective at the UN level is to propose an regulation architecture that
considers a vehicle systemic approach, a diversity of tasks sharing between driver and
system, and the diversity of use cases. Initiating thatwork at theUN level opens the global
approach that national or regional authorities would have to follow. At the EU level, the
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Commissiondecided to continueworkingon safety framework through the establishment
of interpretation document and guidelines for example onODDs, scenarios, safety target,
safety validation tools, periodic roadworthiness.

In 2021, USDOT lays out the will to develop safety-focused frameworks and tools
to assess the safe performance of ADS technologies, and to conduct the foundational
research and demonstration activities needed to safely evaluate and integrate ADS, while
working to improve the safety, efficiency, and accessibility of the transportation system
[13]. This last version of its national strategy for the development of automated mobility
outlines that entities involved in the development and testing of automation technol-
ogy have an important role in not only safety assurance of ADS-equipped vehicles,
but also in providing transparency about how safety is being achieved. In the same
time, a 2018 report [14] proposes a preliminary research to develop a testing framework
through existing test methods and tools to formulate an appropriate, comprehensive test-
ing architecture around a scenario-based approach. This work puts forward the benefits
of a scenario-based approach that fit flexibility within the test architecture.

The LawCommission of England andWales and the Scottish LawCommission have
completed a comprehensive 4-year joint review of the legal framework for automated
vehicles, focusing on automated vehicles’ safety and ascribing civil and criminal lia-
bility in the event of incidents [15]. U.K. is an active stakeholder in the field of safety
demonstration, through its normative publications with the British Standards Institution
(BSI). In that context, safety is part of all actions led by the Connected and Cooperative
Automated Vehicle (CCAV) Code of Practice [16]: it aims at increasing public confi-
dence by recommending that trialing organizations publish their safety case and educate
the public on the potential benefits of a driverless transportation model. BSI has then
developed and published a number of standards relating to connected and automated
vehicles (CAV) with the aim of providing a set of industry standards and guidelines
that stakeholders can use to take a safety-focused approach to CAV trialing through
its BASI CAV Standards Programme. Part of all this normative content, it is possible
to site among others PAS 1889 [17] that specifies requirements for a structured natural
language format for test scenario definition of an automated driving system (ADS) Level
3 and higher.

In Germany, a great amount of work has been done on safety assurance for highly
automated driving within the PEGASUS project, more particularly on driving scenarios
[18]. Safety assurance has become a great deal because of the importance of ensuring
an adequate safety level, compared to the current level with conventional cars driving
by humans. The PEGASUS project initiated work on traffic scenarios to test vehicles’
performance. There is a need to work on validation methods because current tools do
not cover all activities and behaviors that will engage “robots” as we can consider
automated vehicles as machines [18]. Considering scenarios means considering severity
and frequency estimations in the validation process to put into service, systems that will
not introduce more risks than conventional vehicles. In other words, the aim is to reduce
the potential for accidents and to mitigate risks for passengers and other road users by
operating like a defensive and attentive driver who consistently monitors the driving
environment and responds appropriately and safely to changing conditions [19].
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All that work highlights that sound, shared and transparent approaches for automated
driving systems’ safety validation are key to their development and acceptance. Vali-
dation will involve both public authorities and manufacturers. On the French side, the
regulatory framework aimed at setting the foundation to the global safety demonstration
and validation framework. Public administration, in close collaboration with the French
Government, is establishing the entire safety methodologies to demonstrate systems’
safety. This work is quite in line with the international framework, which would apply
to the type-approval of vehicles equipped with an automated driving system. At the
French level, the aim is to define methodologies and tools for safety demonstration and
validation of automated road transport systems for the purpose of a transport service.
Thesemethodologies are built based on recommendations from the French industry [20].
Validation should then combine two main axes: a process-centered axis, to be mainly
scrutinized by public authorities through audit of conception and validation methods;
and, a performance-centered axis, to be mainly scrutinized by public authorities through
tests. The efficient combination of these two-axis strongly relies on the management of
driving scenarios for the conception and validation of automated driving systems.

2 Regulatory Framework in France Relies on the Safety Principle

The French regulatory framework on automatedmobility entered into force in September
2022.With the amendment of theViennaConvention on road traffic supports the first one.
This framework is articulated with the EU regulation 2018/1426 [7]. This framework is
two-fold: ordinance and decrees on one side, methodological and technical guidance on
the other side.

This framework is embedded in a national strategy addressing other policy issues
raised by the development of automated road mobility: acceptance and ethics, involve-
ment and empowerment of local authorities, impact assessment, skills and training,
support to research and innovation.

France has set up a national program on automated driving in 2015, led by the indus-
try, under the New Industrial Action Plan (“Nouvelle France Industrielle”), with three
main priorities: foster dialogue among different sectors of the industry contributing to
automated driving development, identify common interest technology blocks, and iden-
tify regulatory gaps. This program has been organized in a matrix approach, i.e. by use
cases (individual cars, public transport, freight and logistics) crossed with technological
and regulatory issues.

2.1 National Regulatory Framework for the Development of Automated Road
Mobility

2.1.1 National Strategy

The French strategy for the development of automated and connected road mobility has
been launched in 2018 [6] and revised first in 2020 [21]. The strategy was built from
contributions from the entire French ecosystem as the research community through the
“Nouvelle France Industrielle” consortium [22]. Among of these contributions, a certain
number of French technical and research organizations shared their views on priorities
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to develop the automated mobility as INRIA [23], IFSTTAR [24] and VEDECOM [25].
This strategy has been updated more recently in the end of January 2023 [26].

This update landmarks a new stage: it explicitly takes into account connectivity
issues, and enlarges the scope to mobility services made possible by automation and
connectivity. Under the aegis of the Ministers of Ecological Transition and Territories,
Economy, Interior andOverseas Territories, Transport, Industry andDigital, this strategy
is being developed in close cooperation with a very thriving cross-sector private ecosys-
tem. It is articulated with European and international work. All of the work involved in
defining and implementing this ambition is entrusted to a senior official, former minister
Anne-Marie Idrac.

Various collective work tools were mobilized in the second half of 2022 to build the
strategy update with all stakeholders, focusing on four priority actions:

• Prioritize and coordinate connectivity systems and data exchange deployments. This
involves defining common priorities for connectivity use cases among all stakehold-
ers, with regard to road safety and operations issues, and economic benefits. This
action will have to pay particular attention to the needs of connectivity and on-board
intelligence for automated public or shared transport, in order to accelerate their
deployment.

• Finance investment projects in industrial supply of automated road mobility, ambi-
tious service pilots, or first commercial deployments, in particular via France 2030
and by mobilizing European credits. The objective is to extend the measures put in
place as part of France 2030, in order to finance the development and industrial-
ization of automated and connected vehicles and their components, as well as the
first commercial deployments of passenger transportation services based on these
vehicles.

• Supporting volunteer local authorities and operators in the deployment of passenger
services. The objective is to make the regulatory framework a deployment facilitator
for local authorities, transport operators and site managers. The preferred tool will
be a resource center to share experiences and guide the design and evaluation of
deployment projects and the application of the safety demonstration framework. The
2030 target is for 100 to500 serviceswithout anonboardoperator, i.e. several thousand
vehicles.

• Finalize the legal framework for automated freight and logistics. The objective is to
enable the development of use cases by creating the necessary framework for traffic
on open roads, in addition to the existing framework that already allows operations
on closed sites.

Actions cover a relatively short period of time (2023–2025), in order to be able to
act quickly and reevaluate needs according the context’s evolution, notably use cases’
technical and economic feasibility.

2.1.2 Regulatory Framework

The regulatory framework for the deployment of automated road mobility comes from
the “Loi d’orientation des mobilités” (LOM) of December 24, 2019, which defines roles
and responsibilities of automated systems and drivers or human supervisors, as well as
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the processes for safety demonstration [27]. It allows the deployment of systems without
driver on board, subject to safety demonstration on a predefined route or traffic area, as
well as remote supervision and intervention functions.

The regulatory package for the deployment of automated road transport systems is
composed of Ordinance no. 2021-443 from April 14, 2021, supplemented by Decree
no. 2021-873 from June 29, 2021. The French ordinance defines the roles and respon-
sibilities of automated systems and drivers or human supervisors, as well as principles
concerning automated road transport systems. These principles include the commission-
ing decision by the service organizer, existing conditions of use set by the manufacturer,
responsibilities for both the service organizer and the operator in the case of accident,
and supervisors’ responsibilities. The architecture defined by Ordinance no. 2021-443
is presented in Table 1.

Table 1. Architecture of Ordinance no. 2021-443 from April 14, 2021

Use case Case A: Driver Case B: Supervisor

Case I: Automated system that
has to ask for a takeover for
certain types of hazards
during a maneuver, in its
operational design domain

• Type-approved vehicle
• Driver shall be able to
takeover control when
requested by the system

• = partially automated
vehicle

Not allowed

Case II: Automated system
designed to answer to every
hazards without requesting a
takeover in its operational
design domain

• Type-approved vehicle
• Driver shall be able to
takeover control in the case
of ODD ending

• = highly automated vehicle

• Type-approved vehicle
• Only in a transport system
(passenger, freight)

• In a predefined route/zone
• After decision from the
service organizer based on
safety demonstration

• Supervisor able to intervene
depending on the system’s
conditions of use

• = fully automated vehicle

The Decree no. 2021-873 from June 29, 2021 defines the concept of “automated
road system”. More particularly, it defines the following notions:

• vehicle with delegated functions (partially, highly and fully automated) = vehicle
equipped with an automated driving system

• “Partially” automated vehicle=must do a take-over request to respond to some traffic
hazards or failures during a maneuver

• “Highly” automated vehicle= can respond to any traffic hazard or failure (within its
operational design domain), without doing a take-over request during a maneuver

• “Fully” automated vehicle = can respond to any traffic hazard or failure, without
doing a take-over request during a maneuver, and used in automated road transport
systems with remote intervention capability.
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• operational design domain = the operating conditions, including (but not limited to)
environmental, geographic and time specifications, underwhich an automated driving
system is designed to exert dynamic control of the vehicle and to inform the driver

• minimum risk maneuver = stopping the vehicle in a situation of minimal risk to
its occupants and other road users, and automatically performed by the automated
driving system, following a hazard not foreseen in its operating conditions, a serious
failure or, in the case of remote intervention, a failure to acknowledge a maneuver
requested by the system

• emergencymaneuver=maneuver automatically performed by the automated driving
system in the event of an imminent risk of collision, with the aim of mitigating or
avoiding it

• It also defines the specific notion of “automated road transport system”.
• automated road transport system = a set of highly or fully automated vehicles, and

technical devices allowing remote intervention or safety, deployed on predefined
routes or zones, and complemented by operating and maintenance rules, for the
purpose of providing a passenger road transport service

• remote intervention = only within an automated road transport system, can activate,
deactivate the system; give instruction to the system to perform, modify, interrupt a
maneuver; acknowledge maneuvers proposed by the automated driving system; and
choose, modify the planning of a route or stop points

Any automated road transport system is subject to conditions of use, which specify:

• operational design domain of vehicles used in the system
• technical design domain of the technical system
• conditions under which a minimum risk maneuver is activated by the automated

driving system
• conditions under which an emergencymaneuver is activated by the automated driving

system
• conditions under which an authorized person may, outside the vehicle, give the

instruction to carry out, modify, interrupt or acknowledge a maneuver
• description of maneuvers that can be performed outside the vehicle
• description of acknowledgment conditions for maneuvers proposed by the system

and which can be acknowledged remotely

Furthermore the French decree defines safety demonstration principles, following
the “globally at least equivalent” (GAME) principle: “Any automated road transport
system or any part of an existing transport system shall be designed, put into service
and, where appropriate, modified in such a way that the overall safety level with regard
to users, operating staff and third parties is at least equivalent to the existing safety level
or to the safety level resulting from the implementation of the systems or subsystems
providing comparable services or functions, taking into account the state of the art,
the feedback from experience concerning them and the reasonably foreseeable traffic
conditions on the route or in the traffic area concerned”.

The vehicle, integrated in a transport system, has to be type-approved either at the EU
under the EU 2022/1426 regulation or at the French level as a specific vehicle category
(French shuttle category). To be deployed in a transport service as an automated road
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Fig. 1. French safety demonstration architecture for automated road transport systems

transport system, it has to be validated at the national level on a predefined route or zone.
Figure 1 shows the global architecture of French regulatory framework and presents the
links established between successive validation processes and approval bodies.

The safety demonstration is established before the automated road transport system
is put into service; more precisely the aim is to validate that the system is able to respond
to any traffic hazard in its operational design domain and is not going to add new safety
risks.

The safety demonstration is composed of three different files, supplemented by third
qualified bodies advices. The Table 2 below shows the content of each file.

The French decree has been complemented in 2022 by three orders to precise the
role and qualification of third parties, and remote operators authorization.

2.2 Safety Demonstration

In 2018–2019, in parallel with the preparation of the French national strategy, the French
industry programhas been restructured, putting forward safety validation as the core task,
renamed “France Vehicles’ Autonomes” (FVA). Back-to-back groups have been set up
between French administration and FVA on safety validation, responsibility, driving
code, vehicles identification, and testing.

At the national level, various guidelines have been published on safety demonstration
methods, detailed below. The French safety demonstration approach is based on a set of
bricks, following a performance-based approach.
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Table 2. Validation domains and safety files

Technical system Preliminary safety file Safety file

1. Description
• Vehicle category/type and
operational design domain

• Functional decomposition

1. Description
• Service/route
characterization

• Operating, maintenance and
servicing rules

1. Description
• Route characterization
• Operating, maintenance and
servicing rules

2. Analysis and risk
management
• Failure analysis
• Allocation of safety
objectives between
sub-systems

• Safety demonstration, tests
and simulations performed

2. Analysis and risk
management
• Hazards analysis
• Risk analysis
• Responses and safety
framework (GAME)

2. Analysis and risk
management
• Hazards analysis
• Risk analysis
• Responses and safety
framework (GAME)

• Tests done on the route

3. Specifications for
implementation
• Generic route description
• Generic need for
infrastructure (connectivity)

• Tests needed for route
commissioning

3. Specifications for
implementation
• Equipment (including
connectivity)

• Traffic police rules

3. Specifications for
implementation
• Response and safety plan

2.2.1 Main Principles of the Scenario-Based Approach

Safety demonstration activities in France are articulated around the scenario-based app-
roach [28].More precisely, the scenario-based approach is articulatedwith safety demon-
stration activities, in particular those resulting from safety operation (ISO 26262) or
safety of the intended functions (ISO 21448), or from GAME approach.

As mentioned in the EU 2022/1426 [7], scenarios are the core of safety demonstra-
tion, acting as the link between all activities before putting automated road transport
system in the market. Scenarios are also the core of safety assessment principles, built
around four pillars:

• overall safety level, to evaluate the residual risk
• risk analysis completeness, to cover “reasonably foreseeable” critical situations,

including failures and traffic hazards within the operational design domain
• specific mandatory scenarios, for which the system has to demonstrate its capabili-

ties to respond safely without adding new risks for passengers and other road users
(demonstrating it preserves the users’ integrity)

• specific families of scenarios, for example detect and respond to certain types of other
road users, emergency vehicles, environmental conditions

A major challenge of the safety demonstration approach is to ensure the greatest
possible completeness in the risk analysis. The objective is, as the SOTIF standard



Regulatory Framework and Safety Demonstration Principles 33

reminds us, to limit the cases of unknown and serious risks (also known as “unknown
unsafe”).

This quest for scenario completeness is central. The requirement of “reasonably
foreseeable” applies to it, to which the deductive and inductive approaches presented
above contribute. These approaches must combine the search for system malfunctions
and external traffic hazards. This search for completeness of events (malfunctions to
traffic hazards) is fed by the combination of deductive approaches on possible causes
(hazard to possible causes) or inductive approaches of failure modes (failure to hazards).
The search for completeness is also fed by the search for route specific hazards.

The scenario approach is based on a method of “expert” generation, by combining
scenario description axes (driving environments * nominal maneuvers * characteristics
of collision precursor events), which leaves aside any objective of probabilization and
does not rely on data from observation.

The main contribution expected from the scenario-based approach is thus to avoid
the omission of certain types of scenarios in the quantified (probabilized) approaches of
traditional risk analyses. Scenario generation [29] (in particular by combining axes) is
therefore a first step, normally completed by a quantification step (frequency/severity).
The robustness of the overall approach (scenario generation/quantified risk analysis)
should therefore be based on the principle that scenarios resulting from the scenario
generation stage are systematically included in the quantified analyses, even if it means
qualifying them as “implausible” or qualifying their consequences as “not serious”. The
main objective of scenario generation is to reduce the range of “unknown” scenarios,
not to assess their criticity.

In a complementary way to scenario generation and feeding, potentially integrated in
quantitative methodology, the use of these scenarios has to be defined and framed [30].
Based on the VMAD NATM master document [31], France produced a methodological
document on validation methods based on the scenario catalogue. The NATM pillars
are closely linked to the scenario-based approach as the foundation for test relevance, to
ensure a holistic and dense coverage of traffic scenarios.

2.2.2 Conception-Validation Principle for an Automated Road Transport System

All these activities are part of a global model to validate automated systems: conception
activities, audit and performance validation [32]. The safety demonstrationmethodology,
which can be structured in several phases, is an iterative process. In the automotive
culture, the system development process is based on the so-called “V-cycle” model. In
this model, system design is based on the identification of interacting subsystems. TheV-
cyclemodel covers all the development phases of a systemcomponent, from specification
to validation. According to the literature, ISO 26262 and the SOTIF standard, theV-cycle
can be structured in several phases from the system specification to safety demonstration
at the system level as shown in Fig. 2. Safety demonstration is composed of system
specification (1); system risk analysis (2); function risk analysis (3); system validation
(4); and system’s safety demonstration/file (5).

These activities, part of the V-cycle are combined in an iterative way, by adjust-
ing the specifications through failure control measures (inductive approach) or over-
all performance (deductive approach). The new risk analyses applied to the adjusted
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Fig. 2. V-cycle and main safety demonstration activities

specifications, eventually lead to a revision of the overall system specifications, until
they converge towards an acceptable residual risk level for the system, in reference to
comparable systems or services. The specifications, the risk level and the risk analysis
documentation then constitute the substance of the safety demonstration file.

Some of the activities in the V-approach described above consume and/or generate
scenarios, which are then specific to a given system. The particularity of the V-cycle
model is that it is applicable to a system but also to systems of systems. Therefore,
it can be used to validate safety at the vehicle level but also at the system level when
integrating one or more vehicles in a technical system, as defined by the French decree.
The integration of this technical system in an automated road transport service on a
predefined route – considered as a system – is validated in the same way. In a schematic
way, the validation of the safety of an automated road transport system, from the vehicle,
system and service components deployed on a route, is an iterative process from an
iterative model. The studied system is then respectively:

• the vehicle equipped with an automated driving system (delegated driving vehicle),
• the equipment external to the vehicle (technical installations deployed on the route,

supervision),
• the technical system (vehicle with driving delegation and validated technical

installations),
• the automated road transport system (technical system deployed on a predefined route

with operating, maintenance and servicing rules).

2.2.3 Scenario-Based Approach Articulation with Other Safety Demonstration
Activities

On the one hand, the design-validation approach produces and consumes scenarios: it
essentially produces scenarios in the risk analysis stages; it uses scenarios in the various
test and validation phases (at the component and system levels). This process aims to
ensure that the scenarios are representative of the system in question, and in particular
of its operational design domain. This articulation can be described as “endogenous”.

The link between scenarios andODD is an important safety topic asODDdescription
is the starting point to build scenarios [33]. ODD is also more than just describing the
system operational design domain as it could refer to the vehicle’s domain of use, to the
technical system’s domain of use (as described in the French decree), or to the transport
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system’s operational design domain, when deployed in a predefined route (as described
in the French decree).

Route description for the deployment of an automated road transport system is thus
closely linked to operational design domain description as to the scenario-based approach
[34]. Furthermore, the search for ODD specific scenarios must be based on the search for
scenarios specifically identified in the route safety analysis on which an automated road
transport system is to be deployed. These scenarios are likely to either better filter the
scenarios from rather “exogenous” sources, in order to eliminate those that are reasonably
non-conceivable on the route, or, on the contrary, to see the appearance of risk factors
specific to the route (e.g. particular geometries, visibility masks, points of accumulation
of collision-generating events).

On the other hand, the scenario-based approach has the advantage of being able to
provide a form of “exogeneity”, useful in the safety demonstration, by using scenarios
that can be derived from references external to the system.These scenariosmust of course
be filtered to ensure that they do indeed reflect “reasonably foreseeable” scenarios in
the specific operational design domain, but their great advantage is that they contribute
to limit the risk of omitting scenarios, that an approach that is too “endogenous” to the
system could run.

The sources of scenarios that can be mobilized are diverse: those resulting from
the design of the system and the risk analysis applied to the various components of the
system; those resulting from observed data (driving, near misses, and accidents); those
resulting from regulations, standards or codes of practice. The sources can be enriched
by each other with the objective of completeness. Collaborative work, in particular the
sharing of scenario databases, also contributes to enriching the sources.

When dealing with scenarios resulting from regulations, standards or code of prac-
tice, an important work has to be done to create and consolidate regulatory lists of
scenarios that the system will have to “pass” to demonstrate its capabilities, more par-
ticularly to assess that the system will not create new safety risks. The first requirement
the system shall be in line with is the respect of traffic rules. A large codification process
has begun within the French safety demonstration framework, to be able to “translate”,
in an understandable wording, some requirements of the traffic rules. For example, the
traffic code includes notions of good practice that are not easily understandable and
reproducible by a machine. Moreover, the requirement under which the system shall
respect the traffic rules applies to interaction scenarios with priority vehicles (such as
emergency vehicles) and law enforcement officers [35].

Thus, the scenario-based approach when being integrated in a more quantitative
approach, poses the question of safety assessment methods and tools to develop and
justify an overall safety target. The definition of a safety objective for automated driving
systems is one of the major issues in the regulation of these systems. This objective
(generally expressed as a rate of accidents that can lead to death or injury per metric
of use – km driven or hours of use), is intended in particular to allow the allocation
of global safety requirements, defined at the system level, to the various subsystems
or sub-functions that make it up. This approach of decomposition into sub-functions or
sub-systems is indeed at the heart of the safety design and validationmethods used by the
economic actors (cf. the so-called “V” approach of the standards, ISO 26262, ISO 21448
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SOTIF; or the GAME approach – Globally at least equivalent) or standard EN 50126 in
the railway domain. In France, a preliminary work has be done on the national database
to quantify the safety level on national roads [36]. This definition raises various types of
questions from the point of view of public action, mainly concerning the appropriateness
of defining guardianship values, their legal status and the authority that defines them,
the scale (European or national or local) at which these objectives are set, and the way in
which the road accident rate of conventional vehicles is used. For this study, only three
use cases have been developed: individual car on motorways, individual car on national
road categories, and public transport in an urban environment.

Finally, the design-validation approach cannot be detached from its operation and
monitoring part, which generates feedback and thus enriches the sources of observation.

The Fig. 3 below presents the articulation of the scenario-based approach.

Fig. 3. Scenario-based approach articulation
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3 Conclusions

As the French regulatory framework is now ready to enable the deployment of automated
road transport system for passenger transport since 1 September 2022, the focus of
forthcoming activities will be to provide guidance on safety demonstration methods and
tools.

The safety demonstration framework is articulated around the scenario-based app-
roach that enables the generation of traffic scenarios within the reasonably foreseeable
conditions, which is the ink point of the overall safety demonstration framework. Work
achieved on guidance already covers work on:

• ODD description and characterization [33],
• interaction scenarios with emergency vehicles and law enforcement vehicles [35],
• overall safety level and assessment tools [36],
• “globally at least equivalent” principle [37, 38],
• missions of approved qualified bodies [39],
• cybersecurity principles [40],
• route characterization [34].

The next step will cover:

• remote operators scenarios and functionalities,
• traffic rules scenarios,
• regulatory scenarios,
• use of feedbacks from accidents and incidents.

The aim of this continuing work is to switch from the generic and global scenario-
based approach to more specific and use-case tailor-made guidance.

Work on guidance will highly involve local authorities, beyond industry eco-system.
Some aspects will deserve larger consultations in conjunction with representatives of
civil society, including representatives of users inter alia.

The French strategy is still based on these three founding pillars: safety, progres-
siveness and acceptability. The scenario-based approach is part of this logical process to
develop automated roadmobility in a safemanner, fed by a performance-based approach,
taking into account societal aspects and user acceptance of these systems.
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Abstract. As the transportation landscape changes, accommodations for Con-
nected and/or Automated Vehicles (CAV, AV and CV) must be considered. For
this paper, CAV is referring to the technology available on the roadway now and
what is anticipated soon – mostly the SAE International Levels 1 and 2 (SAE
Levels of Driving Automation™ Refined for Clarity and International Audience).
CAV considerations for freight and multimodal will not be discussed in this paper.
The dynamic nature of CAV Levels 3, 4 and 5 leaves much to research. Public sec-
tor agencies in the United States are shifting focus to automated mobility, but with
an increasing focus on near-term market ready technologies. Public outreach and
education, coordination with Original Equipment Manufacturers (OEMs), policy
and legislation and cross-border collaboration are also integral considerations.

Keywords: connected vehicles · automated vehicles · V2X · V2I · V2V ·
vehicles · safety · coordination · collaboration · membership · coalition ·
transportation · trends · emerging · technology · technologies · dynamic
short-range communication · latency · advanced driver assistance systems ·
mobility · operations · connectivity · original equipment manufacturers · public
sector · private sector

1 Introduction

Thebreakout sessionwas intended to bring together industry experts for a state of practice
discussion. The session moderator selected the panelists to provide a broad cross section
covering the automotive manufacturing perspective, a corridor coalition perspective, a
European perspective, and a data provider perspective.

Session attendees were able to hear the state of the practice for CAV and ask ques-
tions of the plenary speakers. The objective was to further learn in the industry and to
collaborate on testing and deployment of CAV technologies to improve roadway safety
and mobility.

The possibility of safer roads with better travel time reliability and mobility is more
elusive than it should be, so what is missing? Engineers, planners, and other transporta-
tion professionals have been chasing an end to roadway fatalities for decades. Transporta-
tion professionals are familiar with the ever-present annual statistic of approximately
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42,915 fatalities on roadways in the United States (NHTSA, 2022) during 2021. In 2020,
the Insurance Institute for Highway Safety (IIHS) data shows 38,824 fatalities (2022).
The United States Department of Transportation (USDOT) and the National Highway
Traffic Safety Administration (NHTSA) provide comprehensive statistics on these fatal-
ities (Table 1, 2022). These figures illustrate that despite 20 years of transportation
safety and zero fatalities being the target of transportation organizations nationwide, the
progress to reduce fatal crashes is clearly insufficient (Fig. 1).

Table 1. National Highway Traffic Safety Administration (NHTSA) 2022 Fatality Statistics.

Year Deaths Crashes Motor vehicles

2000 41,945 37,526 57,594

2001 42,196 37,862 57,918

2002 43,005 38,491 58,426

2003 42,884 38,477 58,877

2004 42,836 38,444 58,729

2005 43,510 39,252 59,495

2006 42,708 38,648 58,094

2007 41,259 37,435 56,253

2008 37,423 34,172 50,660

2009 33,883 30,862 45,540

2010 32,999 30,296 44,862

2011 32,479 29,867 44,119

2012 33,782 31,006 45,960

2013 32,894 30,203 45,102

2014 32,744 30,056 44,950

2015 35,485 32,539 49,477

2016 37,806 34,748 52,714

2017 37,473 34,560 53,128

2018 36,835 33,919 52,286

2019 36,355 33,487 51,623

2020 38,824 35,766 54,272

It is too early to draw a correlation between a reduction in crashes and fatalities
because of ADAS technologies being deployed. A deep dive into the data is needed to
fully understand, and that is not the focus of this paper. However, it bears noting that
the recommendation from researchers, OEMs, public sector deployers, private sector
vendors and others in this space is to implement ADAS and ADS technologies as rapidly
as possible.
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Travel patterns and roadway usage will change over time just as they have for the
last 100 years. Public sector agencies have a wealth of opportunity within their grasp,
and harnessing this through a comprehensive innovation and transportation technology
program is the key to success. This paper will detail readiness projects, cross-border
collaboration, legislative action, outreach to the public, partnerships and other ways
public sector agencies are preparing for this next generation of vehicles, drivers, and
roadway architecture. The paper will focus on passenger vehicles with casual mention
of some freight activities, as the inclusion of ADS for freight is an entirely different
discussion. CAV for safety, mobility, advancing economic opportunity and workforce
considerations as well as challenges to this preparation will also be discussed.

1.1 Background and Description of Non-technical Issues

1.1.1 Safety

As evidenced above by the NHTSA and IIHS statistics, there is an alarming trend of
roadway fatalities in the United States. While uneducated public opinion may differ,
preliminary deployments, some research and the promise of CAV technologies show
that ADS features are safe and can contribute to fewer crashes and fatalities. Kutela
et al. (2022) noted “The results indicate that an AV is at fault only for a small pro-
portion of crashes (14.4%), and the likelihood of physical injury is about 2.8% higher
when the automated vehicle equipped with ADS is at fault than the situation when a
connected vehicle is at fault. This result implies the AV technology has to be precisely
designed to reduce the likelihood of AVs being at fault to leverage its safety advantages.”
Kutela et al. used California crash records from January 2017 through October of 2020
where an AV was involved for this analysis and looked at three different interrelated
variables: vehicle at fault, collision type and injury outcome.

1.1.2 Mobility

An aging transportation system that was designed based off of traffic modeling from
50 years ago can contribute to a loss in delay through bottlenecks, increased traffic
volume, traffic incidents/crashes and a wide variety of vehicle and roadway geome-
try characteristics. In relation to safety, crowded roadways with inattentive drivers and
higher speeds contribute to increased crash frequency and severity. A 2020 study (Shams
et al., 2020) explored the contributionCVsmust travel time reliability. Their study results
“showed CV technology has the potential to reduce travel time due to speed harmoniza-
tion and closer vehicle spacing. Under normal traffic conditions, increasing the penetra-
tion level of CVs up to 75% resulted in a higher average speed of cars. It seems, after
75% CV car platoon, made the opportunity for non-CVs to travel with higher speed
in comparison to the platoon”. Largely, connected vehicles require shorter following
distances and are better informed of the traffic environment around them, leading to the
likelihood of better mobility. The Shams study was a microsimulation model that tested
different traffic patterns and variables, including different penetration rates of CVs.

Lin et al. (2016) notes “Impacts caused by congestion will be reduced, as CV and
AVswill be able to drive closer together, increasing roadway capacity without impacting
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safety, since vehicles can keep minimum distances and still drive safely when compared
with a human driver, due to their ability not accelerate and brake in unison.”

1.1.3 Economic Opportunity

With few exceptions, the passenger vehicle form has remained unchanged for decades.
An internal combustion engine with a steering wheel and brake pedal was standard until
the emersion of electric vehicles and automated vehicleswhich introduced the possibility
of designing and operating a vehicle without a human operator and/or passenger while
leveraging the significant advances in battery technology. Legacy passenger vehicles
received traveler information from Highway Advisory Radio (HAR) or point-specific
Variable/DynamicMessage Signs (VMS/DMS) that could be viewed by the human oper-
ator. A small sector of the passenger vehicle fleet can now accept messages directly to the
vehicle through various forms of connected vehicle technology such as Dynamic Short-
Range Communication (DSRC), low latency communication or cellular communication
offering real-time traveler information from a variety of public and private data sources,
free or charge or available via subscription services. Some States are even changing the
definition of a vehicle in their state statues. Alonso et al. (2022) notes “given the central
role of mobility for our society and economy, the implications of a transformation in
the transport sector will not be limited to transport but will regard many other aspects of
our society.” As the vehicle fleet shifts, new opportunities will abound – vehicle mainte-
nance, programming and technology will enhance the quality of life for citizens. Ease of
trips, whether discretionary or essential, will greatly improve the ability for citizens to
get to and from places of work, community events and will improve access to healthcare
by providing more options where a human driver and individual vehicles are less relied
upon.

1.1.4 Workforce

ManyOEMs have set andmissed self-directed timelines for the deployment of driverless
vehicles. A small percentage of the vehicle market today have levels 1–2 ADAS technol-
ogy (NHTSA, 2022), however fully driverless vehicles are not yet widely deployed in
the United States. Limited cities have fully automated vehicles available for public use
and many additional cities have Level 4 AV shuttles deployed. A shift in worker roles is
part of the transportation industry, it has just been more than 100 years since something
as significant as the transition from horses to vehicles. The transition to CAV will likely
modernize the workforce in many ways, but accommodations and resources are needed
for education, outreach and for hands-on learning are paramount especially as ADA
capable vehicles, not requiring a human operator, become more available. This moving
target can make planning for future workforce considerations difficult. However, small
shifts are being incorporated currently. “If we are to adequately prepare the workforce of
tomorrow to meet the demands of the changing nature of work, we need to understand
how jobs are expected to change over time. One of the challenges of understanding
how jobs will change is having an accurate timeline for projected changes in specific
industries. Changes due to automation in the transportation industry are one area that
society must grasp if we are to prepare to meet the changing demands of the workforce
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of tomorrow” (Agrawal et al., 2023). Intentional planning and funding is needed to sup-
port worker transition and to obtain the support of the many labor unions throughout the
transportation sector.

1.1.5 Outreach and Education

The allure of driverless vehicles has been the stuff of legend for decades. Flying cars
and futuristic depiction of driverless cars in blockbuster movies can make outreach and
education for actual availability of these technologies difficult. Outreach and education
for these technologies are critically important, because if the traveling public does not
understand or trust the technology, they will not support it at a policy level nor will they
feel safe using the technology. There is a necessary blend of advocacy from the public
and private sectors as well as a role for OEMs to play for outreach. “As the new era
dawns on automated driving, it is important to delve into the aspects of consumer and
user perception and the expected market penetration of this state-of-the-art technology.
At the beginning stages, the public may have less confidence in automated vehicles, and
drivers may resist forfeiting control of their cars. Successful demonstration projects are
necessary to show the benefits and establish confidence in AVs to the public” (Lin &
Wang, 2013). Public and private organizationsmust alignmessaging to guide the public’s
use and understanding of ADAS and ADS technologies that are fundamental to a CAV.

1.1.6 Readiness and Projects

Multi-state corridor coalitions focusing on traffic management and roadway operations
have been in place for decades. As transportation priorities and travel patterns change,
these coalitions have reprioritized work for CAV, which has resulted in projects like
what is discussed in this paper. The Eastern Transportation Coalition (TETC), formerly
the I-95 Corridor Coalition, started as an informal group of transportation professionals
working together to manage highway incidents that impacted travel across state lines.
In the past 25 years the Eastern Transportation Coalition has evolved from a small,
highway-focused group to more than 200 public agencies working together to address
the pressing challenges facing the eastern corridor.

During recent years, TETC has collaborated on several projects including work with
Consumer Reports, the Connecticut Department of Transportation, and the University of
Connecticut on a roadway readiness study. This study looked at the ability for vehicles
with ADAS currently available on the market to understand and interpret pavement
markings. In addition, TETC is currently working with JD Power on a driver training
module to better understand customer sentiment and awareness ofADASfeatures.Again,
collaboration is essential, and partnerships are needed with public and private sector
entities as well as OEMs and advocacy groups. The ability to bring together all of these
stakeholders is one benefit of a cross-border coalition like TETC. “Having a venue
for engagement between the governmental agencies and the AV industry and having
standards or best-practice guidelines related to infrastructure are very important for AV
research and development,” (Wang et al., 2022). Several public sector CAV pooled funds
are focused on readiness studies. The New England Transportation Consortium (NETC)
recently completed a project on cross-border policy and legislation readiness. The study
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Fig. 1. The Eastern Transportation Coalition CAV Working Groups

answered important questions about cross-border collaboration and determined several
key, meaningful next steps for CAV deployment and integration. A summary of these
recommendations can be found in Fig. 2.

The readiness discussion would not be complete without a discussion of challenges.
Many institutional knowledge silos exist, and proprietary data from vendors, start-ups
and OEMs can make data sharing difficult. The lack of substantial federal guidance,
and the stance of federal entities to remain technology agnostic can also present chal-
lenges. “Concerning data sharing, most companies are willing to share data to improve
roadway infrastructure and increase AV safety,” (Wang et al., 2022). Transparency in
government regulations vary from state to state, but in general this necessary approach
to an accountable government creates barriers to public private partnerships due to the
inherent impacts to protecting intellectual and proprietary information.

2 Summary of the Discussion

This paper details some of the efforts to understand, influence, educate and integrate
CAV technology. The ability to coordinate can occur at the local or regional/multi-state,
national level. Each of these levels have an entirely different set of circumstances and
should be carefully considered. The overall goal is to ensure a deployment landscape
that is consistent enough for the public to understand and for public agencies to deploy.
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Fig. 2. New England Transportation Consortium (NETC) 20-4 Graphic

2.1 Context and Scope

Usman et al. (2020) states “Regarding the development of roadway infrastructure to
support CAV operations, each stakeholder of CAV operations faces both challenges
and opportunities. For multimodal road users (such as drivers, passengers, users of
on-demand micro mobility, cyclists, and pedestrians), there are challenges (and oppor-
tunities) regarding how CAV-related infrastructure could influence their on-road travel
efficiency, safety, and comfort level. Regarding technology and automobile companies,
an immense challenge is to design vehicle connectivity and automation capabilities that
are consistent with the capabilities of the road agency to accommodate these features.
For highway agencies and policy makers, their association with the government presents
an opportunity to leverage existing political structures to facilitate dialogue and reach
consensus regarding infrastructure needs from the perspective of CAV policy. Regarding
transportation planners, therewill be challenges to ensure that CAV-related infrastructure
is planned and designed in ways that promote planning paradigms including quality of
life, accessibility, equity, and sustainability in a cost-effectivemanner.” This is a succinct
and complete assessment of the challenges and benefits of deploying at a local level.
Who owns, operates, and maintains the CAV infrastructure, public or private, is also a
central transitional discussion.



Public Sector Integration of Connected and Automated Vehicles 47

2.2 Recent Research and Trends

Regional collaboration can have many successes once the barriers are overcome. Fund-
ing, individual state/agency priorities, jurisdictional boundaries, facilitation, determin-
ing priorities and continual, ongoing maintenance needed to have beneficial regional
collaboration can all be hurdles to adoption. The Eastern Transportation Coalition is a
unique case study and model for how CAV can be advanced throughout a multi-state
region. While TETC has 17 member states plus the District of Columbia Department
of Transportation, there are also over 200 affiliate members – small municipalities, law
enforcement agencies andmetropolitan planning organizations. TETC began as an Intel-
ligent Transportation Systems (ITS) priority corridor focusing on the Interstate 95 region
more than 25 years ago. Since then, TETC has been rebranded and has transitioned to
an entity fully funded by membership dues and some grants. This unique model allows
the member states to drive the projects and priorities of the Coalition which encourages
participation.

The Eastern Transportation Coalition (TETC) is an excellent example of the com-
plexities of inter-state travel coordination and collaboration. The east coast of the United
States has congested roadway networks with high volumes. Ease of travel from state to
state for citizens could be challenging if the policies for how CAV are integrated differ
greatly. The TETC CAV Working Group has actively engaged members from nearly
every state on the east coast. While the specific priorities may differ between each of the
three regional CAV working groups, the overall goals and objectives remain consistent.

Regional collaboration successes are visible throughout the United States. A 2018
study (Zhao et al.) about regional CAV deployments in the Austin area noted “Overall,
at least two-thirds of Austin’s auto users are forecast to elect an AV mode once those
become widely available, either as a privately owned CAV or via fleets of SAVs.” This
shows an interest from consumers and citizens to utilize CAV technologies. Similar to
the local level, regional/multi-state coordination must include Metropolitan Planning
Organizations (MPOs), cities, counties, law enforcement as well as the state agencies in
planning and deployment initiatives.

The Mid-America Association of State Transportation Officials (MAASTO) pub-
lished a report with initiatives and priorities through 2030. The document shows short-
medium- and long-range strategies for incorporating CAV including many of the com-
ponents listed in this paper. There are many entities in the CAV space with a variety
of interests. The CAV industry has a great amount of potential for new business which
can create competitive silos of data and ideas. Many vendors are reluctant to share trade
secrets and data which can lead to difficulty for state agencies when comparing data
and equipment. The politics of CAV are emerging more every day. This is one of the
reasons why public sector entities need sound guidance and increased data transparency
for decision making (Fig. 3).

2.3 New Insights and Suggestions

Guidance and leadership from the national level is essential to avoid patchwork deploy-
ments. While the ultimate decision should be at the local/regional level, guidance from
NHTSA, USDOT/FHWA, the American Association of State Highway Transportation
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Fig. 3. MAASTO 2030 CAV Priorities

Officials (AASHTO), the Institute of Transportation Engineers (ITE), ITS America
(ITSA), SAE, and other public and private trade organizations are important. For exam-
ple, a 2022 Federal Register announcement from NHTSA seeks to standardize and
provide guidance on occupant protection for vehicles equipped with ADAS technolo-
gies. The Register (2022) states “this final rule makes clear that, despite their innovative
designs, vehicles with ADAS technology must continue to provide the same high levels
of occupant protection that current passenger vehicles provide. This final rule updates
the standards in a manner that clarifies existing terminology while avoiding unnecessary
terminology, and, in doing so, resolves ambiguities in applying the standards to ADS-
equipped vehicles without traditional manual controls.” Standardization from this level
can provide excellent guidance and baseline recommendations for local and regional
level deployments.

3 Conclusions

Collaboration at all levels is a key to successful CAV planning, operations, and deploy-
ment. There are many considerations, some of which are underway and some of which
are undetermined. A long-range strategy facilitated by public and private sector lead-
ership organizations and trade associations are needed to ensure a cohesive role out
of CAV near-term (ADAS) and long-term (ADS). The United States should continue
to learn from deployments, strategies and frameworks in other countries/regions from
around the globe.
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As the transportation system ages, states will continue to rely on federal funding
to make needed safety, mobility and multimodal improvements to their networks while
shepherding the use of 3rd party data and leveraging public private partnerships. The
transportation industry has learned a great deal through deployments, research and other
testing in the last few decades regarding CAV technologies and deployments, however
the rapid advancement of these technologies makes it somewhat difficult to stay cur-
rent to differential near-term possibilities from long-term aspirations. Either way, the
workforce of tomorrow needs to be trained in the emerging career paths that incorporate
CAV. State agencies need to evolve to meet the changing needs of the transportation
system, including retaining and retraining their workforces. One this is for certain, if
properly harness and guided the incorporation ofCAV technologies provides a promising
opportunity to increase roadway safety, mobility and economic opportunity.

4 Next Steps

How will the discussion continue from the breakout session? Who should know about
the outcome and how will the information be disseminated? Who else might need to get
involved in the discussion? Should the scope of the discussion be reconsidered? Which
research projects should be considered or reconsidered?
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Abstract. AnAutomatedRoadTransportation Symposium (ARTS) breakout ses-
sion entitled “Unscrambling the Automated Vehicle Policy Puzzle: AV Policy
Development and Regulation under a New Normal” provided an overview of fed-
eral, state, and local policy. At the federal level, speakers discussed regulatory
status, federal transportation policy points, and an industry prospective for fed-
eral action. During the second half of the breakout session, speakers provided
perspectives and details about state and local efforts to design and implement AV
systems that address societal goals, which include environmental benefits, reduced
congestion, and improved mobility for all people.
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1 Introduction

Disruption has defined our world over the last few years and continues to influence
policy decision-making at all levels. Currently, major challenges in supply chains, public
health, the economy, and environment have the attention of our public officials. Given
this policy landscape, what is a desirable approach towards automated vehicle (AV)
policy development and innovation?

We have also seen a once in a generation investment in the nation’s transportation
infrastructure through the Infrastructure Investment and Jobs Act, passed in 2021 [1].
Howdoes this point to opportunities for bringingAVs into a future that supports improved
outcomes in safety, equity, mobility, and the environment?

This session will focus on howAV policy-making fits into our ‘new normal’ and will
include policymakers from all levels of government to tackle these important questions.

2 Presentations on Federal Policy

Presentations occurred in two parts. During the first half of the session, speakers focused
on an overview of federal automated vehicle policy, discussing current approaches to
developing the policies. During the second half, described in the next section of this
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chapter, speakers from cities and states discussed how they are considering emerging
automated vehicle policy topics, including equity, accessibility, and the environment.

2.1 A Status Update on Federal Rulemaking Projects Related to Automated
Driving Systems

Marc Scribner, Senior Transportation Policy Analyst at the Reason Foundation, pro-
vided a status update on a variety of federal rulemaking projects. First, the Final Rule on
Occupant Protection for Vehicles with Automated Driving Systems (ADS) was released
on March 30, 2022, and was the first ADS-specific rule to be published by the federal
government [2]. It was drafted to minimize changes to the Federal Motor Vehicle Safety
Standards (FMVSS) while still preserving safety goals. This rule amends the crashwor-
thiness (200 series) FMVSS to bring unconventional ADS-equipped vehicle designs
into compliance. Notably, it clears the way for self-certification of occupant-less cargo
vehicles.

Four ADS rulemaking projects are currently active and in the pipeline, three from
the National Highway Traffic Safety Administration (NHTSA) and one from the Federal
Motor Carrier Safety Administration (FMCSA). NHTSA’s first project, Considerations
for Telltales, Indicators, and Warnings in Vehicles Equipped with Automated Driving
Systems, is estimated to be published in September 2022. A second from NHTSA is
Facilitating New Automated Driving System Vehicle Designs for Crash Avoidance Test-
ing; the comment period for this project closed on August 28, 2019, and NHTSA plans
to begin analyzing comments by December 2022. NHTSA’s third project, Framework
for Automated Driving Systems Safety, had its comment period close on April 1, 2021,
and NHTSA plans to begin analyzing comments by September 2022. The final active
rulemaking project is from FMCSA, entitled Safe Integration of Automated Driving
Systems-Equipped Commercial Motor Vehicles. Its publication estimate is January 2023.

In addition to the ADS-specific rulemaking projects, six ADS-adjacent rulemaking
projects are also underway, five fromNHTSA and one from FMCSA. FMCSA’s project,
Automatic Emergency Braking Systems, is estimated to be published in January 2023. All
of the remaining ADS-adjacent projects are NHTSA’s. The most near-term is Expansion
of Temporary Exemption Program toDomesticManufacturers for Research, Demonstra-
tions, and Other Purposes, estimated to be published in October 2023. Two rulemakings
are required by 2021’s Infrastructure Investment and Jobs Act: Light Vehicle Automatic
Emergency Braking (AEB) with Pedestrian AEB (estimated publication date of Decem-
ber 2022) andHeavy Vehicle Automatic Emergency Braking (estimated publication date
of January 2023). A fourth NHTSA rulemaking isMinimum Performance Standards for
Lane Departure Warning and Lane-Keeping Assist Systems, estimated to be published in
February 2023. Finally, NHTSA also has Alternative Options for RearviewMirrors. The
Advanced Notice of Proposed Rulemaking comment period for this last project closed
on December 9, 2019, and NHTSA plans to begin analyzing comments by December
2022.

It is also worth noting that under Transportation Secretary Buttigieg, three former
ADS rulemaking projects and one former ADS-adjacent rulemaking project at NHTSA
have been either withdrawn or terminated.
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2.2 USDOT Perspective on Federal Policy and Initiatives

Vinn White is Senior Advisor for Innovation in the Office of the Secretary within the
US Department of Transportation. His role includes coordinating Secretarial initiatives
on emerging transportation technologies and building strategic partnerships across the
Department to support the implementation of innovation-related opportunities.

Mr. White highlighted four points at the beginning of his presentation. First, trans-
portation safety is facing a crisis that requires action. Second, in taking action, it is
important to be thoughtful, to be deliberate, and to follow the science. The crisis is such
that we cannot afford to create new challenges in pursuit of singular solutions. Third,
the USDOT is working hard on transportation safety, guided as always by its principles.
Fourth and finally, the USDOT cannot solve the crisis alone but requires partnerships.

The Department began approaching automation under Secretary LaHood and con-
tinued under Secretaries Foxx and Chao. Now a crisis exists on the roads, with NHTSA
projecting that 43,000 people died on the roads in 2021, is a 10% increase over 2020
and a 20% increase from before the pandemic [3]. The Department’s primary role as a
safety regulator means that it must ensure all available tools are used to address these
deaths; automation is one potential tool. USDOT is also using the rules and regulations
described in the previous presentation, its discretionary funds, its ability to convene
stakeholders, and its significant voice to call attention to these issues. If implemented
correctly, AVs can make the system safer, improve Americans’ quality of life and help
to increase global competitiveness and create entirely new markets with quality jobs.

AVs can also enhance equity and address first- and last-mile options, helping to
providemobility to themobility-challenged. In January of 2022, theUSDOT released six
innovation principles [4]: serve our policy priorities, help America win the 21st century,
support workers, allow for experimentation and learn from failure, provide opportunities
to collaborate, and be flexible and adapt as technology changes. In addition, the USDOT
must work to foster integration, not just of external systems, but internally as well.

Equity and workforce issues are unlikely to improve without stakeholder action. The
industry, public, USDOT, NHTSA, and regulatory agencies all play an important role in
these issues. This is true not just for passenger vehicles but also in the realmof technology
that can improve freight and transit and can combine with the built environment to
increase safety. The potential implementation of each of these technologies is exciting,
but often the messaging and media can get ahead of reality. The public needs clear
information on what automated driving systems are and what they can and cannot do
today.

Nothing in federal law precludes ADS-equipped vehicles from operating on public
roads as long as they comply with both FMVSS and with state laws. In addressing these
vehicles, the USDOT is taking a data-driven approach. Further modernizing FMVSS
begins with data, and research will include system safety performance, human factors,
and crashworthiness of novel and alternative seating positions. By now, most in the AV
world are familiar with the Standing General Order on Crash Reporting for Level 2 vehi-
cles, issued in June 2021, which requires reports of a crash of any ADS or Advanced
Driver Assistance Systems (ADAS) equipped vehicle to be made within 24 hours [5].
NHTSA recently released data on incidents in the first year of this order. Further refine-
ment can help the industry learn from this data, such as providing a better understanding
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of context and measure of exposure. Standing General Order reports are one useful data
point, but are not a way to compare makes and models, nor whether humans or com-
puters are better drivers. Instead, the USDOT can use them to flag individual events for
investigation, providing the opportunity to track safety of systems. This tracking helps
to identify risk models and improve the overall quality of available data.

The USDOT continues to work with vehicle manufacturers on best practices in the
AV realm. A final rule on occupant protection is coming soon. The Department has also
actively engaged AV developers for exemption petitions, with the first provided to Nuro
in 2020 [6]. NHTSA’s full regulatory portfolio is fairly ambitious, trying to identify all
levels outside of its internal process that will help to achieve societal goals. Meanwhile,
development in commercial motor vehicle automation is continuing, with rulemaking
underway to update regulations around operations and maintenance for these vehicles.
FMCSA is analyzing warning devices for stopped motor vehicles and in work zones.
Updates to the Manual on Uniform Traffic Control Devices are underway, the Federal
Transit Administration is looking for input on the Strategic Transit Automation Research
program, and the USDOT Office of the Secretary is seeking input on design challenges
launched under the previous administration.

The USDOT is taking a whole of government approach to deployment. In the age of
innovation, the Infrastructure Investment and Jobs Act provides even more opportunity
to engage with innovation. The Department is looking at opportunities for state, local,
and tribal partners and will launch new opportunities soon for further engagement. The
Secretary of Transportation and USDOT as a whole look forward to further partnerships.

2.3 Industry Perspectives on Federal AV Policy

Aravind Kalais, Advanced Technology Policy Director at the Volvo Group, provided an
overview of one industry representative’s perspective on AV policy. The Volvo Group is
a global company that provides construction equipment, marine and industrial engines,
trucks, and coach and transit buses. Volvo passenger cars are a separate company.

In 2020, VolvoGroup consolidated its Society of Automotive Engineers (SAE) Level
4 automation initiatives throughout the company into Volvo Autonomous Solutions, one
of only two new business entities in over twenty years. This consolidation occurred just
before the pandemic began. Volvo Autonomous Solutions works both internally and
with industry stakeholders on three pillars: confined area operations (mining, quarrying,
ports), first mile (ports and logistics centers and a strategic development partnership with
NVIDIA), and middle miles (hub-to-hub highway operations).

The Volvo Group believes that federal policies are needed to establish US leadership
in automated vehicles. These policies should be part of a coordinated national strategy
and vision to foster innovation and safe deployment of automated vehicles. Federal
policymakers should discourage a patchwork quilt of state regulations and establish
clarity between the roles of federal and state DOTs.

The USDOT should update and expand its suite of tools (AV 4.0, VSSA [Voluntary
Safety Self Assessments], AVTEST [AVTransparency andEngagement for Safe Testing
Initiative], and AV Hub) to inform future standards around AVs. The Department has
taken an excellent approach but there are opportunities for more awareness.
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The Department should also foster greater collaboration with the AV ecosystem to
develop system-level functional requirements and compatibility testing. This is occurring
to some degree, but there are many more opportunities for all parties involved to discuss
what did and did not work. A Volvo truck needs to be able to react appropriately around
any other Level 4 truck, and federal agencies have a role to help these discussions happen.

Federal policymakers can also promote transparency in AV real-world testing to
address general public concerns.Media and companymessaging exist, but it is important
to know the parameters of a road test and the appropriate next steps.

The USDOT can and should modernize FMVSS to support AVs, and should identify
and exercise existing USDOT statutory authorities for developing and manufacturing
AVs in the US.

The federal government can fund digital and physical infrastructure to enable deploy-
ment of safe AVs. Connectivity is not a prerequisite for automation, but if the infras-
tructure owners and operators are moving toward sophisticated digital infrastructure to
enhance safety, all parties would benefit. Volvo’s trucks move from coast to coast and
the company wants all aspects of the travel to work seamlessly without guesswork.

Finally, USDOT should support research and deployment initiatives to enable better
understanding around AVs and should support technology investments that advance
resiliency goals, sustainability, and mitigate climate change.

3 Presentations on State and Local Policy

3.1 Trenton MOVES

Alain Kornhauser is a Professor of Operations Research and Financial Engineering,
along with the Director of the Program in Transportation at Princeton University. He is
involved with Trenton MOVES, a transportation initiative to bring AVs into the city of
Trenton, NJ [7].

Automation has to be safe and has to be equitable. Trenton MOVES is focused on
equity, both in the initial deployment city of Trenton and also in the planned second city
of Perth Amboy, NJ. In both cities, 70% of households have access to zero or one car.
Mode split is proportional to auto ownership, meaning that 70% of the households have
limited mobility. The inability to drive oneself around makes mobility difficult.

It is also important for mobility to be affordable, which is where technology comes
into play. The only way to make transit more affordable is to not have an attendant.
Nonetheless, to be high quality, the transportation service has to be on demand with easy
access to all people. The goal of Trenton MOVES is to eventually blanket New Jersey
with kiosks that serve as the onboarding and departure points of the service, analogous
to the entrance of an elevator bank. The first fifty kiosks in the Trenton network have a
maximumwalk time of fiveminutes. They are intended to be in the community, designed
by the community, and used by the community.

Success in Trenton would lead to an extension throughout Mercer County and then
replication in other cities. The end goal is for the system to be one which even those
who own their own vehicles want to use.
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3.2 Improving Equity, Accessibility, and Environment Through Autonomous
Vehicle Policy

Katie Stevens is the Head of State and Local Policy for the western region of Nuro,
working with state and local leaders, agencies, and organizations to support electric and
autonomous goods movement. The Nuro vehicle is small and will never hold a person.
Instead, it has two doors that open to hold goods only. The company employs over
1,300 people located primarily in Houston and the Bay Area. Some testing occurs in
the Los Angeles area, and the company also has a teleoperations center in Arizona and
a manufacturing center in Nevada. It has delivery partnerships with 7–11, Kroger, and
CVS, and was the first automated vehicle manufacturer to receive an exemption from
certain NHTSA low-speed vehicle standard requirements [6]. This exemption applies
to the R2 vehicle, which is no longer required to include features such as mirrors and a
windshield.

3.3 AV Equity, Mobility, and Sustainability in Ohio

Cynthia Jones is the Project Manager for DriveOhio, which is the state’s center for
innovation, incubation, and implementation of autonomous and connected vehicle tech-
nologies. It exists outside of the Ohio Department of Transportation and is tasked with
working with all of state government, a commitment it has had through multiple admin-
istrations. DriveOhio works both on the ground and in the air on all things connected,
automated, and electric, and has had a great deal of its efforts adopted as a result of
Columbus’s Smart City grant in 2016.

Many such efforts are on equity issues. One program focuses on workforce train-
ing, making it available and allowing employee credentials so that companies can be
reimbursed for their employees’ credentials.

DriveOhio has a significant rural emphasis, given that 97% of the land mass in the
United States is rural. Most AV testing is in the urban environment, but the organization
is trying to broaden that testing experience. With the Infrastructure Investment and Jobs
Act and its electric vehicle funding, a great deal of work will occur on electric charging
in diverse ways. DriveOhio is also working to support those who want to be able to
charge a vehicle but who are in apartments or otherwise do not have garages.

As part of its automated driving systems projects, DriveOhio is undertaking ten
workshops later in 2022, all around the state, with those who are generally classified as
vulnerable road users. The organization is seeking their feedback on what an ideal AV
world looks like. In rural settings, many people choose to age in place. When residents
of rural communities lose their ability to get around as they age, DriveOhio wants to be
able to support them.

3.4 Equity and Mobility Through Nonprofit Community Based Volunteer
Transportation

Katherine Freund is the founder and President of the Independent Transportation Net-
work of America. ITN America delivered its first ride in June of 1995 and has been
operating as a national nonprofit for 27 years. The company developed a model that
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is community-based, community-supported, and does not rely on taxpayer support in
order to be financially sustainable. Instead, it has developed a variety of ways to pay for
transportation services; programs exist in which people can trade their cars and volunteer
drivers receive electronically-stored transportation credit in an e-wallet.

This model operates in many communities across the country, and ITN America
is now taking the technology supporting it to Salesforce so that the technology can be
available to small communities across the country at an affordable price. Transportation
is expensive, and more than fifty million people in the country have no transit available
to them at all, at any price. Twenty percent of the population lives in the 97% of the
country that is rural [8], most of which is a transit desert. ITN America intends to begin
by working with these people who have no transportation services.

Other technology endeavors the company is undertaking include Rides Inside, the
largest database of senior transportation in the United States. It is searchable and avail-
able to the public, although it was developed with private resources. ITN America’s
work is supported by government, private philanthropy, and private industry. Its soft-
ware’s routing algorithmswere donated by ESRI. Government, philanthropy, and private
industry will all need to work together to make transportation sustainable.

3.5 Audience Discussion

After each state and/or local presenter spoke to the group, the audience discussed
the presentation. The following are summaries of major points brought up with all in
attendance.

Many governments are focused on sustainability issues, leading them to want to
deploy AVs in a way that at least does not hinder, even if it does not outright help, the
goals of reducing emissions and congestion. The status quo is certainly not working,
with inequities widespread. Most AV companies assume that most, if not all, of their
vehicles will be electric; Nuro, for example, manufacturers its vehicles as all-electric.
Ideas for state and local governments include incentives to transition to electric vehicles
across the modal spectrum, repurposing curbside parking for charging infrastructure,
zero emission delivery zones such as in Santa Monica, CA, and support of safe street
design that encourages the use of roads by all people and vehicles, including those that
require little or no fossil fuel.

Equity has many definitions, but states and localities need to take certain steps to
ensure equity as they deploy AVs. Service must be provided in places where people are
currently lacking mobility. Understanding all transportation funding sources (62 within
Ohio alone, for example) is a challenge, and research is underway to coordinate these
servicesmore effectively. Residents who are aging oftenwant to stay in their own homes,
and providing them the means to do so is both an opportunity and a challenge.

Deploying AVs will ideally increase access and allow transportation providers to
target or reach communities who do not currently have good transportation access. In
order to do so, we must think beyond transit agencies. ITN America’s community-
based approach moves people using the capacity that is currently parked in driveways.
Governance will also make a difference; currently nonprofits are doing a great deal of
work but they do not have the resources or the reach of government services.Autonomous
delivery vehicles can provide benefits in paratransit and food desert areas, helping to
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reduce the cost of delivery to serve trips that others can’t or won’t. Bringing goods to
people also provides an alternative to high-cost paratransit trips.

Automating any portion of the transportation system is likely to have effects on labor
and workforce issues as well. Opportunities exist to design curricula, in coordination
with community colleges and others, to better prepare people for upcoming changes.
Nuro works with De Anza College in Silicon Valley on a two-phase certificate-based
program that includes not only basic automotive technology courses but also introduc-
tions to Python and Linux programming languages. This certification leads to a junior
fleet technician position at Nuro. AV shuttle pilot programs such as Trenton MOVES
can complement transit by providing additional rides to train stations and other transit
services. Many industries around Ohio, including trucking, have had trouble finding
enough workers. Similar to Nuro, DriveOhio has begun capstone courses and other
training efforts with universities around the state to create the workforce needed in the
future.

4 Conclusions and Next Steps

Discussions about policy,whether at the federal, state, or local level, can bewide-ranging,
and this breakout session was no exception. Presenters and the audience all agreed
that both public and private sectors need greater certainty in the regulatory climate.
In addition, both industry and the government can be the barriers to implementation;
neither side has a lock on being the limiting party. Financial resources, however, are
rarely the biggest problem in implementation. Projects that include equity, accessibility,
and environmental components are most popular politically but can also be the most
challenging to implement.

Multiple research questions emerged from the discussion. In the AV transition phase,
howdowe develop a roadmap for regulatory agencies? Is there an equivalent of an energy
star rating forAVs, signifying that the vehiclemeets certain standards from a professional
body? And how do we develop and pilot a multi-state environment with a harmonized
regulatory structure such as the Eastern Transportation Coalition?

Many questions remain to be answered, and many more questions will emerge in
coming years. Continued discussions such as these can help make AV visions become
reality and the research efforts suggested here can help to drive progress year after year.

5 Glossary of Acronyms

ADAS Advanced Driver Assistance Systems
ADS Automated Driving System
AEB Automatic Emergency Braking
AV Automated Vehicle
AV TEST Automated Vehicle Transparency and Engagement for Safe Testing Initiative
FMCSA Federal Motor Carrier Safety Administration
FMVSS Federal Motor Vehicle Safety Standards
NHTSA National Highway Traffic Safety Administration
SAE Society of Automotive Engineers
VSSA Voluntary Safety Self-Assessment
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Abstract. One of themajor challenges for society today is to reach environmental
goals. Around the world governments aim to reduce transportation emissions and
are investing in a diverse set of strategies, including connected cooperative and
automated mobility. Many discussions about automated road transportation tech-
nologies revolve around automation feasibility, improving safety and improving
the efficiency of transport networks, but we have not fully explored the potential of
automation as a catalyst or enabler to transform society to an ecologically sustain-
able state. This chapter discusses ways that connected and automated technologies
can address climate concerns as addressed at the ARTS22workshop on automated
road technologies and climate change.

Keywords: Autonomous Vehicles · Climate Change · Energy Use · Urban
Policy · European Commission

1 Introduction

Cities are significant drivers of greenhouse gas (GHG) emissions, and the transport sec-
tor is a major contributor to these emissions. According to the European Environment
Agency (EEA), the transport sector is responsible for about a quarter of total GHG emis-
sions in the European Union (EU) [1]. In urban areas, transport emissions can account
for an even higher percentage due to the higher population density and congestion as
well as commuting to and from cities – with a high share of individual car usage.
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Road transport is the primary contributor to transport emissions in urban areas,
including cars, buses, and trucks. The European Commission estimates that road trans-
port accounts for about 70% of transport emissions in urban areas. Cooperative, Con-
nected and Automated Mobility (CCAM) promises advantages for the mobility of the
future in terms of safety, accessibility, improved use of road space and also for the decar-
bonization of transport. Research has shown that this can be achieved through increasing
the shared nature of automobiles, changing fuel types and business models, as well as
increasing the performance of urban networks from network management standpoint [2-
6]. Yet, most European local authorities have a lot of uncertainties about the introduction
of CCAM on their road network and are missing guidance on how they can ensure its
alignment with their policy goals. Many cities question whether CCAM implementation
will fulfil the above-mentioned promises.

CCAM will have significant impacts on most transport and urban planning related
activities of a city analyzing how it could affect road safety, traffic efficiency, infrastruc-
ture, socioeconomic aspects, travel behavior and spatial planning. Still, there is a high
degree of ambiguity surrounding the assessment of these impacts as nobody, at this stage,
can really predict how the technology will be used and whether the positive aspects will
out-weight the negative ones. Without good preparation and planning, it could actually
amplify the urban mobility problems that cities are currently already facing, and lead
towards increases in the number of travelled kilometers, urban sprawl and congestion
levels [7].

This uncertainty about the impact of CCAM on the decarbonization of transport is
also reflected in the European Union’s wide-ranging survey (see Fig. 1), which includes
more than 27,000 respondents across Europe.

Fig. 1. Expectations and Concerns from a Connected and Automated Mobility [8]

As part of theHorizonEurope program, theEUhas launched aMission “100Climate-
Neutral and Smart Cities by 2030” [9]. The objectives of the mission are “to achieve 100
climate-neutral and smart European cities by 2030 and to ensure that these cities act as
experimentation and innovationhubs to enable all European cities to followsuit by2050”.
The European is that CCAM contributes to this goal of net zero emissions, by creating
a mobility-oriented rather than driver oriented transport system. This includes better
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integration of CCAM in existing transit services and Mobility-as-a-Service application,
and displacing car trips with other modes.

Simply employing CCAM technologies in a “business as usual” way with a focus
on drivers and cars would likely be insufficient to truly address climate goals, thus a
change in how we look at CCAM needs to come about. Automated vehicles in any way,
shape or form are a means to an end, and in this case the end is to transition to a mobility
system that is climate-neutral, and contributes to the well-being of people. The question
is thus: how can automated vehicles, or how can connected, cooperative and automated
mobility, become part of the (urban) climate agenda, the EU’s carbon-neutral mission,
and the new topic guide for sustainable urban mobility planning?

2 Examples of Why a Paradigm Shift is Needed

In the broader context numerous studies have dialogued the potential pros and cons of
AVs. According to several research studies made in European research projects [10–12]
CCAM has the potential to support the decarbonization of urban mobility systems in
several ways:

• Energy-efficient driving: Connected and automated vehicles can be programmed to
drive more efficiently, such as by accelerating and decelerating smoothly and avoid-
ing unnecessary idling. This can result in significant fuel savings and emissions
reductions.

• Alternative powertrains: CCAM technologies can also facilitate the adoption of alter-
native powertrains such as electric, hybrid, or fuel cell vehicles. Automated vehi-
cles can be charged or refueled automatically, and their energy consumption can be
optimized through intelligent routing and scheduling.

• Modal shift: CCAM technologies can also facilitate the use of alternative modes of
transportation such as shared mobility, public transit, or active transportation (e.g.
cycling, walking). This can reduce the number of single-occupancy vehicles on the
road and reduce emissions.

• Traffic management: Connected and automated vehicles can communicate with each
other andwith trafficmanagement systems to optimize traffic flow, reduce congestion,
and reduce emissions from idling vehicles.

Thus overall, CCAM can support the decarbonization of urban mobility systems by
promoting energy efficiency, facilitating the adoption of alternative powertrains, pro-
moting modal shift, and optimizing traffic management. However, several studies have
over the past years have raised concerns about the consequences of a “business as usu-
al” approach towards CCAM. Research has indicated that with absence of policy the
technology could significantly impact cities, their infrastructure, and their residents. For
example, [13] reported on effects of AVs found with model calculations using an inno-
vative transport model capable of modelling various new private and shared transport
modes. Several future scenarios with L3/4 and L5 automated mobility concepts were
explored, showing that if (electric) automated cars are available that are easy to use,
cheap to operate and in the case of L5 vehicles do not require a driver, this would likely
result in a shift towards higher use of private or shared cars (‘robotaxis’), with people
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switching from walking, cycling and public transport to car modes. Also, with car km’s
travelled on the rise, the amount of delay increases - a strong mix of interventions is
needed to keep delays at the same level as in the reference scenario.

A study for Ruter (the Oslo Region public transport company) looking at how
autonomous vehicles may change transport in Oslo [14] shows the potential effects
in different futuristic scenarios for the Oslo region. A transport model was developed to
analyze consequences of autonomous cars and Mobility-as-a-Service (MaaS) systems.
The results showed a range of effects. In the best case, traffic could be reduced by 14%
(through possibilities for ride sharing), but in theworst case traffic volumes doublewhich
results in a complete traffic breakdown. In all scenarios, the number of cars used within
the mobility system can be drastically reduced (up to a 93% reduction). Based on the
model calculations, the study concluded that traditional public transport combined with
cycling and walking will be key for future urban mobility concepts, as a mobility system
solely relying on autonomous vehicles in a MaaS concept to cater for all transportation
needs is not desirable, if they are used as cars are today.

TheOslo study followed the Lisbon studies carried out by the International Transport
Forum team at the OECD (four studies in total, see e.g. [15, 16]), and also references
studies in Helsinki, Dublin, Auckland and Stuttgart. All studies showed that in the most
‘sharing-friendly’ scenario, substantial reductions in the number of vehicles needed
and vehicle km’s driven can be achieved. However, in scenarios without ridesharing the
amount of km’s driven can increase (very) strongly,which can have negative implications
for traffic safety and the environment. Typically however, the studies into impacts of AVs
from before 2020 look at how AVs impact the performance of the transport system, not
looking at the wider societal impacts on e.g. traffic safety, the living environment and
energy use or public health. Accessibility is still the main concern (with an implicit
link to how this contributes to economic growth). This is starting to change. The last
Lisbon study [16] looks beyond accessibility with the question whether cities should
make room for ride services at the curb. The report states that in most cities, the answer
is yes, but that cities should base such changes on a “broader strategic re-assessment of
the priorities regarding access and use shared public assets, including streets and curbs,
they wish to give to different modes”.

Sowhat can be derived from literature is that AVs could impact traffic congestion and
increase km’s driven in cities due to increased demand for individualized transportation.
While some of these studies using rideshare vehicles as a proxy have shown potential
for increase in travel, more realistic studies in actual AVs show that service can be
complimentary with existing transit and enhance access for those with reduced mobility
and historically underserved populations [17–19]. In addition, other research has shown
that AVs may have more longitudinal impacts on travel patterns related to urban form
and land use in cities [20]. The increased efficiency of AVs may lead to changes in the
spatial distribution of economic activity and residential development, as individuals and
businesses may be willing to locate further away from city centers [21, 22]. While this
could lead to changes in travel patterns and increased demand for road infrastructure
in suburban and rural areas, research is uncertain and predicated on more complicated
urban planning decisions [23].
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Thus, these positive effects on decarbonization of transport have not yet been clearly
demonstrated and there is a risk of rebound effects that may partially offset the potential
decarbonization benefits. In summary these are:

• Induced travel: One of the main risks associated with CCAM is that it could lead to
induced travel. This means that people may start using vehicles more frequently or
over longer distances, which could increase overall energy consumption and carbon
emissions.

• Empty vehicle trips: CCAM systems can improve vehicle routing and reduce the
number of empty trips, but it may also encourage more trips where vehicles travel
without passengers. This would result in higher energy consumption and emissions.

• Vehicle size and weight: CCAM systems may also encourage the use of larger and
heavier vehicles due to the perception that these vehicles are safer or more comfort-
able. However, larger and heavier vehicles typically require more energy to operate
and therefore emit more carbon.

• Technological lock-in: The widespread adoption of CCAM technology may lead
to a technological lock-in effect, where the focus shifts away from other potential
decarbonization solutions. This could result in a slower transition to other low-carbon
transportation options.

2.1 Welfare Beyond GDP as a Starting Point for CCAM

The topic of welfare beyond GDP, or wellbeing economy, has gained interested over the
past few years. In the Netherlands, several studies elaborated the concept for themobility
system. Figure 2 shows how there are several dimensions to welfare beyond GDP in
mobility: impacts of the mobility system on the living environment, safety, accessibility
and health. Also, based on the goals for sustainable development, it is relevant to look
at distributional effects, taking into account various population groups, regions or time
periods (“well-being ’here and now’, ’later’ and ’elsewhere’”; see [24]). And, in order
to be able to explain the impacts of interventions in the mobility systems on the various
dimensions, it is also necessary to evaluate the performance of the mobility system (with
well-known indicators such as modal split, km’s travelled, travel times, delays, queue
lengths etc.).

When thinking about how automated vehicles or CCAM can contribute to reaching
environmental or other societal goals, it helps to consider all four dimensions, distribu-
tional effects and indicators (all of which can also be split up for different population
groups, or regions, and determined for different time periods) to see which impacts the
AV- or CCAM-based interventions may have and which balance in impacts might be
desirable.

2.2 Towards Sustainable Urban Mobility Planning

To minimize these potential rebound effects, it is essential to design CCAM systems in
a way that encourages energy efficiency and low-carbon travel modes, such as walking,
cycling, and public transportation. Policies and regulations can also be put in place to
incentivize the use of low-emission vehicles and discourage unnecessary travel (Fig. 3).
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Fig. 2. Dimensions and subdimensions of welfare beyond GDP, and mobility [25].

Fig. 3. Potential pathways of CCAM and impacts on transport decarbonization [26].

A strategic approach in planning a wide range of measures that will ensure a sustain-
able and just deployment of CCAM, and by this supports higher level mobility goals, can
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be achieved by following the SUMP concept and its principles. The European Commis-
sion has developed a number of policies and tools to facilitate the planning of sustainable
urban mobility systems. First and foremost, the SUMP concept. The concept of the Sus-
tainable Urban Mobility Plan (SUMP) [27] is a strategic and integrated approach for
dealing with the complexity of urban transport and advocates for fact-based decision
making guided by a long-term vision for sustainable mobility. As key components, this
requires a thorough assessment of the current situation and future trends, a widely sup-
ported common vision with strategic objectives, and an integrated set of regulatory,
promotional, financial, technical and infrastructure measures to deliver the objectives –
whose implementation should be accompanied by reliable monitoring and evaluation.
In contrast to traditional planning approaches, SUMP places particular emphasis on the
involvement of citizens and stakeholders, the coordination of policies between sectors
(transport, land use, environment, economic development, social policy, health, safety,
energy, etc.), and a broad cooperation across different layers of government and with
private actors.

The SUMP concept has become mainstream across Europe and is a centerpiece of
Europeanmobility policies, e.g. theEuropeanCommission’sUrbanMobility Framework
[28], addressing the concept of SUMPs to reduce road fatalities in cities, address climate
change, andmake use of newmobility services, such asCCAM.As part of the continuous
updating process of the EuropeanGuidelines for SUMP, several topic guides for different
policy areas have been published, e.g. for environmental and climate change planning
(SUMP decarbonization guide [29]) or the integration of new mobility modes such as
CCAM [7]. The aim of this guide for automated road transport planning is to provide
guidance along the eight core principles of a SUMP, and how these can be applied in the
context of CCAM, and best practice examples in order to increase the capacity of cities
to introduce CCAM into their sustainable urban mobility planning processes.

3 Summary of Dialogue at ARTS22Workshop on Automated Road
Technologies and Climate Change

The session included about 30 attendees from primarily the US and Europe who were
interested in learning and discussing how automation and/or connectivity could be judi-
ciously applied to achieve climate neutrality goals. The session kicked off with presenta-
tion about the European Commission’s (EC), approach to CCAM. The dialogue outlined
the EC project portfolio specifically dedicated to achieving Europe’s climate neutrality
objectives, with a goal of making at least 100 European cities climate neutral by 2030
and leveraging these cities’ lessons learned to help all European cities be climate neutral
by 2050.

As outlined in the background the European vision for CCAM is aimed at using these
new technologies - such as connected and automated vehicles (CAVs), micro-mobility,
and MaaS – to create a mobility-oriented rather than a driver-oriented transportation
system. This includes better integration with existing transit services and displacing car
trips with other modes. The CCAM portfolio has a budget of one billion euros (500
million from the EC itself).
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Subsequent presentations dove into greater detail about the types of impacts that
connected and automated road transportation could haveon safety and climate goals,with
a pointed note that simply employing these technologies in a “business as usual”waywith
a focus on drivers and cars would likely be insufficient to truly address climate goals, and
other technology and policy approaches would be more effective and available sooner.
Yet, Europe continues to pursue these technologies because they have the potential to
be transformative by upending public notions of how to travel most conveniently and
cost-effectively. The hypothesis is that European approach is holistic and examines how
multiple technologies and policy can synergistically work to achieve climate neutrality
and how such work can be done incrementally to make progress on an earlier time
horizon.

3.1 Workshop Setup

Based on the presentations, the workshop then shifted to an interactive Design Thinking
(DT) format where attendees used a virtual Google Jamboard to idea new concepts. Each
table was assigned a problem space of either passenger or freight in urban, suburban, or
rural areas. The session began with an icebreaker that asked each team to collectively
create a piece of art (in this case, Andy Warhol’s painting of Marilyn Monroe) using
Jamboard tools in order to familiarize themselves with the tools. The teams were next
guided through rapid brainstorming sessions on four questions:

• What is needed for transportation fueling?
• How can automation and/or connectivity help with fueling
• What is needed for transportation resilience?
• How can automation and/or connectivity help with resilience?

At the conclusion of this brainstorming, each team selected one concept from the
brainstorming questions to mentally prototype for the next twenty minutes. Afterwards,
each team presented its designs and ideas before closing out the DT activity.

3.2 Discission Insights and Suggestions

Each team’s design insights and focus areas was different. One team stressed policies
rather than technological solutions and discussed how AV deployments should focus on
transit and freight rather than individual passenger transport. It expressed some skep-
ticism that automated mobility itself would be effective at achieving climate neutral-
ity. Rather, this team produced the novel insight that, instead of using connected and
automated technologies for moving things, those same technologies could be applied
towards enforcement of climate-friendly policies. This shift in perspective and framing
was very unique and has been little explored by the research community, beyond the use
of congestion and cordon pricing.

Another team, assigned to suburban freight, highlighted the fact that the term subur-
ban is ambiguously defined. They eventually settled on identifyingways inwhich private
freight vehicles could be called upon to join an emergency response. Such vehicles could
enable more sharing during disaster or high demand periods to improve resilience. The
team honed-in on the types of capabilities required for emergency response, including
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medical emergency equipment, refrigeration, and power generation; they observed the
benefits of having flexible vehicle configurations and identified vehicle right-sizing as a
critical parameter.

A third team designed a fleet of automated mobile charging stations to improve rural
passenger travel. Charging infrastructure could thus more flexibly serve its dispersed
constituents and could require less dedicated fixed infrastructure to serve a wide area. A
snapshot of their prototype is shown in Fig. 4.

Fig. 4. Example of a potential strategically designed charging network.

The fourth team explored how connected and automated technologies could be
applied to deal with weather and emergency response, including automated snowplows,
automated emergency response, and automated heating elements (unclear where these
would be applied) to deal with winter weather such as snow, ice, sleet, etc.

All in all, as shown in Fig. 5. The workshop successfully spurred its participants
to re-think how connected and automated technologies might serve as elements of a
“fifth fuel,” energy efficiency and conservation. Particularly of note, were discussions as
to how electric AV fleets could enhance load balancing and prioritize energy efficiency
from a people-miles traveled standpoint, while increasing transportation access for those
who have not been service priorities for public transport agencies in the past.
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Fig. 5. Ideation of how AVs can prioritize low energy / carbon solutions.

4 Conclusions and Next Steps

In conclusion, AVs inspire high hopes, but the technologies must be packaged with
deliberate, transformative policies to achieve net-zero emissions and prioritize roadway
users of all types. We can apply connected and automated technologies to infrastructure,
systems, and/or services that specifically support climate-friendly policies. Sometimes,
innovation comes from building new services or re-purposing existing ones. Other times,
innovation comes from nudging away from services.

However, even as there is a clear need for consideringCCAMsolutions in SUMPpro-
cesses, its purpose should not be misunderstood as endorsing the disruptive technologies
surrounding connected and automated technologies and their impacts, but rather empow-
ering the local authorities to critically review the anticipated technological changes and
shape the future according to their expectations and their citizens mobility needs.

Using a design thinking approach this research focused on new ways that con-
nected and automated technologies can address climate concerns. It proposed concepts
including the ideas that:

• Connect and automated technologies might enforce non-car-centric climate-friendly
policies (e.g., automatic bus lane or speed limit enforcement).

• AVs could leverage connected and automated suburban freight system to provide
community services during disaster.

• Fleets of electric AVs might service mobile charging stations serving networks of
rural areas and assist in grid resilience and load balancing.

These concepts warrant further study going into the future. While have the potential
to significantly impact cities, their infrastructure, and their residents, they can clearly
be used as a tool to increase accessibility and safety alongside climate resilience. With
appropriate policy guidance planners, engineers and policy makers will ensure that they
are deployed in a way that maximizes their benefits for everyone.
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Abstract. This chapter presents information on demonstrations, pilots, and
deployments of automated shuttles, with a focus on enhancing mobility for all
users. Automated shuttles continue to be introduced in downtown areas, university
campuses, business parks, entertainment complexes, and other areas. Automated
buses are being tested in selected corridor applications. The chapter is based on
the presentations and discussions at a breakout session at the 2022 Transportation
Research Board (TRB)Automated Road Transportation Symposium (ARTS). The
ARTS breakout session, EnhancingMobility with Automated Shuttles and Buses,
highlighted projects addressing the needs of all users, including individuals using
wheelchairs, those with limited or no eyesight, and those with other disabilities.
The information presented in this chapter will assist in evaluation of this mobility
option to help inform decision making, identify research needs, and support future
developments.

Keywords: autonomous shuttles · driverless shuttles · automated shuttles ·
automated buses · autonomous buses · driverless buses

1 Introduction

Pilots, demonstrations, and deployments of automated shuttles and buses in the United
States and other countries were restored in mid-2021 after many projects were put on
hold during the pandemic. New projects were also initiated. These services focus on
enhancingmobility and accessibility on regular routes, providingfirst- and last-mile trips,
and improving transportation options for individuals with disabilities. The ARTS 2022
breakout session highlighted projects in Minnesota, Florida, Texas, and Connecticut, as
well as Scotland. An update was also provided on activities sponsored by the Federal
Transit Administration (FTA) of the U.S. Department of Transportation (USDOT). The
presentations built on previous breakout sessions in 2019, 2020, and 2021 (1, 2, 3).
The presentations highlighted the participation of the numerous public agencies, private
shuttle companies, and technology and community-based groups needed for successful
projects. Participants in the session shared experiences with automated shuttles and
buses, highlighted outreach efforts and use by disabled individuals, and described lessons
learned and tips for others interested in similar applications.
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2 Examples of Automated Shuttle and Bus Pilots, Demonstrations,
and Research

2.1 Autonomous Shuttle Pilots in Minnesota

The Minnesota Department of Transportation (MnDOT) has conducted numerous
research projects and pilots focusing on automated shuttles. Testing an EasyMile auto-
mated shuttle under winter weather conditions at the MnROAD research facility repre-
sented an initial project. The shuttle was also operated on the Nicollet Mall in downtown
Minneapolis during SuperBowlWeek in January 2018.MnDOThosted additional events
introducing the automated shuttle to diverse groups, includingmembers of theMinnesota
Chapter of the National Federation for the Blind.

The Med City Mover represents the second pilot conducted by MnDOT. It included
the 12-month operation of two EasyMile EZ10 vehicles in downtown Rochester, which
is the home of the Mayo Clinic. MnDOT was the project lead. The project partners
included the City of Rochester, the Mayo Clinic, and Destination Medical Center. First
Transit and EasyMile were the technology and transit operations partners.

The project goals focused on engaging Minnesotans about the potential benefits and
opportunities of AV technology, improving the operation of AVs in winter weather con-
ditions, and identifying changes to infrastructure needed to safely operate AVs on public
roadways. Another goal was enhancing the transportation experience for Rochester res-
idents, businesses, and visitors, and improve how people get around in the high-demand
downtown area.

The two six-passenger electric EasyMile E210 shuttles operated on a 1.5-mile-long
loop, connecting the Mayo Clinic Downtown Campus with restaurants, grocery stores,
residential areas, apartment complexes, hotels, and parking facilities. The route included
stops at two locations. The free service was provided from 9:00 a.m. to 3:00 p.m.,
Monday – Friday, and 9:00 a.m. to 5:00 p.m. Saturday and Sunday.

An onboard ambassador was present on the shuttle to assist passengers and to take
over operation if needed. Vehicle and project accessibility features included wheelchair
ramps and wheelchair tie-downs, signage in Braille, and the use audio messages, trolly
bells, and video with closed captioning to communicate with disabled passengers.

Pre- and post-ride surveys conducted byMnDOT highlighted the benefits of the pilot
as a way to build familiarity and acceptance of AVs among the public. In the pre-ride
survey, 87 percent of the respondents reported being “very positive,” “mostly positive,”
or “somewhat positive” about AVs in Minnesota. In the post-ride surveys, the responses
in these categories increased to 97 percent. The total of “very positive” responses alone
increased from 45 to 62 percent. Riders also reported less concerns about AVs in the
post-ride survey.

MnDOT is sponsoring two other AV shuttle research and demonstration pilots. One
pilot is in the city of White Bear Lake, a suburb to the north of the city of St. Paul. The
second pilot is in the city of Grand Rapids and the surrounding area in north-central
Minnesota. These two pilots are using different technologies, and operating strategies.

The Bear Tracks automated shuttle in White Bear Lake operates on a 1.5-mile route,
connecting the community YMCA, affordable housing, and a center offering day pro-
grams for adults with intellectual and developmental disabilities. Project goals focus
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on operating an AV shuttle in a suburban setting in all-weather conditions, increasing
transportation options for those facing transportation barriers, engaging the public to
build awareness of AV shuttles, and supporting workforce development.

The 12-month pilot began in August 2022. Bear Tracks operates on weekdays, from
9:30 a.m. to 1:30 p.m. In addition to MnDOT, other project partners include AECOM,
NEWTRAX, NAVYA, Ramsey County and the city of White Bear Lake.

The goMARTI (Minnesota Autonomous Rural Transportation Initiative) offers on-
demand rides in a 17 squaremile area in theGrandRapids area. Service is provided using
five May Mobility automated vehicles, including three wheelchair-accessible vehicles.
Project goals focus on advancing the operation of automated vehicle technology in rural
winter weather conditions, engaging and educating the local community, and providing
safe, accessible mobility for residents, especially those with transportation challenges.
Another project goal is to understand the potential economic development benefits the
innovative pilot brings while attracting future talent and technology to the area.

Service operates Tuesday through Friday from 2:00 p.m. to 10:00 p.m., Saturdays
from 10:00 a.m. to 10:00 p.m., and Sundays from 8:00 a.m. to 2:00 p.m. Riders can book
trips through a smartphone app or by calling 221. Project partners includeMnDOT,May
Mobility, PLUM Catalyst, the city of Grand Rapids, Via, First Call 211, the Iron Range
Resources and Rehabilitation Board, Itasca County, the Blandin Foundation, Mobility
Mania, and Visit Grand Rapids. Other Collaborative partners include the University of
Minnesota, MnCAVEcosystem, Arrowhead Regional Development Commission, IASC
NEXT Career Pathways, and Innovate 218.

2.2 I-STREET Living Lab and Autonomous Shuttles in Florida

Implementing Solutions from Transportation Research and Evaluating Emerging Tech-
nologies (I-STREET) is a collaboration among theUniversity of Florida (UF), the Florida
Department of Transportation (FDOT), and the city of Gainesville. It provides a real-
world CAV testbed inGainesville focusing on safety, mobility, data analytics, and human
factors. It includes facilities and projects in the Gainesville area and across Florida.

The Gainesville autonomous shuttle pilot represents a partnership with UF, FDOT,
and the city of Gainesville. Local stakeholders include community groups. Beep,
Transdev, and EasyMile are the service and vehicle providers.

The autonomous shuttle route connects the UF campus and downtown Gainesville.
Before and after surveys were conducted to gain insights into the perception of riders.
The before survey was conducted online and in person in the summer of 2018. Service
was stopped in 2020 and restarted in January 2021. The after survey was conducted
online in the spring of 2021. The surveys included questions on travel behavior and
technology use, autonomous shuttle comfort and safety, and demographics. Perceptions
related to riding in the shuttles, including the ability of the service operator to take control
of the shuttle if needed were much more positive in the after surveys once individuals
rode in the vehicles.

Florida I-STREET also examined the Beep shuttle operating at Lake Nona. The
service, using a NAVYA shuttle, launched in September 2019. There was a pause in
service due to the pandemic in March 2020, with service relaunched in June 2020.
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Traffic behavior was observed using recorded video data at a crosswalk, a signalized
intersection, and an all-way stop controlled intersection.

The I-STREET and Lake Nona projects indicate that travelers became more com-
fortable with automated shuttles once they experience the technology. The projects also
highlight the importance of partner and stakeholder involvement and interaction.

2.3 Automated Shuttles and Buses for All Users Research Project, Texas a&M
Transportation Institute

A research project, Automated Shuttles and Buses for All Users, is being conducted by
the Texas A&M Transportation Institute (TTI) as part of the Safety Through Disruption
(SAFE-D) University Transportation Center (UTC) led by the Virginia Tech Transporta-
tion Institute. The project introduced individuals withmobility and visual impairments to
AVs and a smart intersection and gained information on their complete trip. The project
is identifying improvements in AVs, service operations, the street system, and the built
environment to ensure that individuals with disabilities have equal and safe access to
automated shuttles and buses to improve their mobility.

In cooperation with the city of Arlington, the University of Texas Arlington, Via
Rideshare, andMayMobility, the project introduced individualswithmobility and visual
impairments to the Rideshare, Automation, and Payment Integration Demonstration
(RAPID) automated shuttles in June, 2021. The sessions included a pre-interview, a ride
in aRAPIDshuttle, and a post-interview. In addition, online interviewswere conducted in
the spring of 2022 with Texas A&MUniversity students using mobility devices to obtain
their reactions to automated shuttles and a smart intersection which alerts pedestrians of
buses making left turns.

The overall initial reactions to riding in the RAPID shuttles from the individuals was
very positive. Individuals noted they felt comfortable and safe riding in the vehicles.
They noted the generally smooth ride, including when the vehicle was in automated
operation. Some participants used assistance to enter and exit the vehicles, and they
noted the importance of having an assistant for regular use. Responses from the online
interviews to automated shuttles was also positive, as was the response to the smart
intersection. Participants in both groups noted they would use automated shuttle services
on a regular basis if available.

Participants in both groups provided insights into their complete trips and the built
environment. They noted the importance of handicapped vehicle parking spots, as well
as curb cuts, ramps, and accessible sidewalks. The need to lower traffic speeds in many
areas was noted. Ensuring the correct locations for pickups and drop-offs and the need
for on-vehicle attendants to provide assistance was stressed as important. The project is
developing guidelines for use in ensuring that individuals with disabilities have equal
access to automated shuttles.

2.4 CTFastrak CAV Bus Project

The CTFastrak is a 9.4-mile-long bus rapid transit (BRT) corridor between Hartford and
New Britain owned and maintained by the Connecticut Department of Transportation
(CTDOT). The bus-only roadway includes 11 stations and five at-grade intersections.
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There is also a multi-use trail along a five-mile segment, providing seasonal access at
12 locations. Frequent bus service is operated by CTtransit. The CTFastrak CAV Bus
project is testing the use of three 40-foot automated battery elective buses on the bus-only
roadway.

The project is funded through anFTA IntegratedMobility Innovation (IMI) grant, and
an FTALow-No grant, and other federal and state programs. CTtransit is the project lead.
New Flyer of America is the electric bus manufacturer and cte is the project manager
and technical consultant. Robotic Research is the technology supplier/integrator and
the University of Connecticut is providing data collection and analysis assistance. The
USDOT Volpe Center is also providing ongoing technical support.

The automated buses will be operated in revenue service. A safety operator, with the
ability to take over operation of the bus if needed, will be in the driver’s seat at all times.
Automated steering, braking, and lane keeping will be tested, along with pedestrian and
object detection. Traveling up to 40 miles per hour (mph), the three buses will be tested
during the day and night in all weather conditions. Precision docking of buses at stations
to allow for easier wheelchair access and bus platooning are other project elements.
Improvements are also being made at some intersections to address line-of-site issues.
Improvements include installing radar and cameras, new traffic signal controllers, and
new communications technology.

Project goals include improvingAmericanswithDisabilitiesAct (ADA) accessibility
at platforms through precision docking, increasing vehicle efficiency and capacity on
the guideway through bus platooning, and reducing the number of incidents resulting
in injury or vehicle damage at two intersections due to traffic not stopping at red lights.
Testing of the CTFastrak CAV buses is scheduled to begin in 2023. The demonstration
will occur during 2023 and 2024.

2.5 CAVForth, Edinburgh Scotland

This project is operating a fleet of five automated buses in high-capacity service on a 14-
mile route across the ForthRoadBridge that links the Ferrytoll park-and-ride facilitywith
the Transport Hub at Edinburgh Park Station. CAVForth project partners include Fusion
Processing, Stagecoach, Bristol Robotics Laboratory, and Edinburgh Napier University.
While the project was put on hold during the pandemic, service was launched in 2022.

The societal research plan for the project included stakeholder consultation involving
an initial online survey and online workshop and an online bus passenger survey. A total
of 1,054 responses were received to the bus passenger survey. The survey results seem
to indicate that there may be a balance between individuals who may use the bus more
because of technology and those who may ride the bus less due to technology. Older and
female passengers appear to be less convinced about the benefits of automated buses. It
also appears that the comfort of the ride continues to be a key motivation for use.

2.6 Federal Transit Administration Transit Bus Automation Research

The FTA Strategic Transit Automation Research (STAR) Plan (4) was published in
2018. The plan focuses on enabling research, integrated demonstrations, and strategic
partnerships. STAR activities have improved transit agency understanding of technology
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and its maturity, opportunities, and challenges. A strong network of agency and industry
representatives has also been established. In 2022, the FTA conducted a request for
information to help inform the development of the STAR Plan 2.0.

Numerous programs within the FTA and the USDOT focus on ensuring accessible
automated shuttles and buses. Numerous FTA-managed transit bus automation demon-
strations and pilots are underway throughout the country using a variety of federal,
state, and local funding sources. Examples of these programs include the FTA Accel-
erating Innovative Mobility and Integrated Mobility Innovation grants, and the USDOT
Inclusive Design Challenge, ITS4US, and the ASPIRE University Transportation Cen-
ter. The National Highway Transportation Safety Administration sponsored Automated
Wheelchair Tiedown and Occupant Restraint System project provides an additional
example. Research topics have focused on boarding and aligning technologies, secure-
ment technologies, and wayfinding and communication technologies. More information
on these activities and other related programs is available on the FTA website (5).

3 Private Sector Activities with Automated Shuttles and Buses

A variety of business models are being used to plan and operate automated shuttles and
buses in the various pilots and demonstrations. The private sector is actively involved in
all projects. Automated vehicle companies, transit service operators, public engagement
consultants, land development companies, and businesses are examples of the diverse
private sector interest in enhancing mobility through automated shuttles and buses.

Electric automated shuttles developed by EasyMile, Local Motors, NAVA, Drive.ai,
Lexus hybrid sedans, and Polaris GEMvans have been used in various pilots and demon-
strations. First Transit, TransDev, and Beep provide examples of transit service com-
panies operating the services. Property development companies, major employers, and
businesses have also partnered on demonstration projects. These groups bring technical
and operating expertise, resources, and business strengths to the various groups.

4 Additional Research

Topics for further research projects, pilots, and evaluation have been highlighted through
projects, studies, and discussions at the AVS breakout sessions. The need for further
research focusing on the use of automated shuttles and buses by disabled individuals
was noted. Outreach to the disabled community was highlighted, along with conducting
more pilots and demonstrations addressing the needs of disabled individuals. Continuing
to examine boarding and alighting technologies, securement technologies, way finding
and communication technologies, on-board assistance needs, and improvements to the
built environment represents a few examples of areas for further research. Continuing
to share experiences with pilots, demonstrations, and deployments was also noted as
important.
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Abstract. Exploring the forefront of innovation strategies and research trends,
the future of connected, cooperative, and automated mobility (CCAM) in Europe
promises to revolutionize the transportation landscape, paving the way for sus-
tainable, efficient, and inclusive transportation systems [1]. Therefore, this chapter
discusses the challenges and solutions for the deployment of CCAM technologies
in Europe related in particular to coordination and cross sector stakeholder engage-
ment. Despite the technical advancements and numerous Research and Innovation
(R&I) and testing activities, multiple barriers remain, such as limited demand, lack
of technical maturity, scattered research efforts, and inadequate demonstration and
scale-up. The CCAM Partnership plays a crucial role in overcoming these obsta-
cles by creating a unified, long-termR&I agenda.Under the umbrella of theCCAM
Partnership 18 projects have been funded so far. The project objectives and the-
matic assignments corresponding to R&I priorities identified by the Partnership,
are described in this paper. Furthermore, the role of the FAME project supporting
the European CCAM ecosystem by fostering knowledge exchange, best practices,
and international collaboration is highlighted. Finally, the CCAM ecosystem with
respect to the R&I projects will be discussed.

Keywords: Connected and Automated Mobility · Autonomous Driving ·
Electronic Components and Systems · Innovation Policy · Research and
Innovation Activities · CCAM Partnership

1 Introduction

Mobility and transport are vital to society, enabling economic and social life, yet they also
impose significant costs, including pollution, accidents, and greenhouse gas emissions.
The transport sector must significantly reduce its emissions to achieve EU climate goals,
and the European Green Deal’s success depends on sustainable transport [2]. As society
moves towards sustainable and efficient mobility solutions, CCAM has emerged as a
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crucial area of focus. CCAM solutions aim to provide user-centred, inclusive mobility
while increasing safety, reducing congestion and emissions, and contributing to decar-
bonization. By seamlessly integrating novel mobility services with existing ones, they
have the potential to enhance transport sustainability, safety and inclusiveness directly
contribute to various policy goals, such as the United Nations Sustainable Development
Goals, Vision Zero, the European Green Deal, Europe fit for the Digital Age, and the
Smart and Sustainable Mobility Strategy. However, the problem drivers and technical
maturity of CCAM solutions must be further advanced and proven.

Recognizing the necessity for collaboration in the development of technological solu-
tions, the Horizon Europe Framework strategy emphasizes the importance of European
Partnerships [3]. European Partnerships in the Horizon Europe framework are strate-
gic, collaborative initiatives designed to address global challenges, enhance European
competitiveness, and foster innovation. These partnerships are collaborative initiatives
between the EU Commission and private and/or public partners that support research
and innovation programs and significantly contribute to achieving EU political priorities.
By pooling resources, expertise, and knowledge, European Partnerships drive impactful
research and innovation, accelerating progress towards a more sustainable, inclusive,
and prosperous future for Europe.

Besides emphasizing the importance of European Partnership, the Horizon Europe
Framework strategy aims to improve the coherence of Partnerships, make them more
open and transparent, and promote competitiveness and innovation, while fostering pre-
competitive collaboration of stakeholders from the entire value chain, ensuring a holistic
approach to address complex challenges, e.g. posed by CCAM.

This paper provides an overview of the topics and projects addressed in the first phase
of the CCAM Partnership, focusing on the essential stakeholder interaction required for
successful implementation. By examining the collaborative efforts and outlining the key
areas of focus, we aim to provide insights into the current state of CCAM Research and
Innovation strategies in Europe and highlight the crucial role that partnerships as well
as Coordination and Support Actions (CSA) play in its development and deployment.

2 Research and Innovation Strategies in Europe

As society moves towards sustainable and efficient mobility solutions, CCAM has
emerged as a crucial area of focus. CCAM solutions aim to provide user-centred,
inclusive mobility while increasing safety, reducing congestion and emissions, and
contributing to decarbonization.

Multiple problemdrivers are remaining to achieve the successful deployment of these
technologies, such as limited demand, underdeveloped solutions, scattered research and
innovation efforts, and inadequate demonstration and scale-up. To tackle these chal-
lenges, a transformation in the mobility innovation process is crucial, with a focus on
user engagement, strategic timing, and expanded outreach. The CCAM Partnership [4]
plays a vital role in overcoming these obstacles, facilitating the swift adoption of CCAM
technologies and services across Europe by creating a unified, long-term research and
innovation agenda that incorporates various stakeholders in a coordinated, holistic app-
roach. This partnership ultimately supports Europe’s position as a leader in safe and
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sustainable road transport through the advancement of automation. Launched in 2021,
the European CCAM Partnership has the main objectives to better align EU R&I efforts
in the field of CCAM and develop and implement a coherent long-term agenda to coor-
dinate investments in R&I and pre-deployment. The second phase of the partnerships
focusses on implementing large-scale demonstrations of inclusive and user-oriented
CCAM solutions for people and goods across Europe by 2030.

Partnerships should however not work in silos, as several challenges they address are
connected and in particular, for transport the wider impacts or all related technologies
should be looked at. Emphasizing a collaborative approach between different partner-
ships and missions, the CCAM Partnership, the 2ZERO Partnership [5], and the Cities
Mission [6] have jointly launched a common research call to broaden the EU perspective
and enhance cooperation across various mobility domains and urban-related topics.

The calls primary objective is to develop cutting-edge mobility solutions catering
to the needs of both people and cities while aiming for climate neutrality by 2030.
Through collaboration with local authorities, citizens, and stakeholders, the projects
funded in the frameof this callwill create transferable solutions thatmerge electrification,
automation, and connectivity in passenger and freight transport. These solutions should
be economically viable, modular, adaptable, and applicable across cities committed to
achieving climate neutrality.

Moreover, the project will bolster capacity among local authorities, users, andmobil-
ity systems providers, accelerating the adoption of shared, smart, and zero-emission solu-
tions. It will also aid in formulating implementation plans for local and regional transport
authorities to replicate innovative smart mobility solutions and associated infrastructure
in cities beyond the project’s reach.

Another development strongly discussed in the European CCAM ecosystem is the
promotion of a software defined vehicle (SDV) platform. The increasing importance
of software and hardware in vehicles, as they become more electric, autonomous, con-
nected, and service-oriented, has led to a rapid rise in software complexity. This devel-
opment calls for enhanced standardization and reuse through a software platform, which
encompasses the operating system and middleware layer. European companies, facing
intense global competition and talent shortages in automotive software, often encounter
fragmented efforts.

A pre-competitive European collaboration could expedite cooperation and result in
an open SDV platform, initiated by the Electronic Components and Systems Partner-
ship (KDT) and spearheaded by leading EU stakeholders and concentrating on non-
differentiating aspects [7]. This approach would help conserve resources and focus
investments on competitive solutions. The platform aims to establish common archi-
tecture building blocks (modules), supported by development tools for prototyping
and testing, centering on the hardware abstraction layer within a comprehensive SDV
architecture.
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3 Research Landscape in Europe (Stakeholder and/or Projects)

The European Union has a long legacy of funding research and innovation activities
in CCAM. Intense funding with the launch in 2016 of a specific call on "Automated
Road Transport" in the Horizon 2020 Programme provided over e300 million in fund-
ing up to 2020 in four research fields, namely: Networking, Coordination & Support;
Infrastructure, Connectivity and Cooperative Systems; Driver Assistance Systems and
Partial Automation; and Highly Automated Road Transport. EU research funding has
continued in the Horizon Europe programme for 2021–2027 under the umbrella of the
CCAM Partnership. So far, 18 projects have been funded in the frame of the Horizon
Europe Programme in CCAM. Each project is assigned to one of the seven clusters,
which structure the activities of the CCAM Partnership (Fig. 1).

Fig. 1. Cluster structure of the CCAM Partnership, organizing the necessary R&I actions to
support large-scale demonstration essential to advance towards deployment readiness.

The interlinked CCAM cluster structure illustrates the connections between specific
R&I actions and the Partnership’s objectives to advance CCAM solutions and prepare
them for large-scale deployment.

The successful deployment of CCAM relies among other things highly on its societal
benefits and user adoption. To achieve this, development, deployment, and regulation
must be based on understanding specific needs, impacts, and costs. Cluster 6 addresses
user needs and societal aspects in various ways, such as focusing user-centric tech-
nologies, guiding transport system integration, addressing user needs in key enabling
technologies, and offering feedback on societal aspects in Living Labs. Socio-economic
and environmental impacts will be assessed to understand CCAM’s contributions to
safety, accessibility, equity, and environmental goals. Tools will be provided for user-
centered solutions that effectively contribute to societal targets and regional CCAM
uptake. Concrete actions will be performed in the following projects, which have started
in September 2022.

MOVE2CCAM - MethOds and tools for comprehensive impact Assessment
of the CCAM solutions for passengers and goods [8] explores the impact of CCAM
passenger and freight solutions by defining use cases, businessmodels, andKPIs through
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co-creation with a multi-system network of actors. It develops a system dynamics-based
impact assessment tool to evaluate the effects of CCAM interventions on various aspects,
considering European region specifics and different actors’ needs. The project delivers
impact evaluation frameworks, KPIs, policy recommendations, and recommendations
for Sustainable Urban Mobility Plans (SUMP).

SINFONICA - Social INnovation to FOster iNclusIve Cooperative, connected
and Automated mobility [9] aims to develop strategies, methods, and tools to engage
CCAM users, providers, and stakeholders in understanding their needs and concerns
related to CCAM. It co-creates decision support tools for designers and decision-makers
to enhance seamless and sustainable CCAMdeployment, ensuring inclusivity and equity
for all citizens.

Besides the understanding of user needs and societal aspects, the advancement of
vehicle technologies for sensing and safety systems (cluster 2), alongside with key
enabling technologies (cluster 5) are crucial to enhance CCAM solutions.

Cluster 2 “Vehicle technologies” aims to develop safe, efficient, and effective solu-
tions for highly automated vehicles in Europe’s future mobility and transport system.
Cluster 2 focuses on environmental perception and safe decision making to ensure safe
interactions with other road users, provide protection in emergencies, and maintain
occupants’ comfort and well-being. This requires multiple sensing devices and systems
interacting within a “Sense-Think-Act” process for effective decision-making.

AWARE2ALL - Safety systems and human-machine interfaces oriented to
diverse population towards future scenarios with increasing share of highly auto-
mated vehicles [10] addresses new safety challenges posed by highly automated vehicles
in mixed traffic by developing innovative passive and active safety and Human Machine
Interface (HMI) systems. It proposes a universal safety framework for HMI, building on
results from previous projects and focusing on the variety of the population.

EVENTS - ReliablE in-Vehicle pErception and decisioN-making in complex
environmenTal conditionS [11] aims to create a robust and self-resilient perception
and decision-making system for autonomous vehicles (Avs) to handle unexpected sit-
uations. The project focuses on three use cases: Interaction with Vulnerable Road
Users (VRU), Non-Standard and Unstructured Road Conditions, and Low Visibility
and Adverse Weather Conditions.

ROADVIEW - Robust Automated Driving in Extreme Weather [12] devel-
ops an in-vehicle system for advanced environment and traffic recognition, prediction,
and decision-making under various conditions, including harsh weather. The project
integrates a cost-effective multisensory setup, sensor noise modeling, collaborative
perception, and testing through simulation-assisted methods.

Cluster 5 “Key enabling technologies” supports the whole mobility system, focusing
on AI, Big Data, and cybersecurity for vehicle technologies, integration, and validation,
extending their application beyond individual vehicles. It fosters cooperation among
stakeholders from various technology areas and industries, aiming for safe and secure
operation of vehicles and mobility systems.

AI4CCAM - Trustworthy AI for CCAM [13] will develop an open environment
for integrating trustworthy AI models for VRU behavior anticipation in urban traffic
conditions, focusing on road safety and user acceptance.
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AITHENA -AI-basedCCAM:Trustworthy, Explainable, andAccountable [14]
will research explainable AI in CCAM development and testing frameworks, focusing
on data, models, and testing.

CONNECT - Continuous and Efficient Cooperative Trust Management for
Resilient CCAM [15] addresses security and safety convergence in CCAM by assess-
ing dynamic trust relationships and defining a trust reasoning framework, enabling
cyber-secure data sharing and trustworthy outsourcing of tasks.

SELFY – SELF assessment, protection & healing tools for a trustworthY and
resilient CCAM [16] aims to increase CCAM ecosystem safety, security, robustness,
and resilience by developing a toolbox of collaborative tools focusing on situational
awareness, data sharing, resilience, and trust. These tools will operate individually or
cooperatively to manage protection, response, and recovery decisions locally or globally
in response to cyber threats or hazards.

Integrating the overall transport system ensures safe human-machine interaction
and supports traffic, fleet management, and physical and digital infrastructure require-
ments. In this regard, Cluster 4 “Integrating the vehicle in the transport system” advances
physical and digital infrastructure, connectivity, and cooperation to enhance fleet and
traffic management systems for CCAM vehicles. Hereby, Cluster 4 focuses on provid-
ing digital information, developing connectivity and communication solutions, deliver-
ing cybersecurity and data sharing approaches, while addressing user needs and soci-
etal expectations. Those developments are aimed to enhance safety and efficiency as
well as interoperability, ensuring seamless mobility across various operators and service
providers.

AUGMENTED CCAM - Augmenting and Evaluating the Physical and Digital
Infrastructure for CCAMdeployment [17] aims to advance the readiness of physical,
digital, and communication infrastructure for large-scale deployment of CCAM solu-
tions. It will develop and evaluate physical, digital and communication infrastructure
(PDI) supported solutions in seven test sites across three European countries. AI, Big
Data, and crowdsourced High Definition (HD) maps will enhance situational awareness,
prediction, and actuation.

CONDUCTOR - Fleet and traffic management systems for conducting future
cooperative mobility [18] focuses on designing and demonstrating advanced traffic and
fleet management for efficient and globally optimal transport. It will build upon existing
CCAM solutions, using dynamic balancing and priority-basedmanagement. The project
will lead to reduced urban traffic, congestion, pollution, and improved quality of life.

IN2CCAM - Enhancing Integration and Interoperability of CCAM eco-system
[19] aims to develop, implement, and demonstrate innovative CCAMservices, providing
benefits such as safety, environmental impact reduction, and inclusiveness. Physical,
digital, and operational infrastructures will be enhanced to improve CCAM services
and traffic efficiency. The project will be implemented in four lead Living Labs across
Europe.

PoDIUM - PDI connectivity and cooperation enablers building trust and sus-
tainability forCCAM [20] identifies and assesses connectivity and cooperation enablers
for higher levels of automation, using facilities from three Living Labs in Germany, Italy,
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and Spain. A multi-connectivity approach ensures the reliability, availability, and redun-
dancy of the PDI system. The project focuses on integration, advanced environmental
modeling, digital twins, and VRUs in the overall PDI.

Successful implementation of CCAM depends on societal acceptance and adop-
tion, with safety assurance as a crucial factor for trust. Cluster 3 “Validation” provides
procedures, methodologies, and tools for validating, verifying, and rating CCAM sys-
tems in terms of technology and human factors, establishing an EU-wide database of
relevant scenarios for validation. These actions will help reduce the number of test kilo-
meters needed for safety validation, ensure functional safety, and develop a harmonized
simulation environment for virtual testing of CCAM functions and systems.

I4Driving - Integrated 4Ddrivermodelling under uncertainty [21] aims to create
an industry-standard methodology to establish a human road safety baseline for virtual
assessment of CCAM systems. The project focuses on a multi-level, modular simulation
library for human driving behavior and a cross-disciplinary methodology to account for
uncertainties in human behaviors and use case circumstances.

SUNRISE - Safety assUraNce fRamework for connected, automated mobIlity
SystEms [22] will develop and demonstrate a safety assurance framework for CCAM
systems by addressing the needs of diverse use cases, defining a scenario-based database
framework, generating CCAM test scenarios, preparing tools for comprehensive testing,
and integrating functional safety and cybersecurity. The project will create building
blocks for the framework, including harmonized safety assessment methodologies, a
federated European scenario database framework, and a commonly agreed simulation
framework.

With respect to demonstrating the maturity of the developed CCAM solutions, Clus-
ter 1 “Large-scale Demonstration” focuses on implementing results from other clusters
into pilots, FOTs, and Living Labs to support deployment readiness and final impact
assessment. It builds on technologies and methods, integrates concepts in real-life con-
ditions, aligns with societal needs and, aims for cross-sector collaboration, and provides
feedback and lessons learned to the CCAM community.

MODI - A leap towards SAEL4 automated driving features [23] aims to identify
and resolve barriers for SAE level 4 (L4) CCAMvehicles on the corridor fromRotterdam
toOslo, demonstrating solutions for logistic chains. The project emphasizes coordination
to integrate CCAM into existing logistics operations and smart traffic management and
creates detailed business models to demonstrate CCAM’s profitability. It comprises five
use cases, focusing on regulatory barriers and infrastructure on public roads.

ULTIMO -Advancing Sustainable User-centricMobility with Automated Vehi-
cles [24] aims to create an economically feasible and sustainable integration of Avs for
Mobility as a Service (MaaS) public transportation and Logistics as a Service (LaaS)
urban goods transportation. With a user-centric approach, it targets the deployment of
15 or more multi-vendor SAE L4 Avs per site in three European locations, operating
without safety drivers. The project focuses on long-term sustainable impact on auto-
mated transportation, ensuring interoperability between stakeholders, and building on
previous AV-demonstrator projects to maximize technical and societal impacts.

Finally, cluster 7 “Coordination” manages all CCAM stakeholders and aligns R&I
activities, facilitating knowledge exchange to address the fragmentation of efforts and
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lack of a coherent, long-term vision and strategy. It focuses on developing harmonized
approaches, common methodologies, and tools to facilitate cross-sector collaboration as
well as exchange of best practices and lessons learned.

FAME - Framework for coordination of AutomatedMobility in Europe [25] has
been established to support theCCAMPartnership and implement the activities of cluster
7, supporting collaboration among CCAM stakeholders for large-scale demonstrations
and future scale-up of complete CCAM solutions. The project supports the European
Commission and the CCAM Partnership’s commitment to a long-term coordination
framework for R&I and large-scale testing and evaluation activities in Europe. FAME
will establish a stakeholder-validated European framework for testing on public roads,
including a CCAM test data space, a common evaluation methodology, and knowledge
exchange mechanisms. This framework will improve cooperation, consensus building,
anddata sharing, enabling comparability and complementarity of results across all testing
and demonstration activities in Europe.

FAME interacts with a large stakeholder community, which extends beyond the
CCAM Partnership, building on the wide network federated in the previous Coordina-
tion and Support Actions CARTRE [21] and ARCADE [22]. The project engages in
particular with the international community through the Trilateral EU-US-Japan Work-
ing Group on Automation in Road Transportation and with EU funded and national
R&I projects and initiatives to foster the exchange of knowledge, best practices and
lessons learned and build consensus on future R&I needs. The EU wide Knowledge
Base and networking tools from FAME are strongly supporting the CCAM Partnership
in updating the Strategic Research & Innovation Agenda (SRIA) [26], in developing
the future CCAM related Horizon Europe Work Programmes. Further support is done
by monitoring the progress towards its objectives and KPIs. In addition to the sup-
port of the international Trilateral exchanges, networking tools maintained by FAME
include the biennial EUCADconferences and symposia, co-organizedwith the European
Commission and the Partnership, as well as R&I projects and stakeholder concertation
workshops, discussing specific challenges related to R&I and harmonization challenges
and needs among experts.

The close cooperation with member States and cities is fundamental to gather infor-
mation about national, regional or local initiatives in Europe. Thanks to the fruitful col-
laboration with the CCAM Platform between 2019 and 2021 in the frame of ARCADE,
today more than half of the about 350 projects listed in the Knowledge Base are from
Member States. In FAME, a collaboration has been initiated with the CCAM Partner-
ship Member States Representatives Group (SRG). It is part of the current objectives
of Cluster 7 to support the work of this group to exchange best practices and develop
harmonized approaches enabling cross border testing. FAME is currently working with
the SRG to collect requirements for testing activities (incl. Small-scale pilots, large-
scale demonstration sites, and living labs) in all member states. This will form a basis
to investigate the different approaches, commonalities and peculiarities across countries
and prepare recommendations formutual recognition, whichwill be part of the European
Framework for testing on public roads.
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Fig. 2. FAME interaction with stakeholder ecosystem

The relationship FAME maintains with the stakeholder community is based on a
win-win principle (see Fig. 2). On one side, FAME relies heavily on contributions from
CCAMR&I projects, Member States, CCAM Partnership partners and the international
network to carry out the tasks of collecting knowledge on ongoing activities, roadmaps,
standards and common methodologies included in the Knowledge Base. Feedback from
experts is also sought for the development of the Common Evaluation Methodology and
related taxonomy. On the other hand. R&I project representatives and CCAM stakehold-
ers can benefit from the experience of other projects when planning and setting up new
research testing and demonstration initiatives. This bi-directional exchange will facili-
tate alignment and contribute in reducing overlaps or redundancies of R&I activities in
Europe for a more optimized funding and coordination.

The CCAM stakeholder landscape is continuously expanding and encompasses a
wide range of contributors from various sectors (Fig. 3). Key players include academia
and research institutions, private industry and infrastructure providers, aswell as national
and regional transport authorities. The research sector, comprising universities and pri-
vate research institutes, is the main driving force behind CCAM R&I projects in the
framework of the CCAM Partnership under Horizon Europe. The automotive sup-
ply chain also plays a significant role, followed by physical and digital infrastructure
providers. Regional and national transport authorities and stakeholder representation
associations on European level contribute to the development of CCAM as well. How-
ever, public transport operators and the freight and logistics sector as well as civil society
representative currently have a more limited role within the CCAM ecosystem.
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Fig. 3. Proportion of participation of different stakeholder types in CCAM project funded under
the Horizon Europe framework, showing strong participation of research institutes (rose), uni-
versities (light purple), automotive suppliers (light red), physical and digital infrastructure (dark
turquoise), local and regional (transport) authorities (light blue). Stakeholder representation asso-
ciations on European level (light green), national transport authorities (dark red), other services
(dark green) and OEMs (blue) are less represented in European R&I projects. Passenger mobil-
ity providers (orange), clusters at national level (brown), freight and logistics services (purple),
national ministries (navy), civil society representation (green) and public transport operators
(lavender).

Analyzing the research landscape via a network graph (Fig. 4), we can identify
distinct connections within individual R&I projects, as well as key stakeholders who act
as links between various R&I projects. The bigger the node, the higher the influence of
the stakeholder within the research landscape. These so to say connectors are primarily
research institutes in pink. European associations (grey), automotive suppliers (green),
service providers (orange), and universities (black) also play significant roles. Notably,
local and regional (transport) authorities, along with infrastructure providers, are not the
primary connecting players, suggesting that the focus remains on developing solutions
rather than implementing them.

The FAME project (pink) is strategically positioned at the center of the stakeholder
network, incorporating a diverse range of stakeholder types that facilitate connections
with other projects. Similarly, projects related to key enabling technologies (orange)
and vehicle technologies (turquoise) are also placed closer to the center, signifying
their central role in the network. Node with high centrality have a large influence on
e.g. knowledge and information transfer within the network, under the assumption that
the knowledge transfer follows the shortest paths. In contrast, projects associated with
large-scale demonstrations (green), user-needs and societal aspects (red), and integration
into the transport system (navy) are less centralized and have fewer connections. This
indicates that these projects introduce new players, such as national and local authorities
and societal representatives, into the network. However, it is worth noting that one
project focusing on user needs and societal aspects is entirely disconnected from the
rest, highlighting potential gaps in collaboration within the CCAM ecosystem.
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Fig. 4. Network graph, showing links between different stakeholders made through the partici-
pation in European CCAM projects. Links are colored with respect to the corresponding CCAM
cluster. Knots are categorizedwith respect to the different stakeholder types. A few very prominent
and central stakeholder act as interconnects.

4 Conclusions and Outlook

The successful deployment of CCAM technologies in Europe requires a coordinated
and collaborative approach among various stakeholders, including academia, research
institutions, private industry, and transport authorities. The CCAM Partnership, along
with other partnerships and projects such as FAME, is essential in overcoming the
challenges and facilitating the adoption of CCAM solutions.

Further alignment with other partnerships such as 2ZERO and the Cities Mission
will enhance cooperation across different mobility domains and urban-related topics.
Inclusion of additional stakeholders, apart from the usual suspects, can foster broader
perspectives and innovative solutions. While many efforts have been made to align
CCAM initiatives within Europe, there is still a need for increased focus and coordi-
nation. By fostering collaboration, standardization, and innovation across the European
CCAM ecosystem, the CCAM Partnership aims to support Europe’s position as a leader
in safe and sustainable road transport through the advancement of automation.
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Abstract. A substantial and growing body of literature has provided educated
guesses and transportation demand modeling about how riders might behave in
autonomous vehicles (AVs). No studies to-date have explored how riders behave
when given access to rides in these new modes of transportation, and how AVs
can help address lingering transportation challenges in the city, such as transit
deserts, congestion, and increased sustainablemodes of transport. This paper eval-
uates a first-of-its-kind program, offering passengers autonomous rides in Cruise
vehicles between the hours of 11:00pm-5:00am when transit services are less
prevalent. Results indicate that more than 76% of reported travel by AV riders
was mode substitution, largely diverting from rideshare and transit. Over 55% of
trips replaced rideshare travel—most of these trips were for social/recreational and
shopping/errands. These results suggest that most AV trips may not create induced
or latent demand but rather provide an opportunity to address network gaps and
last mile connectivity. The results hold additional promise as the importance and
popularity of new shared vehicle solutions emerge in the marketplace.

Keywords: Autonomous Vehicles · Pilot · Travel Behavior · Rider Preferences
Business Models · Rideshare · Latent Demand

1 Introduction

In recent yearsmany studies have hypothesized and developed scenarios for how individ-
uals might use autonomous vehicles [1, 2]. Many of these studies predict trends using
survey data or proxy data from rideshare experiments—for example, work from UC
Davis using a chauffeur given to various families over a weeklong period to understand
how they would use the vehicle [3] or hypothetical surveys that ask people if they would
like to have a personally-owned autonomous vehicle for errands and explored attitudinal
constructs [4].

While these predictive studies offer a lens into human perceptions, they are not reflec-
tive of true travel behavior experiments regarding AV usage, nor the anticipated roll-out
and business model planning of AV fleet operators. Recent work predicts AV technology
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will be primarily rolled out in shared and fleet-based deployments in urban centers [5],
andhas the potential to create new innovations inmicrotransit andparatransit [6–8].How-
ever, to date, no actual AV-rider experiments have been conducted at scale. Research has
explored how rideshare provides additional services to historically marginalized com-
munities, filling gaps in the transportation network and addressing latent travel demand
[9–12], but no work has shown how this plays out in more naturalistic experiments.

To examine these trends, in 2022, researchers at the University of San Francisco
(USF) launched a pilot “Research Rider” program with Cruise LLC (“Cruise”) to better
understand how anAV service can fill transportation needs for USF students. The goal of
the programwas to establish a partnership between industry and academia, to address lin-
gering transportation policy challenges in the city, including transit deserts, congestion,
and increased sustainable modes of transport. Cruise was permitted to service areas in
close proximity to the USF campus during off-peak/late night hours, when transit served
students least, initially offering free rides between the hours of 11:00pm and 5:00am
in the Operational Design Domain (ODD) approved by the California Department of
Motor Vehicles (DMV) and California Public Utilities Commission (CPUC).

This paper explores how individuals use autonomous vehicles, and how their travel
behaviors change when provided access to new autonomous services during their
involvement in the early access rider program. This research is particularly important
since Cruise recently received full approval from the California Department of Motor
Vehicles and the California Public Utilities Commission to operate a paid driverless
ridesharing service in a limited ODD within San Francisco, and other vendors such as
Waymo may undertake similar driverless operations in the future. Given these devel-
opments, this paper seeks to: 1) explore travel choices and transport policy challenges
related to AVs; and to 2) evaluate the customer experience and business model for
operational competitiveness.

First, a background and literature review are provided, offering a glimpse at how
many transportation researchers have attempted to model or simulate travel behavior in
the absence of a fully functional driverless framework for passenger testing. We then lay
out a naturalistic experiment where roughly 250 participants were offered early access
to free rides in autonomous vehicles. Following presentation of the results, a discussion
on the implications of this work ensues, along with implications for future research.

2 Background and Literature Review

Since the early 2010s, planners and engineers have speculated about how the future
of fleet-based mobility, rideshare technology, and automation will impact urban trans-
portation. Much of this early research dealt with casual carpool programs and mobility-
as-a-service platforms, that led to the emergence of app-based rideshare services such
as Uber and Lyft [13–15]. But more recently, efforts have been made to map the evo-
lution of rideshare/transportation network companies to predict the future inclusion of
autonomous vehicles [2, 3, 16–18].

While the accuracy of this predicted evolution remains to be seen, the trend toward
increasingly sophisticated vehicles that can drive without significant passenger super-
vision, pose many interesting questions. Researchers have predicted both increases in
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vehicle miles travelled (VMT) due to greater mobility access for underserved popula-
tions, and decreases in greenhouse gas emissions [1, 19, 20]. Others have anticipated
increased roadway capacity and less need for parking or private vehicles in a pivot to a
fleet-owned model [5, 21–23].

AVs have the potential to change the way we view transportation. There are oppor-
tunities to increase space for cyclists, pedestrians, and other vulnerable road users as
well as to better meet the needs of those who require more accessible rides - including
for non-ambulatory, blind/low vision, and deaf/hard of hearing individuals. [6, 24, 25].
Regulators have called for increased advanced planning to prevent negative externalities
and to tailor deployments to ensure more equitable and sustainable access across urban,
suburban, and rural environments. [26–30].

Still, questions remain, particularly around how planners can think of autonomous
platforms as complementary to existing transit services. An ample body of work deals
with travel mode choices and programs to promote walking, cycling and transit use [31–
34], but little is known about the impacts of automation on travel behavior - particularly
in how it can complement transit during off-peaks service hours. Limited work explores
synergies with transit in ridesharing environments [9, 10, 13, 35] and found that in most
cases rideshare both complements (reducing network gaps/last mile issues) as well as
supplements (serving when service is limited or unreliable) transit. No work thus far
has looked at actual rider behavior in an autonomous platform, how it relates to transit,
and what business models best serve AV fleet operators as they align service design
with societal values to provide sustainable and equitable transportation systems. This
research fills that gap in knowledge.

3 Methods

To conduct this work, USF researchers, collaborated with the Cruise Policy Research
and Ridehail Business Unit teams to design a project in which USF students would be
given early access to Cruise’s all-electric self-driving fleet to take rides to and from
select geographies within the allowed hours (originally 11:00 PM and 5:00 AM and
thereafter extended to the hours between 10:30 PM and 5:00 AM). The joint team
felt that the project presented a unique opportunity to shape the future of autonomous
urban mobility, at its outset, by engaging an initial rider base that could see the greatest
benefit from this service due to user travel behavior and the relative lack of reliable and
available transportation options within the approved ODD. An initial “screener” survey
was launched by the USF team in March 2022 to determine project eligibility.

Roughly 250 students responded with an interest in participating in the Research
Rider program. Baseline information was collected including student travel patterns,
behavioral preferences, residential location, and basic demographics. Critical demo-
graphic attributes included: 39% white; 61% nonwhite; 57% of white riders’ primary
methodof evening transportationwas rideshare; 63%ofnonwhite riders’ primarymethod
of evening transportationwas rideshare; 14% ofwhite riders’ primarymethod of evening
transportation was public transit; 18% of nonwhite riders’ primary method of evening
transportation was public transit and 38% live on campus in San Francisco.

As shown in Fig. 1 most travel during the day was for school, however 73% of trips
after hours were for social or recreational purposes. Students indicated that the bulk of
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THE PRIMARY PURPOSE OF TRIPS WAS 

FOR SCHOOL AND RECREATION WITH A 

MIDDAY PEAK IN TRIP VOLUME 

AFTER 10PM THE PRIMARY 

PURPOSE OF TRIPS WAS SOCIAL OR 

RECREATIONAL 

Fig. 1. Variation in trip purpose between the day and evening hours.

this travel (42%) was done via transit during the day, but after-hours transit was far less
used with students instead relying on rideshare and driving (See Fig. 2). Most students
felt that transit connectivity, trip distribution and service access were important in what
they would expect from an AV ride.

Fig. 2. Variance in tripmode between the day and evening hours, and basic consumer preferences.

These baseline indicators were used to create a statistically significant cross-section
of approximately 160 students (representing diversity with regards to the demographics,
location, availability, and travel behavior) who were invited to join the Research Rider
pilot program. These students were encouraged to download the Cruise app and asked
to take a survey each week documenting their trips as a part of the program. Trips were
made in the ODD located in the western part of San Francisco, as shown in Fig. 3.Which
was approved for fully driverless rideshare services in early 2022.
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Fig. 3. Cruise Initial ODD Approved by CPUC for fared and driverless service. Source: Cruise

47 of the initial 160 students took rides. Each week they were asked to report their
rides in a post-ride survey delivered to their cell phone or email address. The survey doc-
umented pick and drop-off location, trip purpose, time of day, and how/if the autonomous
trip would have otherwise been made.

It is worth noting that these results do reflect a strong degree of self-selection in that
students not only elected to participate in the survey but to take and then report AV rides.
While this represents a limitation of the work, in that student riders deliberately chose
AVs as their preferred alternative means of travel, it could also be cast as a strength in
terms of understanding user profiles, preferences and trends. Furthermore, this does not
wholly invalidate results in that the attributes and use patterns of those who self-select
AVs for use were precisely the point of the research. In addition, our student population
represents a demographic that is often underserved in terms of availability of transit
options, especially during off-peak hours, which could give a valid representation of
the transit challenges faced by many other younger or older populations within “transit
deserts”. Additionally, while it could be argued that our work is limited in that rides were
offered for free (as Cruise was not approved for fared rides at the time of our work), we
believe that by removing cost as a factor it allows us to isolate behavioural and service
efficiencies independently of pricing economics.

Results were tabulated and summarized and select riders and non-riders were invited
to focus groups with the research team to discuss their experiences.

4 Results

Of the 47 riders, 50 rides were reported. When looking at how they expected to travel
vs. how they actually traveled some interesting themes emerge. As shown in Fig. 4,
the largest use case for riders in the pilot program were social/recreational trips. In
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the initial screener survey, the cohort that ended up being accepted as riders put their
expected usage of AVs for social/recreation at 70.2% of trips. The actual results were
very close to this at 71.4% of trips being for social/reaction purposes. This result was
expected for many reasons, most notably given the nature of the pilot program operating
hours (11 PM–5 AM).

Fig. 4. Expected vs. Actual AV Ride Purpose.

Somewhat unexpectedly however, were the larger number of utilitarian trips for the
purpose of shopping/errands. Initially, these trips were expected to account for less than
3% of total trips. Instead, they ended up accounting for 14.3% of trips—a substantially
larger amount than anticipated. In one of the focus groups, a participant described how
the Cruise pilot program made it possible for her to “go do her laundry at her work”
(less expensive than finding another option). Another described an experience of how the
AVs were vital in assisting them to go to get late night food after hours because “(their)
neighborhood shuts down” - both these examples speak to the utility and cost savings
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that the availability of these vehicles can provide to communities, even recognized via
such a targeted initial launch.

Fig. 5. Expected vs. Actual AV Ride Purpose.

Results also indicated that the largest portion of trips being taken through this pilot
program would have been made irrespective of whether the Cruise vehicles had been
available or not (see Fig. 5). More than three quarters of trips (76.2%) would have
occurred even if AVs were not available representing the existing travel demand where
the Cruise AV was an acting substitute. Only 23.8% of trips were that would not have
been otherwise, which represents either latent demand (existing desire for travel that is
underserved by the current transport network) or induced demand (travel generated as a
result increased availability of transportation resources).

In sum whether or not the trips represent latent or induced demand they do show a
general increase in total travel on the road but an increase that is more modest than many
academics have speculated, and may serve critical needs not served by public transport
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systems—for example for school, work or errands. Of the trips that would have been
made regardless (76.2%), more than half or 55.5% would have been made through
ridesharing services like Uber and Lyft. However, somewhat interestingly, amongst
the trips that would not have been made otherwise (induced demand) 75% were for
shopping/errand related trips.

In comparison to individuals that filled out the screener survey but ultimately did not
participate in the pilot program (non-riders), riders (those who filled out the screener and
then ultimately did participate) differed in two interestingways. First, riderswere slightly
more likely to have their primary nighttimemode of transportation be rideshare than non-
riders. As shown in Table 1, 56% (55.5%) of riders’ primary nighttime transportationwas
rideshare, while services like Uber and Lyft only made up 44% of non-riders. Second,
riders were slightly less likely to have primary nighttime transport be public transit
compared to non-riders. 17% of riders’ primary nighttime mode of transport was public
transportation verses 21% of non-riders who were slightly more likely to take transit.

Amongst riders, a few factors were highlighted as especially important to encourage
future AV usage. As illustrated in Fig. 6, the most important factor related to AV use was
cost and the potential opportunity forAVs to be less expensive than alternatives (which for
most riders is ridesharing). However, in the survey responses and focus group dialogues,
themes of reliability and convenience also emerged and were prevalent. One participant
mentioned pick up and drop off as particularly important. He described a scenario where
he had an issue calling a vehicle to a particular spot and had to walk several blocks uphill
to catch his ride.

Fig. 6. Factors Influencing a Ride in an AV.
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5 Discussion

Although the expansiveness of our rider pilot data is limited, our results suggest that
afterhours AV service can serve as both a complement and supplement to rideshare
and transit, and fill needs for latent travel demands—particularly in service locations or
during times where transit is not as frequent. This is important because of the vast service
equity implications of having AVs in these locations and at these times, particularly
countercyclically to existing transit availability. A vast body of literature has shown that
many transit networks have gaps that have historically marginalized the most vulnerable
communities. Our work illustrates that AVs can be part of the solution to beginning to
fill these service gaps.

Of equal importance is our finding that many of the trips that were taken by riders
would have occurred anyway (76.2%). This is an important finding as it provides a
counter-narrative to frequent speculation that AVs will result in a significant amount
of induced demand. In our Pilot Project, the results show the opposite. The bulk of
AV trips (77.7%) were substitutions for rideshare and then transit—trips or modes that
likely may have been inefficient, underserved or less adequate. For the 23.8% of trips
that respondents said they “would not have made otherwise” we would argue against
the narrative that this represents induced demand, first because some of these trips
were simply related to the novelty of riding in a new, high-tech self-driving car, and
second because of the increase in spatial-temporal accessibility these vehicles provided.
It is very clear that many of the young adults in our study (many of whom did not
own cars) may have been under-resourced in terms of their available modes for travel
(particularly during the service hours) and that their travel needs had been constrained
by this limitation. Many had the desire to travel but were under-resourced in their ability
to do so. Although there may be some inducement of travel, this clearly represents a
large share of latent demand, and in terms of increase in total travel represents a total
increase in travel below what some academics have speculated.

Moreover, it is worth noting that the inadequacy of service (for both rideshare and
transit) was linked to two factors: safety and service convenience/frequency. We doc-
umented many situations, particularly in our focus groups, where our female riders
expressed safety concerns. Many stated that they felt that the AV ride was safer—even
in a shared environment. Riders were comfortable with the current AV safety proto-
cols and features in place. Focus group participants would also complain about the
convenience of bus routes and then praise the reliability of the AV, saying things like:

“Sometimes getting out to where I live there’s not a whole lot of real good direct
bus service…. And then certainly, the fact that the Cruise vehicles are available
is pretty darn awesome…”

With regard to safety manywomenwhowere interviewed expressed that the capabil-
ity of riding in an autonomous rideshare vehicle was a vast improvement over traditional
rideshare (e.g. Uber/Lyft). Many of these riders said they preferred riding without a
driver during late-night hours since they had experienced or heard of issues of driver
aggression or assaults. For example, in one focus group a young woman described a
situation where a driver had waited outside of her home after dropping her off which
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made her feel very uncomfortable. She felt that she did not have to worry about this with
an AV.

Given these performance factors, it is clear that some of themode substitution behav-
ior might be a result of better andmore reliable service, but individuals also identified the
importance of additional service factors, such as the environmental impact/sustainability
of the ride as well as comfort. This also matched up well with consumer preference
data from the original screener surveys. In those snapshots, as shown in Fig. 7, 87%
of potential riders thought good distribution of service was very important and 91%
saw transit integration/connectivity as either very or somewhat important. Sixty-six per-
cent (66%) felt the same way about disabled access and better service for those with
disabilities—including those with reduced mobility or low vision/hearing impairments.

Fig. 7. Rider Preferences for AV Rides.

Many emphasized the positive elements of the vehicles and expressed a desire for
more hours of service; beyond the late-night hours, and an expansion beyond the fairly
restricted locations/ODD available in the rider pilot. These time and geographic restric-
tions are important to emphasize because our survey and focus group participants did not
realize the large role regulators play in determining where/when vehicles can operate.
Clearly many were frustrated with the current transit service quality and our research
suggests that there is demand for access to a larger ODD in San Francisco (and beyond)
and extended hours that could allow AVs to further supplement existing transit. These
emergent platforms, that are purpose built for sharing and meeting the needs of diverse
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communities and those with disabilities, could provide complementary services that
enhance existing high-capacity transit.

Likewise, there was equal frustration in focus groups about drop-off situations where
vacant driveways appeared to be available for curbside passenger disembarkation, but
the AV continued in search of vacant curb space further from the desired destination.
This is a policy issue that needs focus in future discussion since the California vehicle
code (and potentially other locations) does not permit drop off at vacant driveways but
allows commercial vehicles to double park to permit the safe exit of passengers. This
is often confused by the media; however, it is an opportunity for regulatory dialogue in
the future - particularly in light of recent efforts advanced by jurisdictions like the City
of San Francisco’s Curb Management Strategy.

Finally, while our work is limited in that it did not engage with the cost of an
autonomous ride as compared to another type of ride, since our preliminary pilot pre-
dated the introduction of priced rides, our focus was more exploratory in nature to
investigate how cost played into these rideshare decisions as well as other factors. As is
illustrated in Fig. 8 we found that cost was one of many “pull” factors that attracted pilot
riders to the program—not the only factor. In many cases factors related to reliability,
convenience and safety. More importantly we did investigate willingness to pay as a part
of our work as is illustrated in Fig. 8.

Fig. 8. Willingness to Pay for Autonomous Ride

On average participants were likely to pay approximately $10 for a short ride, and
based on preliminary introduction of pricing (priced rides that were introduced by Cruise
after this pilot) rates were lower than both traditional rideshare or transit. More than 30%
were willing to pay between $9 and $10. This factor warrants future investigation since it
may offer potential cost/pricing efficiencies, newways of thinking about service delivery
during off-peak hours and newmethods of providing feeder lines to trunk transit service.
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6 Conclusions

This paper evaluates a first-of-its-kind program, offering passengers autonomous rides in
Cruise vehicles between the hours of 11:00pm–5:00am when traditional transit services
are less prevalent. The aim of this project was to better understand how an AV service
can fill transportation needs for USF students acting as a representative population of
potential initial riders – particularly as those who may not have as robust access to
existing transportation solutions. Results indicate that more than 76% of reported travel
by AV riders was mode substitution, largely from rideshare (at 55.5%) and transit (at
22.2%).

Of the 55.5%of trips that replaced rideshare travel—mostmadewere for recreational
and commercial purposes such as errands and shopping. These results suggest that most
AV trips offer an opportunity to address network gaps and last mile connectivity. Most
trips replaced existing travel already on roadway network, and arguably made it more
efficient, and the trips that were new (23.8%) appeared to meet existing needs under-
served by current services. Individuals largely enjoyed their experience in AVs despite
constraints on how and when the vehicles can operate, and many riders noted a desire
for more areas of service. These findings are significant as new shared vehicle solutions
emerge in the marketplace, and our research suggests that there is demand for access to
a larger ODD in San Francisco (and beyond) and extended hours that could compliment
existing high-capabity transit routes. In the future, when less restrictions exist on AV
operations, more studies should be conducted to see the impact of AV introduction on
existing transit systems as well as the efficiency of the street grid network itself [36].

While the pilot project involved a relatively small sample, had concentrated focus on
students and predated the ability to introduce priced/paid rides, it offers a window into
travel behavior and mode substitution for actual AV rides. This is import because despite
these limitations, the study provides information on how trips might change, and how
users might benefit from the availability of AVs during hours where traditional transit is
limited. With this goal in mind the project provides a potential look at how AVs could
potentially provide better service and increased mobility to traditionally underserved
passengers and communities.

The paper and project also opens up numerous pathways for further research. Under-
standing the ways in which AVs will be used in cities is essential as their adoption is
beginning to move from research to commercial offerings. Cruise has recently received
full approval from the California Department of Motor Vehicles and the California Pub-
lic Utilities Commission to operate a paid driverless ridesharing service in a limited
ODD in San Francisco. Other vendors such as Waymo are offering drivered ridesharing
service in San Francisco and may provide autonomous rideshare services in the future.
These developments in the marketplace lead us to believe that these types of transport
services hold promise for the future of how we think about transportation systems and
eliminating service deserts.

More importantly this work opens the aperture as to how public and private vendors
might work in concert to improve user experiences and public transport service. There
is room in the future to investigate the possible opportunities for integration of AVs to
contribute to a shared public and private transit service. In this light, it is essential that
cross-sector collaboration dialogues continue as this technology continues to advance.
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This will ensure that future AV services most aptly compliment and supplement existing
modes of transportation as they are deployed.
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Abstract. Surrogate measures of traffic safety replace collision statis-
tics as a means of assessing the safety of a roadway, intersection, vehicle,
or mobility system. Effective and consistent surrogate measures of traffic
risk and safety that will be useful to ADS stakeholders — including AV
developers, traffic infrastructure developers and managers, regulators,
legislators, and the public — will have a number of essential character-
istics, including monotonicity and scalability.

Trailing indicators, such as collision statistics, are a poor methodol-
ogy for improving safety, In addition, the use of trailing indicators incurs
pain and loss on society, and is not an ethically acceptable approach.
Leading indicators, based on non-collision interactions, include: Traffic
Conflicts, Time-to-Collision (TTC), Post-Encroachment Time (PET),
Instantaneous Safety Metric (ISM), harsh accelerations and turns (gen-
erally measured by an inertial measurement unit (IMU)), AV Control
System Disengagements, and near-misses or near-crash events.

Surrogate measures, reviewed here, gather, process, and in some cases
predict traffic movement, or control system behavior, and produce a
(sometimes quantitative) score reflecting the riskiness or safeness of the
behavior of vehicles in traffic.

Nomenclature

ADS Automated Driving System [1]
AV Automated Vehicle; Autonomous Vehicle

IMU Inertial Measurement Unit
ISM Instantaneous Safety Metric [2]

MPrISM Model Predictive Instantaneous Safety Metric [3]
PET Post-Encroachment Time [4]
RSS Responsibility-Sensitive Safety [5]
TCT Traffic Conflicts Technique [6]
TTC Time-to-Collision [7]

NHTSA National Highway Traffic Safety Administration,
U.S. Department of Transportation
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1 Introduction

1.1 Background

Evaluation of the risk and safety of the operation of vehicles in traffic is critical
to the deployment and public acceptance of automated mobility systems.

Historical collision statistics are important benchmarks; however, they are
problematical for assessing the risk and safety of new systems, either roadways,
traffic controls, vehicles, or mobility systems. This is precisely because such trail-
ing or lagging indicators of traffic safety require the accumulation of collision
statistics and necessarily therefore require collisions to occur [6,8,9]. Traffic col-
lisions incur property damage, injuries, and death, and the ethical problems of
inflicting pain and loss on society (in the process of determining the safety of an
automated mobility vehicle or system) are unacceptable.

Because of the problems with lagging indicators, leading indicators or mea-
sures of the risk and safety of the operation of vehicles in traffic are required,
and are commonly referred to as “surrogate” measures of traffic safety.

Surrogate measures of traffic safety have been evaluated and compared pre-
viously, including: by the U.S. Federal Highway Administration [10,11], Trans-
portation Research Board [12], U.S. National Highway Traffic Safety Administra-
tion [13], University of Toronto [14], Rutgers University [15], Canadian Journal
of Civil Engineering [16], Riga Technical University [17], Transport Reviews [18],
Center for Road Safety at Purdue University [19], Lund University [20], Interna-
tional Encyclopedia of Transportation [21], Czech Republic Transport Research
Centre [22], University of California, Berkeley [23], and Accident Analysis &
Prevention [24].

1.2 Safety Assessment

Safety measurements, whether they are lagging indicators based on collision
statistics or leading surrogate measures, work within a broader process of safety
assessment. As a general matter, the process of assessing performance (including
safety) requires three distinct elements:

Testing: One or more tests that challenge the performance which
is to be assessed.

Evaluation: One or more ways that the results of the test are mea-
sured.

Reference Standard: One or more standards that are used as a reference
against which to compare the measured performance.

For example, in assessing a student’s understanding:

Testing: A test would be devised consisting of a series of ques-
tions for the student to answer.

Evaluation: The student’s responses would be evaluated to deter-
mine whether they are correct. The evaluation of the
student’s responses would be aggregated into an over-
all measure or score, e.g., 92 out of 100.
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Reference Standard: The student’s evaluated score would be compared to
other students’ scores to determine an overall result to
be reported on the student’s academic record.

All three elements must be used to assess the performance of an individual or
system under test. Testing alone is not sufficient. Evaluation of the test responses,
and comparison of the evaluation of the responses with a reference standard, are
both required to assess the performance.

While there is considerable active discussion relating to testing of ADS
(whether in simulation by means of scenarios, or on-track testing, or on-road
testing with traffic), evaluation of the results of such tests are frequently given
considerably less attention or omitted altogether. The absence of one or more
consistent evaluations has produced the present environment, where reference
standards have not yet been developed or promulgated to actually gauge whether
the control and behavior of automated vehicles is sufficiently safe to operate on
public streets and roads.

1.3 Measurements and Assessments

A number of (non-collision) surrogate measures exist, starting with the Traffic
Conflicts Technique (TCT), introduced by Perkins and Harris at General Motors
Research in 1968 [6,25] and followed shortly thereafter by Time-to-Collision
(TTC) introduced by Hayward in 1972 [7]. Since that time, a variety of addi-
tional traffic safety measures have been proposed and used, including both lead-
ing and trailing indicators [26]. This chapter reviews the existing methods, and
evaluates each against a set of characteristics needed for a measure to be consis-
tent and effective. This chapter also briefly reviews a novel leading measure of
collision hazards in traffic that overcomes difficulties with prior measures, and
is quantitative, objective, continuous, and general.

For the introduction of new mobility systems, particularly automated vehi-
cles, leading indicators of traffic risk and safety must be used. However, existing
leading road safety indicators have limitations and/or shortcomings, and a new
general measure is needed. A summary of the most critical shortcomings of the
most commonly used surrogate measures is presented below.

Importantly, a general quantitative measure of traffic safety and risk must
treat each traffic object (vehicle, pedestrian, bicyclist, etc.) as a “black box”,
meaning that only the external behavior of the object can be utilized in com-
puting the measure. This is identical to the conditions of an on-road test of a
human driver, where the evaluator simply observes the actions (behaviors) of the
vehicle as it is being driven, and is not engaged in a dialog with the driver about
what he/she sees nor what considerations she/he is making regarding control
actions.

For the assessment of a human driver, the same three elements are required:

Testing: A test which challenges the driver’s skills, including,
e.g., starting, turning, stopping, lane changing, merg-
ing, parking.
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Evaluation: The student’s actions and responses are evaluated by
the evaluator to determine whether they are in com-
pliance with local traffic laws and regulations and are
safe, e.g., speeds, spacing, maneuvers.

Reference Standard: The evaluator uses his training and experience to judge
whether the driver being tested has demonstrated suf-
ficient mastery and safe driving behavior to be granted
a license to drive in traffic.

In the case of the assessment of human drivers, the consideration and evaluation
of how safely the driver operated his/her vehicle, and how safe the driver will
be in traffic once licensed, are entirely qualitative (except in the unusual case
where the driver is involved in a collision during the test).

In the case of ADS, qualitative judgments of observers will not suffice to allow
automated vehicles to operate in traffic. The public, regulators, legislators, and
insurers, have made clear that automated machines operating in life-safety crit-
ical applications, such as vehicles in traffic, will require consistent and effective
quantitative assessment of safety, and must demonstrate safe behavior at least
at the level of existing human drivers (and preferably a greater level of safety).

2 Near-Misses; Near-Crash Events

Hayward suggested that near-misses could be an effective leading indicator of
traffic risk and safety:

NEAR-MISS traffic events have been considered for use as predictors of
accident rate characteristics at roadway locations. The near miss, loosely
defined, is a traffic event that produces more than an ordinary amount of
danger to the drivers and passengers involved. Near misses would appear
to be closely related to the accident pattern witnessed at a location and,
therefore, could become an attractive alternative measure to accident-
based safety determination.
[7, page 24]

Other fields have used near-misses as leading indicators of risk for some
time [27–29], by means of self-reporting that has been shown to reduce the
instances and severity of incidents and losses. For example, near-misses have
been collected and analyzed in civil aviation since at least 1958:

The Aviation Safety Reporting System, or ASRS, is the US Federal Avia-
tion Administration’s (FAA) voluntary confidential reporting system that
allows pilots and other aviation professionals to confidentially report near
misses or close call events in the interest of improving aviation safety. [30]

The chemical processing industry has also implemented near-miss manage-
ment systems.
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In review of adverse incidents in the [chemical] process industries, it is
observed, and has become accepted, that for every serious accident, a larger
number of incidents result in limited impact and an even larger number of
incidents result in no loss or damage.
· · ·
Despite their limited impact, near misses provide insight into accidents
that could happen.
[31, page 445]

“Near-crash” events were explored in the 2006 DOT/NHTSA SHRP2 100-
Car Naturalistic Driving Study:

• Near-Crash: Any circumstance that requires a rapid, evasive
maneuver by the subject vehicle, or by any other vehicle, pedes-
trian, cyclist, or animal, to avoid a crash. A rapid, evasive maneu-
ver is defined as steering, braking, accelerating, or any combination
of control inputs that approaches the limits of the vehicle capabil-
ities. As a guide, a subject vehicle braking greater than 0.5 g or
steering input that results in a lateral acceleration greater than
0.4 g to avoid a crash, constitutes a rapid maneuver.

As shown, while these criteria were based somewhat upon quantitative
kinematic criteria, they were subjective in nature. While such definitions
were useful for purposes such as classifying video data, they were not
useful for precisely defining events or as criteria for other purposes, such
as warning algorithms.
[32, Page 139]

[N]ear-crashes, since they (by definition) have many of the same elements
as a crash, may provide useful insight into the risk associated with driver
behavior and environmental factors in combination with crashes. This
. . . benefit, if it can be validated, can provide a powerful tool for analyzing
naturalistic driving data since near-crashes occur at a rate of roughly 10
to 15 times more frequently than crashes. Thus, there is a need to better
understand the relationship between crashes and near-crashes as well as
the impact of using crash surrogate measures when assessing crash risk.
[13, Page ii]

Despite the limitations of defining and detecting “near-crash” events, the
study identified roughly 30 times as many “near-crashes” as crash events [32,
Page 141]. The study also identified, particularly in the many scatter plots of
measured data, the serious problems that arise from computations of traffic
characteristics (e.g., TTC and IMU) that are not monotonic: more severe traffic
hazards do not always result in a value that reflects a greater degree of hazard
or risk than less severe hazards.

The majority of near-miss reporting systems rely on observer judgment as
to whether a near-miss occurred or not, and at most have an informal quali-
tative assessment of severity. These approaches are not suitable for determina-
tion of traffic risk and safety because of the wide range of degree or severity of
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near-misses in traffic: everything from inconsequential movement at large dis-
tances and low relative speeds to inches of separation at high speed. Systems
and approaches that count the occurrence of each near-miss event are not useful
for the determination of the safety of vehicular traffic.

3 Existing Surrogate Measures

A number of existing non-collision approaches to determining traffic safety are
summarized here.

3.1 Historical Collision Statistics

A common practice is to measure the safety of the behavior of a vehicle on the
basis of the frequency of occurrence of collisions. Typical collision occurrence
data is shown in Table 1.

Some drivers make less safe decisions (and take less safe actions) than oth-
ers; however, the infrequency of collisions, and the many factors beyond driver
decision-making that contribute to the occurrence of collisions, render histori-
cal collision statistics of limited use to evaluate driver performance, or to judge
whether a driver (automated or human) is sufficiently safe to drive, particularly
in congested and complex scenarios.

Table 1. Rates of involvement in all police-reported crashes, injury crashes, and fatal
crashes per 100 million miles driven in relation to driver age, United States, 2014–
2015. [33]

Age of Driver All Crashes Injury Crashes Fatal Crashes

16–17 1,432 361 3.75

18–19 730 197 2.47

20–24 572 157 2.15

25–29 526 150 1.99

30–39 328 92 1.20

40–49 314 90 1.12

50–59 315 88 1.25

60–69 241 67 1.04

70–79 301 86 1.79

80+ 432 131 3.85

3.2 Traffic Conflicts

The Traffic Conflicts Technique (TCT) was first introduced by Perkins and Har-
ris at General Motors Research in 1967 [8], first published in 1968 [6], and codified
into a procedures manual in 1969 [25] (Fig. 1).
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The basic types of accidents at intersections are left-turn, weave, cross-
traffic, red-light violation, and rear-end incidents. For these five basic cat-
egories, over 20 objective conflict criteria have been defined for specific
potential accident patterns at intersections.
[6, Page 36]

Within the four basic categories of rear-end incidents, over 10 specific rear-
end conflicts have been defined.
[6, Page 38]

The traffic conflict technique delineates initial causes of potential acci-
dent situations. Over 10 specific categories of rear-end incidents have been
defined.
[6, Page 43]

Traffic conflicts enable an observer to categorize interactions among vehicles
in traffic into a number of different conflict categories. However, other than
counting the number of such conflicts by category, traffic conflicts provide no
quantitative, nor objective, measure of collision hazard or risk.

Campbell and King (1970) [34] used the General Motors TCT to measure
the accident potential of two rural intersections. They found no significant
association between conflicts and reported accidents.
[35, Page 27]

Fig. 1. Left-turn conflict. [6, Fig. 1, Page 36]
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3.3 Time-to-Collision (TTC)

Some practitioners in the field of traffic safety use an estimate of time-to-collision
or TTC to indicate whether the vehicle being analyzed is in a condition of high
likelihood of an impending collision.

Hayward defined time to collision as follows:

[T]he measure is the time required for two vehicles to collide if they con-
tinue at their present speeds and on the same path.
[7, page 27]

An illustration of TTC is shown in Fig. 2 [35].
This measure has significant limitations, particularly in that the time until a

collision will occur is highly dependent on the speed of the vehicle, the movements
of the object with which it might collide, and the road conditions, none of which
are incorporated into the time-to-collision measure [36].

Brown noted a particular type of problem with TTC:

Each of the standard crash measures has weaknesses that restrict its utility.
Minimum type I and type II TTC provide a continuous measure of how
severe a situation resulted from the driver’s response to the event so long
as the driver does not collide with the other vehicle. For this measure, the
larger the TTC, the safer the response. When the driver collides, however,
the minimum TTC is zero regardless of whether the driver barely nudges

Fig. 2. Example of a serious conflict between a car from the minor road and cyclist 1.
Bottom right: time-to-collision (TTC) curve. [35, Fig. 7, Page 32]
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the other vehicle with a small differential velocity or slams into the vehicle
with a differential velocity of 70 mph.
[36, page 42]

van der Horst identified one of the key limitations of TTC:

[T]he relationship between TTCmin and conflict severity scores is not
unambiguous; severe conflicts have a low TTCmin, but not all conflicts
with a low TTCmin are regarded as severe.
[37, page 107]

A higher-hazard encounter, e.g., one that has the potential to result in a
collision with high relative speed (and therefore would produce significant dam-
age and/or injury), can have a larger (and therefore apparently less concerning)
TTC than a lower-hazard encounter, such as one where the potential collision
would occur with nearly zero relative speed. This example illustrates that TTC
is not monotonic with hazard and risk, as will be discussed further below.

Many attempts to improve TTC have been made, principally focusing on
assumed behavior (e.g., deceleration) of the following vehicle.

Time to collision is an important time-based safety indicator for detecting
rear-end conflicts in traffic safety evaluations. A major weakness of the
time to collision notion is the assumption of constant velocities during the
course of an accident.
· · ·
Results indicate that in the third case (linear acceleration), the average
duration of exposure to critical time to collision values is greater than the
others. So, applying time to collision based on the assumption of linear
acceleration in collision avoidance systems would decrease driver errors
more than other cases.
[38, page 294]

These limitations render TTC unsuitable as a general measure of collision
risk in traffic.

3.4 Post-Encroachment Time (PET)

The concept of Post-Encroachment Time was introduced by Allen [4] in 1978:

Post encroachment time (PET) for a conflict is identified as the time from
the end of encroachment to the time that the through vehicle actually
arrives at the potential point of collision (T4-T2 in Figure 3). This is an
obvious measurement of how nearly a collision has been avoided. PET
is also a suitable measurement for identifying the resulting events in the
final stage of a traffic conflict. Although it directly describes neither the
situation defined in the initial stage nor the action taken by the drivers
in the intermediate stage, it does represent the result of the combined
effects of the two earlier stages. For example, a PET value approaching
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zero demonstrates that a collision was avoided by only the very smallest
of margins. This could result from a very severe situation perceived in the
initial stage, a very poor driving maneuver during the intermediate stage,
or a combination of the two.
[4, Page 70]

Fig. 3. Time-space diagram of a typical left-turn conflict. [4, Fig. 4, Page 70]

The PET value, . . . is a measure that also includes the ’near misses’. It
is defined as the time between the moment that the first road-user leaves
the path of the second [t1] and the moment that the second reaches the
path of the first [t2] (see Fig. 4). The PET value indicates the extent to
which they missed each other. In urban areas, PET values of one second
and lower are indicated as possibly critical.
[39, Page 361]:

Each of the preceding conflict measures [including PET] incorporates a
degree of weakness by its very definition. However, it was felt that each
had the potential to more adequately explain collision occurrence than the
conventional brake application procedure. In particular, one would expect
that those measurements that identified events in or near the final stage of
the conflict-generation sequences would possess the greatest explanatory
power.
[4, Page 70]
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Fig. 4. Definition of post-encroachment time (PET). [39, Fig. 6, Page 362]

The authors’ recommendation that PET is an appropriate conflict tech-
nique capable of explaining more about collision occurrence than brake
applications is also questionable. The recommendation is based on the
analysis of only the left-turn maneuver and was not applied to include
other major conflict types commonly found at intersections.
Martin R. Parker, Jr., Virginia Highway and Transportation Research
Council [4, Page 73]

PET was developed specifically for traffic conflicts arising from unprotected
left turns, where a vehicle in an intersection crosses the path of an oncoming
vehicle. While attempts have been made to modify PET to apply to other traffic
situations, PET is not generally applicable.

While PET is a surrogate measure based on non-collision events, it is a
retrospective measure, looking back in time to determine by what interval of
time a collision was avoided. These are the principal weaknesses of the measure,
as noted by Allen [4, Page 70] and Parker [4, Page 73].

3.5 Responsibility-Sensitive Safety (RSS)

Responsibility-Sensitive Safety (RSS) is a set of five rules intended to ensure
that automated vehicles operate safely [5]. These are all sensible rules; however,
the full complexity of driving simply cannot be captured in five rules.1

01. Safe Distance Enforce a safe following distance from a vehicle ahead,
based on vehicle speed and stopping ability.

02. Cutting In Merge into a lane with sufficient lateral distance from
other vehicles.

1 https://www.mobileye.com/responsibility-sensitive-safety/.

https://www.mobileye.com/responsibility-sensitive-safety/
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03. Right of Way Give right of way to other vehicles.
04. Limited Visibility Be cautious in areas of limited visibility.
05. Avoid Collisions [I]f an object suddenly appears in the AV’s direct

path, the AV must avert a crash by veering into the next lane, provided
it would not cause a different collision.

While the first two rules include a quantitative measurement of dmin , which
is defined as the minimum safe distance for those two maneuvers, RSS does not
provide any sort of quantitative measurement of vehicle safety in traffic. The
first two are behavioral rules that are to be observed, rather than a quantita-
tive measure of how safely a vehicle is behaving. The remaining three rules are
important, but informal and not quantitative, and provide no utility in measur-
ing the safety of the operation of a vehicle. Instead, RSS is a set of guidelines
for automated vehicle control decision-making.

Methods that use rules for particular maneuvers or situations, such as RSS,
will not scale well to even a portion of the full range of traffic scenarios encoun-
tered in real traffic, because of the large number of rules required to accommodate
each different type of maneuver.

Rules 3, 4, and 5 assume that vehicle controllers will behave accordingly, and
will have the capability to do so.

A continuous quantitative measure of collision hazards in traffic, such as
the novel surrogate measure reviewed below, can assess the risk and safety of a
vehicle being operated in accordance with the RSS rules.

3.6 Instantaneous Safety Metric (ISM)

Instantaneous Safety Metric (ISM), developed by the U.S. National Highway
Traffic Safety Administration [2], predicts all future positions of one or more vehi-
cles, and examines the overlap of future reachable regions to determine whether
there is a “critical” or “imminent” overlap of regions. A flowchart of the ISM
assessment is shown in Fig. 5. An extended approach (Model Predictive Instan-
taneous Safety Metric or MPrISM) is presented in [3].

To determine whether a future interaction is “critical” or “imminent” requires
the determination of “the probability of the driver choosing to pursue a set of
accelerations” [2, page 6], in other words, a prediction of the actions of the
operator of each vehicle is required.

Importantly, the result of computing the future reachable regions and the
possible regions of overlap is one of the four outcomes listed below.

There are four possible combinations resulting from interaction between
the possible and unavoidable spaces of two vehicles (Vehicles A & B in
this case). [40, page 20]
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Accelera on Map
•Provides a set of (Ax,Ay) pairs, 

achieveable by each vehicle, which will 
be used for vehicle posi on calcula ons.

Vehicle Modeling
•U lizes the desired accelera on pairs 

along with vehicle size parameters to 
calculate possible vehicle trajectories.

Interac on Classifica on
•Tests the set of profiles from the prior 

step to determine the current 
interac on classifica on.

Severity Analysis
•Reviews possible, cri cal and imminent 

interac ons to quan fy their severity.

Fig. 5. ISM process flow chart. [2, Fig. 3, Page 4]

1. The possible space of both vehicles overlap. (Possible Interaction)
2. The unavoidable spaces of both vehicles overlap. (Imminent Interac-

tion)
3. The unavoidable space of Vehicle A overlaps the possible space of

Vehicle B. (Critical interaction for Vehicle A)
4. The possible space of Vehicle A overlaps the unavoidable space of

Vehicle B. (Critical Interaction for Vehicle B)

This is not a quantitative measure of risk of collision; it is a categorical indicator
rather than a metric. The ISM can determine whether it is possible for an “inter-
action” to occur in the future, but other than identifying the future interaction
as being either Possible, Imminent, or Critical, the ISM provides no quantitative
indication of the degree of risk nor the severity of the potential consequences.
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3.7 AV Control System Disengagements

The number of disengagements of the onboard decision-making system per mile
(where a disengagement is a deactivation or manual override of the automated
system, such as described in the California Code of Regulations, Title 13, Div. 1,
Ch. 1, Article 3.7, §227.502) is also used as an indication of the performance and
safety of the behavior of an automated vehicle.

The key assumption is that “disengagements” occur when hazardous driving
conditions are encountered that the controller cannot or does not handle safely,
and control of the vehicle must be transferred to the onboard safety driver.

The number of “disengagements” per mile is not a useful measure of the
behavior or safety or risk of an automated vehicle. “Disengagements” can have
many causes which may not be related to the behavior or decision-making system
of the vehicle, they are not repeatable, are subject to the judgment of the safety
driver and therefore occur due to subjective considerations and as a result are
not objective, and are influenced by the selection of the conditions and scenarios
under which the vehicle is operated and the operational policy or policies under
which the driver operates [42].

As a result, disengagement rate is not an effective measure of the hazards
encountered by an automated vehicle, and is at best an indirect indicator of
operational risk and safety.

3.8 Inertial Measurement Unit (IMU)

A number of current approaches to measuring risk and safety of vehicles utilize
data from an onboard inertial measurement unit (IMU). These data can indicate
rapid deceleration (“hard braking”) or rapidly executed turns (“swerving”), and
it is thought that events of this type, with accelerations above a threshold, reflect
unsafe operation of the subject vehicle.

While IMU data are readily available, either from onboard accelerometers
or from onboard electronics such as mobile phones, smooth driving (i.e., with
consistently low levels of acceleration) is at best a poor proxy for the risk or
safety of the operation of a vehicle, for two important reasons:

2 13 CCR §227.50 Reporting Disengagement of Autonomous Mode:

For the purposes of this section, “disengagement” means a deactivation of the
autonomous mode when a failure of the autonomous technology is detected
or when the safe operation of the vehicle requires that the autonomous vehi-
cle test driver disengage the autonomous mode and take immediate manual
control of the vehicle, or in the case of driverless vehicles, when the safety
of the vehicle, the occupants of the vehicle, or the public requires that the
autonomous technology be deactivated. (b) Every manufacturer authorized
under this article to test autonomous vehicles on public roads shall prepare
and submit to the department an annual report summarizing the information
compiled pursuant to subsection (a) by January 1st, of each year. [41]

.
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1. IMU data are blind to other traffic objects, and therefore necessarily take no
account of how the subject vehicle is moving in relation to these other traffic
objects. As a result, IMU data reflect nothing about how the subject vehicle
is interacting with traffic.

2. Many cases have demonstrated events where a vehicle was smoothly driven
into a collision. Similarly, hard braking occurs when a skilled driver avoids a
collision, for example in the classic example of a child chasing a ball into a
lane of traffic from between two parked cars.

The use of IMU data relies on the assumption that rapid decelerations are
related to risky driving behaviors. The lack of correlation of IMU data with risk
and safety of the operation of a vehicle makes it unsuitable for use as a measure.

4 Novel Surrogate Measure

4.1 Collision Hazard Measure (SHM)

A novel measure of vehicle and traffic risk and safety (SHM) introduced in
2022 [43] uses the position and velocity of the subject vehicle, the position and
velocity of each traffic object, the road conditions, and an estimate of the maneu-
verability of the subject vehicle and traffic objects (maximum safe braking decel-
eration rate and maximum safe turning rate).

In all cases, the measure is computed sequentially for the subject vehicle in
relation to each traffic object.

The measure incorporates the square of the relative speed between the subject
vehicle and a traffic object (Srel) divided by the distance that separates the
vehicle and the object (dsep).

m = S2
rel/dsep (1)

m has the units of
[
length/time2

]
or [acceleration].

This measure has the essential character of near-misses described above, com-
bining proximity (separation distance) and motion (relative speed) for each pair
of traffic objects in a traffic scenario (e.g., cari-pedestrianj) at each time-step
or frame of sensor data. In this case, relative speed is in the numerator, so the
measure will be larger for larger values of relative speed; separation distance is
in the denominator so that the measure will be larger for smaller separation
distances.

This matches our perception of near-misses. A vehicle that is moving at
0.5 m/s (1 mph) past a pedestrian at a distance of 1 m (39 in.) would not be
alarming or considered to be particularly dangerous. In contrast, a vehicle that
is moving at 30 m/s (67 mph) past a pedestrian at the same distance would be
highly alarming and would be considered to be seriously dangerous. Both rela-
tive speed and separation distance are essential characteristics of a quantitative
measure of near-misses, and the hazard that they produce.
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The influence of the speed of the subject vehicle in relation to the traffic
object is considerably magnified compared to other approaches to quantify near-
misses. This magnification is desired, and is an important characteristic of the
measure since the square of the speed is directly proportional to the kinetic
energy of the subject vehicle in relation to the traffic object, and the dissipation
of kinetic energy in a collision is the cause of damage and injury.

This approach to combining a compensated (i.e., squared) value of relative
speed with separation distance has the essential characteristic of monotonicity:
a less severe traffic hazard will result in a lower numerical value of the measure
than a more severe traffic hazard.

Importantly, the determination of the measure values makes no assumptions
nor predictions about the behavior or actions of traffic objects; it simply assesses
the current state of the near-miss interaction between each pair of objects, and
does not predict future actions, decisions, or trajectories.

5 Characteristics

The key characteristics of any effective collision hazard measure include:

1. Leading: The measure determines hazards without the occurrence of colli-
sions, in contrast to trailing measures that determine hazards after a number
of collisions have occurred.

2. Quantitative: The result of the computation of the measure is a numerical
representation of the collision hazard encountered.

3. Continuous: The quantitative result is on a continuous scale, e.g., from 0
(safe) to 100 (a few centimeters from collision), and is nearly continuous in
time, subject only to the update rate of the traffic sensor(s) used.

4. Independent: The computation of the measure relies only on external
observation of vehicles and traffic objects, and road/street surface condi-
tions, and not on sensor data or decision-making involved in the control of
the vehicle. The measure considers each traffic object to be a “black box”,
not subject to internal scrutiny.

5. Direct: The measure directly determines the hazard between traffic objects,
rather than indirect or proxies for hazard.

6. Repeatable: Observation of the same behavior in the same traffic scenario
will produce the same quantitative value of the collision hazard measure.

7. No Assumptions: The measure does not make use of assumptions or pre-
dictions about the actions or behaviors of traffic objects.

8. Monotonic: A more severe collision hazard will always result in a larger
value of the collision hazard measure. Two identical collision hazards, gen-
erated by different traffic conditions, will always result in the same value
of the collision hazard measure. To be at all useful, the measure should at
least conform with the properties of an Ordinal Scale, preferably a Ratio
Scale [44,45].

9. Objective: No qualitative or subjective input is included in the computation
of the result. The result depends solely on the measured kinematics of the
vehicles and traffic objects, and road/street surface conditions.
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10. Computable: Given the kinematics (positions and velocities) of the subject
vehicle and other traffic objects in a scenario, and estimates of the capabili-
ties of the subject vehicle to stop and turn, the measure can be automatically
calculated by a machine such as a computer.

11. Scalable: The computation of the measure does not depend on the com-
plexity or other characteristics of the traffic scenario, and therefore naturally
and easily scales up to the full range of situations and scenarios encountered
in real traffic. Measures that comprise individual rules or computations for
specific traffic scenarios are inherently not scalable.

5.1 Comparison of Surrogate Collision Hazard Measures

Table 2 presents a comparison of the characteristics of the traffic collision hazard
measures briefly reviewed here. Note that only the novel SHM measure [43]
satisfies all of the key characteristics required for any effective surrogate collision
hazard measure.

Table 2. Characteristics of Selected Traffic Collision Hazard Measures

Characteristic Traffic Conflicts TTC PET RSS ISM AV Disengagements IMU SHM

1. Leading � a � � �
2. Quantitative � � binary binary binary � �
3. Continuous countb � countb countb countb countb �
4. Independent � � � � � �
5. Direct � � � � �
6. Repeatable � � � � � �
7. No Assumptions � �
8. Monotonic �
9. Objective � � � �
10. Computable � � partialc � � �
11. Scalable � � � �
a PET is non-collision but retrospective and therefore is not a leading measure.
b Occurrences of events are counted, and therefore are not a continuous measure.
c Two of the RSS rules are computable; the remainder are not.

6 Conclusions

Surrogate measures of traffic safety, based on non-collision interactions and
events, are an important improvement on the use of collision statistics as a
means of assessing the safety of roadways, intersections, vehicles, or mobility
systems.

Leading indicators for measuring and assessing the safe operation of vehi-
cles in traffic are essential to the deployment of automated mobility. Existing
approaches, such as Traffic Conflicts, TTC, PET, RSS, ISM, IMU data, and
AV control system disengagements do not provide the information required to
provide a measurement of safety that will be useful to regulators and the public.
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The existing methods listed above require assumptions and/or predictions about
the behaviors of traffic objects, which will not, in general, be correct, limiting
the value of the information that they provide. Several methods, such as TTC
and PET, were developed for particular traffic interactions (following traffic and
left turns, respectively), and do not apply well to general traffic interactions.

Lagging indicators, such as historical collision statistics, do not provide timely
information, and require the ethically unacceptable occurrence of collisions,
property damage, injuries, and deaths.

Table 2 lists the essential characteristics to provide effective and consistent
surrogate measures of traffic risk and safety that will be useful to ADS stake-
holders, including AV developers, traffic infrastructure developers and managers,
regulators, legislators, and the public.

The comparison shows that the novel collision hazard measure (SHM) over-
comes the limitations of existing measures, provides an independent leading indi-
cation of safety, and does not require assumptions nor predictions of behaviors.
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Abstract. Over the past years, there has been an increasing acceptance on the
need for scenario-based testing to ensure safe performance of Automated Driv-
ing Systems (ADS). This is a departure from earlier conceptions where number
of miles driven was being considered as the only way of demonstrating safety.
As ADS show a great degree of variety in their complexity, use cases, as well
as Operational Design Domain (ODD), a scalable and pragmatic approach for
safety assurance of ADS, the ODD-SAF, is therefore proposed. The ODD-SAF
relies on the ODD description and leverages on the EU and UNECE discussions
around ADS safety requirements and assessment methods to generate behavioural
competencies for the overall safety assurance. The approach extendswith the iden-
tification of test scenarios, classified into nominal, critical and failure types, and
pass-fail criteria, leveraging for example the concept of rules of the road and safety
models for driving behaviour. It is suggested that a SAF should incorporate each
of the categories of the test scenarios to ensure confidence in the performance of
the ADS.

Keywords: ODD · AV Safety Assurance Framework · Scenario Generation ·
Behavioural Competencies · Automated Driving Systems · AV Certification

1 Introduction

Due to increasing system complexity, certification of an Automated Driving System
(ADS) poses challenges that cannot be addressed exclusively with the application of
prescriptive requirements or assessment through a series of repeatable tests, as commonly
found with traditional certification regimes.

Recent developments in the automotive industry and academia suggest the use of a
scenario-based approach promoted by the system’s Operational Design Domain (ODD)
for safety assurance. In such a framework, the ODD defines the safe operating boundary
and applicable behavioural competencies, whereas the scenarios set out individual test
conditions.
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This chapter describes how ODDs, scenarios, and behavioural competencies are
bound by a scalable ODD safety assurance framework. The workflow utilises the sys-
tem’s ODD, the behavioural competencies derived from regulatory guidance and the
rules of the road as input in order to map a set of representative testing scenarios. Sce-
narios are either generated to address unique behaviours, especially in critical and failure
situations, or mapped from existing libraries, where labels help to identify applicable
rules-related scenarios.

To complete the picture, a holistic multi-pillar assessment leveraging audit, simula-
tions, and physical testing is being considered by regulators to ensure satisfactory proof
of performance against the relevant scenarios.

1.1 The Importance of Appropriate ODD Taxonomy

According to awidely used definition,ODD refers to“Operating conditions under which
a given driving automation system or feature thereof is specifically designed to function,
including, but not limited to, environmental, geographical, and time-of-day restrictions,
and/or the requisite presence or absence of certain traffic or roadway characteristics.”
(SAE J3016).

For a given ODD, it is crucial for the ADS to ensure:

• it can operate safely within its ODD
• it will be primarily used within its ODD
• it can monitor whether it is inside/outside its ODD, and consequently react to it

The conditions constituting the ODD in which the ADS is designed to operate play
a key role to determine which ADS competencies are required. For example, if an ADS
has an ODD, which comprises roads with non-signalised junctions, one of the required
behaviour competencies for the ADS in that ODD could potentially be “unprotected
left or right turn”. However, the same behaviour competency may not be required if the
ODD of an ADS is limited to motorways or highways with signalised junctions.

ODD description completeness is ensured by using an appropriate taxonomy. The
BSI PAS 1883 [1] introduced a taxonomy, which contains a standardised set of ODD
attributes covering scenery, environmental conditions, and dynamic elements. The SAE
AVSC00002202004 [2] also presented a conceptual framework and lexicon for defin-
ing ODDs. The lexicon includes key attributes covering environmental conditions, road
surface conditions, roadway infrastructure, operational constraints, road users, roadside
objects and connectivity. On-going efforts are also seen in the ASAM OpenODD [3]
project and the ISO 34503 [4] standard on ODD format and taxonomy. The ASAM
OpenLABEL standard [5] also utilises an ODD and behaviour-based model for scenario
tagging and organisation. Based on the review of ODD-related standards, there is con-
sensus across the industry forming to address the question on what an ODD is and what
attributes an ODD should contain.

As the ODD defines the operating conditions of the ADS, to be able to claim
completeness, it also needs to underpin the scenario-generation process for testing the
ADS – including considerations on coverage and safety metric(s), as shown in Fig. 1.
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Fig. 1. Correlation between the ODD taxonomy and other pillars

1.2 Behaviour Competencies

The concept of “behavioural competencies” is useful in determining the safety of the
performance of the Dynamic Driving Task (DDT) by an ADS. The Automated Vehicle
Safety Consortium, or AVSC, has provided these definitions [7]:

• Behaviour: Specific goal-oriented actions directed by an engaged ADS in the process
of completing the DDT or DDT fallback within the ODD (if applicable) at a variety
of timescales.

• Behavioural Competency: Expected and measurable capability of an ADS feature
operating a vehicle within its ODD.

Behavioural competencies can be described with different abstraction levels, sim-
ilarly to functional, logical, and concrete scenarios. Refinement of the competencies
from a functional to a more concrete level is possible by following the approach herein
proposed. Such competencies track the three broad categories of driving situations that
may be encountered in performance of the DDT: nominal, critical, and failure.

Nominal driving situations are those in which behaviour of other road users and the
operating conditions of the given ODD are reasonably foreseeable (e.g., other traffic
participants operating in line with traffic regulations) and no failures occur that are
relevant to the ADS’s performance of the DDT.

Critical driving situations are those in which the behaviour of one or more road users
(e.g., violating traffic regulations, etc.) and/or a sudden and not reasonably foreseeable
change of the operating conditions of the given ODD (e.g., sudden storm, damaged road
infrastructure, etc.) creates a situation that may result in an immediate risk of collision.

Failure situations involve those in which the ADS or another vehicle system experi-
ences a fault or failure that removes or reduces the ADS’s ability to perform the DDT,
such as sensor, computer, or propulsion system failure.
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1.3 Application of Rules of the Road

One of the open questions in the scenario-based testing of ADS remains the defini-
tion of the pass or acceptance criteria. The UNECE Framework document on auto-
mated/autonomous vehicles [8] mentions that the ADS need to “ensure compliance
with road traffic regulations”. It is challenging to test against this requirement in the
absence of “codified rules of the road”.

Furthermore, an approach is proposed to create a natural language description and
machine-readable description of the codified rules of the road, which can be used by:

• Natural language description: regulators or type approval authorities
• Machine readable: ADS developers, OEMs, suppliers, etc., for simulation-based

testing purposes and to identify gaps and contradictions in the rules

If one compares the scope of ODD and the content of current “rules of the road for
human drivers” (e.g., theUK’sHighwayCode [6]), a large overlap of scenery aspects and
environmental condition aspects can be observed. It is therefore plausible to follow the
ODD-based approach and the ODD taxonomy to model the environmental and scenery
aspects of the “rules of the road”, while competencies can be divided into ego (vehicle
under test) behaviours and actor behaviours, as shown in Fig. 2. Any rule of the road
can be classified into two categories:

• Doing some behaviour somewhere
• NOT doing some behaviour somewhere

While doing or not doing can be defined as part of ADS’s behavioural competencies,
“somewhere” could be considered as an “operating condition” or part of the ODD
definition.

Fig. 2. Approach for rules of the road codification

Every test scenario definition will have ODD and behaviour competency attributes
defined. The same can be found in road definition rules. Therefore, it is possible to map
every scenario to a corresponding rule(s) of the road using ODD and behaviour tags or
labels within a scenario catalogue, as shown in Fig. 3. This approach would allow the
test engineer to map each scenario to a corresponding rule (or set of rules), and these can
then serve as the pass criteria during the scenario-based testing approach. This approach
can enable engineers to show traffic rule compliance by making the rules of the road
verifiable.
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Fig. 3. Codified rules of the road for scenario-based testing

2 ODD-Based Safety Assurance Framework (ODD-SAF)

The elements introduced in the previous paragraphs are all part of the overall ODD
Safety Assurance Framework. This can be summarised by considering the interaction
of the following key elements, as shown in Fig. 4:

• Behavioural Competencies and Scenarios Identification
• Competencies and Scenarios Mapping: Functional to Concrete
• Assumptions
• Performance Evaluation

Fig. 4. ODD-SAF process overview
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2.1 Behavioural Competencies and Scenarios Identification

The ODD-SAF approach suggests a series of analytical frameworks that could help to
derive measurable criteria appropriate for the specific application. These frameworks
are divided into:

• ODD analysis
• Driving Situation analysis
• Objects and Events Detection and Response (OEDR) analysis

2.1.1 ODD Analysis

This analysis represents the first step with the aim to identify ODD characteristics. An
ODD may consist of stationary physical elements (e.g., physical infrastructure), envi-
ronmental conditions, dynamic elements (e.g., reasonably expected traffic levels and
composition, vulnerable road users) and operational constraints to the specific ADS
application. Various sources provide useful guidance for precisely determining the ele-
ments of a particular ODD and their format definition [1–4]. As part of this activity, the
level of detail of the ODD definition using ODD attributes also need to be established.

2.1.2 Driving Situation Analysis

In driving situation analysis, the behaviours of other road users are reasonably expected,
and presence of ODD roadway characteristics are explored in more detail by mapping
actors with appropriate properties and defining interactions between the objects.

The NHTSA [9] provides an example of this analysis in Table 1, where static and
dynamic behaviours of other objects (including other road users) the ADS is reasonably
expected to encounter within theODDare described. In the case of vehicles, this includes
dynamic behaviours such as acceleration, deceleration, cut-ins; for pedestrians, crossing
the road or walking on sidewalk. Some of these behaviours may involve nominal situa-
tions (e.g., lead vehicle deceleration at a rate reasonably expected in light of traffic and
other circumstances within the bounds of physical limitations) while others may involve
critical situations (e.g., sudden cut-ins or unpredictable pedestrian or cyclist behaviour,
or other behaviours that may violate local traffic laws, such as crossing a road outside a
designated crosswalk).

The behaviour of other road users and the condition of physical objects within the
ODD may fall at any point along the continuum of likelihood. For example, deceler-
ation by other vehicles may range from what is expected and reasonable in the traffic
circumstances, to unreasonable but somewhat likely rapid deceleration, to extremely
unlikely (e.g., a sudden cut-in combined with full braking on a clear high-speed road).
The analysis of the ODD and reasonably expected driving situations within the ODD
should make distinctions that include an estimate of the likelihood of situations to ensure
the ADS’s performance is evaluated based on response to reasonably likely occurrences
involving nominal, critical, and failure situations but not on the expectation that the ADS
will avoid or mitigate the most extremely unlikely occurrences.
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Table 1. Example of static and dynamic properties of objects and other road users

Objects Events / Interactions

Vehicles Lead vehicle decelerating, lead vehicle stopped,
lead vehicle accelerating, changing lanes
(frontal/side), cutting in (adjacent), turning
(frontal), encroaching adjacent vehicle
(frontal/side), entering roadway (frontal/side),
cutting out (frontal)

Pedestrians Crossing road – inside crosswalk, crossing road
– outside crosswalk, walking on
sidewalk/shoulder

Bicycle Riding in lane, riding in adjacent lane, riding in
dedicated lane, riding on sidewalk/shoulder,
crossing road – inside crosswalk, crossing road
– outside crosswalk

Animals Static in lane, moving into/out of lane,
static/moving in adjacent lane, static/moving on
shoulder

Debris Static in lane

Other dynamic objects (e.g. shopping carts) Static in lane, moving into/out of lane

Traffic Signs Stop, yield, speed limit, crosswalk, railroad,
crossing, school zone

Vehicle signals Turn signals

2.1.3 OEDR Analysis: Behavioural Competencies Identification

Once the objects and their reasonably expected behaviours have been identified, it is pos-
sible tomap the appropriateADS response,which can be expressed as a behavioural com-
petency. The detailed response is derived from more general and applicable functional
requirements defined by regulators. The acceptable ADS response will vary depending
on whether the driving situation involves nominal, critical, or failure characteristics. The
outcome of the analysis is a set of behaviour competencies that can be applied to the
events characterising the ODD. NHTSA [9] provides a qualitative example of a match-
ing event – response in Table 2. The combination of objects, events, and their potential
interaction - as a function of the ODD - constitute the set of nominal or critical situations
pertinent to the ADS under analysis.
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Table 2. Example of elementary behaviour competencies for given events

Event Response

Lead vehicle decelerating Follow vehicle, decelerate, stop

Lead vehicle stopped Decelerate, stop

Lead vehicle accelerating Accelerate, follow vehicle

Lead vehicle turning Decelerate, stop

Vehicle changing lanes Yield, decelerate, follow vehicle

Vehicle cutting in Yield, decelerate, stop, follow vehicle

Vehicle entering roadway Follow vehicle, decelerate, stop

Opposing vehicle encroaching Decelerate, stop, shift within lane, shift outside
of lane

Adjacent vehicle encroaching Yield, decelerate, stop

Lead vehicle cutting out Accelerate, decelerate, stop

Pedestrian crossing road – inside crosswalk Yield, decelerate, stop

Pedestrian crossing road – outside crosswalk Yield, decelerate, stop

Cyclist riding in lane Yield, follow

Cyclist riding in dedicated lane Shift within lane

Cyclist crossing road – inside crosswalk Yield, decelerate, stop

Cyclist crossing road – outside crosswalk Yield, decelerate, stop

2.1.4 Scenarios Identification

Two types of methods may be used for scenario identification:

• Knowledge-based
• Data-based

A knowledge-driven scenario identification approach utilises domain specific (or
expert) knowledge to identify hazardous events systematically and create scenarios.

Analytical hazard-based methods (e.g. The Systems Theoretic Process Analysis,
STPA) can be used to analyse the characteristics of the ADS architecture and identify
system failures and hazardous situations. Other knowledge-based methods include the
formal analysis approach with highway code rules to identify scenarios; or the formal
representation of the ODD and ADS behaviour competencies for scenario generation.
Furthermore, existing scenarios defined in standards, regulations, or guidelines can also
be utilised for the ADS testing.

A data-driven approach utilises the available data to identify and classify occurring
scenarios. Accident datasets can be analysed to identify accident hotspots and scenario
parameters, which contribute to causation of accidents carrying high levels of severity.
Additionally, anonymised real-world data can also be analysed to identify the trends in
near-miss events.
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Figure 5 highlights the interaction between knowledge and data-based methods for
scenario identification.

Fig. 5. Various data-based (DB) and knowledge-based (KB) scenario generation methods

2.2 Competencies and Scenarios Mapping: Functional to Concrete

Once the behavioural competencies and scenarios are identified, it is of utmost impor-
tance to link them appropriately. This can be done by considering the three broad cate-
gories of driving situations that may be encountered in performance of the DDT, such
as nominal, critical, and failure.

2.2.1 Nominal Situations

In these situations, ADS competencies can often be specified by applying traffic laws
of the country where the ADS is intended to operate, as well as by applying general
safe driving principles for situations not addressed adequately by current traffic laws
for human drivers. Examples of such competencies may include adherence to legal
requirements to maintain a safe distance from vehicles ahead; provide pedestrians the
right of way; obey traffic signs and signals; and more.

Some nominal competencies (e.g., safe merging, safely proceeding around road
hazards) may not be explicitly articulated or mandated by traffic laws. In some instances,
traffic laws may provide wide discretion for the driver to determine the safest response
to a particular situation, such as responding to adverse weather conditions; therefore
without sufficient specificity to provide a clear basis for defining a competency. As
such, the application of models involving safe driving behaviour may be needed in
addition to reference to codified rules of the road in developingmore granular behavioural
competencies for nominal driving situations.

Safe driving behaviour can be assessed via a suite of nominal scenarios pertinent to
the ADS under analysis, as shown in Table 3.
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Table 3. Example of scenario and competencies mapping in nominal situation

ODD Element Driving
behaviour

Traffic Rule ADS Safety
Requirement

Behaviour
competency

Test Scenario

Bicycle Riding in
Lane

Drivers will
need to use a
minimum
passing
distance for
bicycles of
1.5m in urban
areas, and 2m
out of town

The ADS
shall adapt its
driving
behaviour in
line with
safety risks

The ADS
ensures
relative
velocity during
passing
manoeuvre
does not
exceed [30]
km/h

The ADS
travels
between
[30–50]km/h
on the centre
line of its lane
A cyclist
travels in the
same direction
as the ADS
between
[10–20] km/h,
[0.2–1] m
away from the
lane edge

The ADS
shall comply
with traffic
rules

The ADS
shifts in lane to
pass by cyclist
with 1.5.m
lateral distance

The ADS
shall adapt its
driving
behaviour to
the
surrounding
traffic
conditions
(e.g. by
avoiding
disruption to
the flow of
traffic)

The ADS
crosses the
centre lane
marking to
ensure the safe
passing
distance is not
violated

The ADS
shall interact
safely with
other road
users

The ADS
activates the
turn signal if
the centre lane
marking is
crossed

2.2.2 Critical Situations

The development of these competencies requires analysis ofwhat constitutes such unrea-
sonable behaviour by other road users (ORUs) and/or a sudden change of the operating
conditions that are not reasonably foreseeable and what constitutes an appropriate ADS
response to avoid or mitigate the imminent crash. Additionally, it is also important to
identify the occurrence of unplanned emergent behaviour in critical situations.

Analysis of the first type may be based on a variety of methodologies, including
IEEE 2846–2022 [10] (which offers guidance on what behaviours by other road users
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are reasonably foreseeable) and other models of reasonable driving behaviour. Analysis
of the second factor may be based on various models of acceptable human driving
behaviour in crash imminent situations.

Besides, hazard identification methods such as STPA, which analyse the system
design for functional and operational insufficiencies can help identify the occurrence
of emergent behaviour, which may lead to critical situations [11, 12]. STPA is based
on system engineering and considers system safety as a control problem. Therefore,
breaches of control laws (or constraints) cause accidents. The analysis can be summarised
by the following four steps:

– Identify system-level hazards
– Creation of system control structure
– Identify unsafe control actions (UCAs)
– Identify causal factors

Furthermore, the UCAs and causal factors can be parameterized to derive test
scenarios and pass/fail criteria.

In the example depicted in Table 4, the identified hazard “ADS does not maintain safe
distance from lead motor vehicle” is linked to the relevant unsafe control action“braking
demand is not provided” and to the potential causal factors “undetected/misclassified
object” or “incorrect sensor fusion results”. The UCA and the causal factors can then
be parameterized to generate a critical scenario.

Development of behavioural competencies for critical driving situations faces several
challenges. No consensus exists on the appropriate models for the behaviour of ORUs or
appropriate responses by the ADS to unreasonable ORU behaviours that make a crash
imminent.

2.2.3 Failure Situations

Failure situations involve those in which the ADS or another vehicle system experiences
a fault or failure that removes or reduces the ADS’s ability to perform the DDT, such as
sensor, computer, or propulsion system failure.

In developing the behavioural competencies appropriate for failure situations, the
objective is to describe the ability of the ADS to detect and respond safely to specific
types of faults and failures. Depending upon the nature and extent of the fault or failure,
the responses can include identifying a minor fault for immediate repair after trip com-
pletion; responding to a significant fault with restrictions (such as limp-home mode) for
the remainder of the trip; or responding to major failures by achieving a minimal risk
condition. Communication of the fault or failure condition to vehicle users may also be
a desirable ADS behavioural competency.

Different methods are available in literature and include the application of Failure
Modes and Effects Analysis (FMEA) [13] for which an example is given in Table 5.

An FMEA can generally include the following steps:

– Identify potential failure modes
– Identify potential causes and effects of those failure modes
– Prioritise the failure modes based upon risk



144 M. Oldoni and S. Khastgir

Table 4. Example scenario and competencies mapping in critical situation

Losses Hazards Unsafe
Control
Action

Loss
scenario

Causal
factors

Test
behaviour

Test Scenario

Collision
with
object
outside the
vehicle

ADS does
not
maintain a
safe
distance
from the
lead
motor
vehicle

Braking
demand is
not
provided

Object in
vehicle
trajectory is
not detected

Undetected/
misclassified
object;
Obscured
object;
Incorrect
sensor
fusion result

The ADS is
following
behind a
lead vehicle,
with the
headway set
by the ADS.
The lead
vehicle
decelerates
at the max
assumed
rate
depending
on the
weather
conditions

Lead vehicle
decelerated
to turn
[right/left] or
travel straight
on a [mini /
large]
roundabout

Object is not
considered
to be in the
vehicle
trajectory

Localisation
issues
leading to
incorrect
positioning
of ego
vehicle or
object

Lead vehicle
decelerated
whilst
shifting lane
to avoid a
[static
object/other
road user]

– Identify appropriate corrective actions or mitigation strategies

Table 5. Example of FMEA

Behaviour failure Effects

Fail to maintain lane Impact adjacent vehicle or infrastructure

Fail to maintain safe following distance Impact lead vehicle

Fail to detect and respond to manoeuvres by
other vehicles

Impact lead or adjacent vehicles

Fail to detect relevant obstacles in or near lane Impact obstacles

Fail to identify ODD/OEDR boundary Operate outside of ODD/OEDR capabilities

For each of the behaviour failures and consequential effects listed, the manufacturer
put in place relevant strategies when developing the ADS. By way of example, these
might include a Fail-Safe strategy,where the primary goal is to rapidly achieve aMinimal
RiskCondition (MRC)via transition to fallback-ready user or safely stop in lane of travel;
or a Fail-Operation strategy, allowing theADS to continue to function in a degradedmode
for a limited duration.
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When applying the failure scenarios, the objective is to assess the ability of the ADS
to comply with requirements highlighted by the UNECE Guidelines [8], as outlined in
Table 6.

Table 6. Example of scenario and competencies mapping in failure situation

Failure Type Failure
Mode

Potential
Cause

Response ADS Safety
Requirement

Test
scenario

Pass / Fail
criteria

Perception Fail to
identify
ODD
boundary

Failure to
detect
ODD
attribute
e.g. heavy
rain/fog

Safely stop
in lane of
travel

The ADS
shall be able
to detect the
ODD and
predict when
the ADS is
about to
leave the
ODD

The ADS
operates
beyond the
predicted
ODD

The ADS
detects the
ODD
conditions
are not met
and issues a
minimal
risk
manoeuvre

When the
system
detects that it
is difficult to
continue in
the ADS
mode, it shall
be able to
transfer to a
minimal risk
condition
through a
minimal risk
manoeuvre

The
minimum
risk
manoeuvre
should not
cause the
vehicle to
decelerate
greater than
[4]m/s2

2.3 Assumptions: Logical to Concrete Behavioural Competencies

Concrete behavioural competencies dependon the specific situations theADSencounters
- on a reference behaviour that is deemed appropriate for a human driver or a technical
system, and on assumptions about vehicle and other road users’ behaviours.

Assumptions concerning the actions of other road users may need to account for
cultural differences in driving styles in different geolocations, making it impracticable
to harmonise these assumptions across different domains. Therefore, evidence should be
provided to support the assumptions made. Existing standards such as IEEE 2846–2022
[10] provide a set of assumptions to be considered by ADS safety-related models for an
initial set of driving situations.
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Additionally, several other tools including data collection campaigns performed dur-
ing the development phase; real-world accident analysis and realistic driving behaviour
evaluations; constraint randomisation; and, Bayesian optimisation among others can be
used to inform values for such assumptions.

2.4 Performance Evaluation

The UNECE Framework on Automated Vehicles [8] requires that “when in automated
mode, the automated/autonomous vehicle should be free of unreasonable safety risks to
the driver and other road users and ensure compliance with road traffic regulations.”

Translating this concept into performance criteria is not immediate, however, one
can refer to the different classification of driving situations, as defined above.

Given the nature of nominal situations - those in which behaviour of other road
users and the operating conditions of the given ODD are reasonably foreseeable and no
failures occur that are relevant to the ADS’s performance of the DDT - it is expected
that the ADS would be capable of handling them without any resulting collision.

According to the UNECE requirements for “failsafe response”, in failure situations
the ADS is expected to recognise faults/failures within the system and manage safety-
critical situations in a safe manner, either implementing a fail-safe strategy or operating
in a degraded mode.

On the other hand, defining performance criteria in critical situations, such as where
others are at fault and behaving unforeseeable and the collision might potentially not be
prevented, need to be further analysed. No consensus exists on the appropriate responses
by the ADS to unreasonable ORU behaviours that make a crash imminent. In this case, it
is recognised that the ADSmay not be able to avoid a collision, so the ADS performance
needs to be compared with safety model performance to set the threshold between where
avoidance is required and where it is not feasible, and if mitigation may be possible [14].

3 Conclusions

The safety assurance of an ADS poses challenges that cannot be addressed exclusively
with the application of prescriptive requirements and with their assessment through a
series of repeatable tests, which is common in the traditional certification regimes.

The holistic ODD Safety Assurance Framework (ODD-SAF), as proposed, plays a
key role in determiningoperational boundaries anddefining theADSbehavioural compe-
tencies required in nominal, critical and failure situations. On these bases, the framework
allows the identification of scenarios where these competencies can be assessed by both
developers and certification authorities.
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Whereas collision avoidance is the key aspect in nominal situations, it is recognised
that the ADSmay not be able to avoid a collision in cases where others are at fault and/or
a sudden and not reasonably foreseeable change of the operating conditions creates a
situation that may result in an immediate risk of crash.

Despite the fact that, at present, there is no consensus on the expectations of the ADS
responses in these critical situations, safety models are proposed in literature and based
on a reference behaviour that is deemed appropriate for a human driver or a technical
system, and on assumptions about vehicle and other road users’ behaviours.

However, further work still needs to be done in the space of critical situations to
allow for a better understanding of what is a level of safety that is deemed appropriate
and aligned with the expectations of regulators worldwide.

Annex I – Use-Case for Nominal, Critical and Failure Situations
Mapping

(See Tables 7, 8 and 9)
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Table 9. Example of Scenario and Competences Mapping - Failure Situation

Failure
Type

Failure
Mode

Potential
Cause

Response ADS Safety
Requirement

Assumption Test
scenario

Pass / Fail
criteria

Perception Fail to
identify
ODD
boundary

Failure to
detect
ODD
attribute
e.g. heavy
rain/fog

Safely
stop in
lane of
travel

The ADS
shall be able
to detect the
ODD and
predict when
the ADS is
about to
leave the
ODD

N/A The ADS
operates
beyond
the
predicted
ODD

The ADS
detects the
ODD
conditions
are not met
and issues a
minimal risk
manoeuvre

When the
system
detects that it
is difficult to
continue in
the ADS
mode, it shall
be able to
transfer to a
minimal risk
condition
through a
minimal risk
manoeuvre

The
minimum
risk
manoeuvre
should not
cause the
vehicle to
decelerate
greater than
[4]m/s2

References

1. BSI:OperationalDesignDomain (ODD ) taxonomy for an automated driving system (ADS) –
Specification. The British Standards Institution, BSI PAS 1883 (2020)

2. SAE ITC: AVSC Best Practice for Describing an Operational Design Domain: Conceptual
Framework and Lexicon (2020)

3. ASAM: OpenODD Project Proposal (2020)
4. ISO: ISO/DIS 34503 - Road Vehicles - Test scenarios for automated driving systems -

Taxonomy for operational design domain (2022)
5. ASAM OpenLABEL1.0. https://www.asam.net/standards/detail/openlabel/
6. The Highway Code. https://www.gov.uk/guidance/the-highway-code
7. SAE ITC: AVSC Best Practice for Evaluation of Behavioural Competencies for Automated

Driving System Dedicated Vehicles (ADS-DVs) (2021)
8. UNECE: Revised Framework document on automated/autonomous vehicles (2019) https://

unece.org/DAM/trans/doc/2019/wp29/ECE-TRANS-WP29-2019-34-rev.1e.pdf
9. NHTSA: A Framework for Automated Driving System Testable Cases and Scenarios (2018)
10. IEEE Standard for Assumptions in Safety-Related Models for Automated Driving Systems.

in IEEE Std 2846–2022, vol., no., pp.1–59, 22 April 2022, https://doi.org/10.1109/IEEESTD.
2022.9761121

11. ISO: ISO/PAS 21448 - Road Vehicles - Safety of the Intended Functionality (2022)

https://www.asam.net/standards/detail/openlabel/
https://www.gov.uk/guidance/the-highway-code
https://unece.org/DAM/trans/doc/2019/wp29/ECE-TRANS-WP29-2019-34-rev.1e.pdf
https://doi.org/10.1109/IEEESTD.2022.9761121


Introducing ODD-SAF: An Operational Design 151

12. UL: ANSI/UL 4600 - Standard for Safety for the Evaluation of Autonomous Products (2023)
13. ISO, ISO 26262 - Road Vehicles - Functional Safety (2018)
14. Mattas K., et al.: Driver models for the definition of safety requirements of automated vehicles

in international regulations.Application tomotorway driving conditions,AccidentAnalysis&
Prevention, vol. 174 (2022)



Automated Vehicle Testing & Data Collection
Efforts

Xin Xia1, Stephane Dreher2, Jiaqi Ma1, Stefan de Vries3, Guoyuan Wu4,
and Chris Schwarz5(B)

1 University of California, Los Angeles, CA, USA
{x35xia,jiaqima}@g.ucla.edu

2 ERTICO, Avenue Louise 326, 1050 Brussels, Belgium
s.dreher@mail.ertico.com

3 IDIADA, Tarragona, Spain
Stefan.DeVries@idiada.com

4 University of California, Riverside, CA, USA
guoyuan.wu@ucr.edu

5 The University of Iowa, Iowa City, IA, USA
chris-schwarz@uiowa.edu

Abstract. We summarize presentations from an international slate of speakers
at the 2022 Automated Road Transportation Symposium on the topic of testing
and data collection efforts for automated vehicles (AV), referred to throughout
the chapter as automated driving systems (ADS), connected automated vehicles
(CAV), cooperative driving automation (CDA), and connected, cooperative and
automated mobility (CCAM). Projects covered in this chapter include an ADS
Data Acquisition & Analytics Platform developed at UCLA, the European data
sharing initiatives linked to the EU funded projects ARCADE and FAME, theData
For Road Safety (DFRS) initiative and the two EU funded projects HEADSTART
and SUNRISE focusing on AV safety assessment.

Keywords: Automated vehicle data · Data sharing framework · Data
standardization

1 Introduction

There are several efforts underway or about to begin to develop shared frameworks for
testing automated vehicles and to streamline the process of collecting and processing
data. These efforts are designed tomeet needs throughout the process of testing and certi-
fying automated driving systems (ADS) so that their operational performance and safety
can be assured. Work is focused both on the technical problem of collecting data as well
as the format and content of the resulting data. A few of these were highlighted during
a breakout session at the 2022 Automated Road Transportation Symposium (ARTS).

The session was organized to highlight efforts on the scale of national and interna-
tional bodies as opposed to proprietary tools developed by individual companies. The
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goals of the session were to present new project updates that offered international per-
spectives, presented cutting edge work, projected out to the coming year, and informed
the audience about shared frameworks, datasets, and tools.

2 Summary of the Presentations

Invited speakers shared five presentations that cut across international borders and
applications. Three of the presentations are summarized in this chapter.

Professor Jiaqi Ma of UCLA presented work on the ADS Data Acquisition & Ana-
lytics Platform that he participated in with the Transportation Research Center (TRC).
This platform is a US initiative that intends to streamline the data flow, from collection
to processing, for multiple ADS-equipped vehicles.

Dr. Stephane Dreher of ERTICO presented two initiatives from the European Union.
ARCADE is a Coordination and Support Action (CSA) aimed at building consensus
acrossmany stakeholders and is funded through July 2022.A test data sharing framework
was developed that standardizes data and metadata descriptions while trying to protect
data security and privacy. The Data for Road Safety ecosystem is a cross-border, cross-
brand, public private cooperation managed by ERTICO-ITS Europe. Information is
collected on events such as accident areas, debris on road, reduced visibility, work
zones, and others.

Stefan de Vries of IDIADA presented two European initiatives called HEADSTART
and SUNRISE. HEADSTART defines testing and validation procedures for Connected,
Cooperative and Automated Mobility (CCAM) functions, including enabling technolo-
gies, cross-linking simulations with field tests, and validating safety and security perfor-
mance. The Safety Assurance Framework for Connected, Automated Mobility Systems
(SUNRISE) aims to develop a harmonized and scalable safety assurance framework
that fulfills the needs of different automotive stakeholders and is scheduled to run from
September 2022 through August 2025.

2.1 ADS Data Acquisition and Analytics Platform

With new disruptive connected automated vehicles (CAVs) technology looming,
researchers and engineers need to understand the benefits coming from this technol-
ogy and, in the meantime, are preparing for the future challenges that these vehicles will
encounter, and potentially cause to traffic.

Automated driving systems (ADS) in vehicles equipped with multi-modal sensors
(e.g., LiDAR, camera, RTK-corrected global navigation satellite system (GNSS)) for
vision provide advanced sensor data that can be used to perceive the traffic environments.
An enormous amount of information can be extracted to understand new mixed traffic
performance, such as ADS operational safety, the interaction between CAVs, and other
traffic, for instance, traffic oscillations, heterogeneity, car-following behavior and lane
change behavior [1, 2]. Therefore, there is a need for an ADS data acquisition and
processing platform to process the advanced sensor data in ADS-equipped vehicles
or CAVs to obtain surrounding vehicles’ trajectory data for ADS and transportation
communities.
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The Next Generation Simulation program (NGSIM) dataset [3] which is collected
by processing the video from cameras installed on infrastructure is commonly used.
Traditional datasets are used mainly for analyzing human-driven vehicle behavior and
traffic flow. To better understand the influence on traffic safety, reducing traffic conges-
tion, and reducing energy consumption by involving individual ADS or CAV in traffic,
efforts from both industry and academia have been made and datasets such as KITTI [4],
and Waymo Open Dataset [5] have been proposed. To further investigate the impact of
CAVs on traffic, a team from UCLA has published OPV2V [6] consisting of raw sensor
data from LiDAR, cameras, and GNSS/IMU in multiple CAVs. These human-labeled
datasets for both AVs and CAVs can be leveraged to extract the objects’ (surrounding
vehicles) trajectory.

However, it is not realistic to always use labor to label the datasets and to analyze
the influence whenever the software updates since manual labeling is very expensive.
Therefore, a platform is needed that can collect sensor data from advanced sensors and
process them to obtain the objects’ trajectories that the transportation community needs.

CAV sensors may include 3D-LiDARs, cameras, radars, and GNSS. 3D-LiDAR has
the capability to detect objects within a range at high accuracy. When there are multiple
CAVs, the LiDAR data on different vehicles can be fused allowing more surrounding
vehicles to be detected. In this way the sensor detection range of each vehicle is virtually
extended, which is beneficial to construct the traffic flow on a larger scale. However, to
the best of our knowledge, there is neither research that utilizes the 3D-LiDAR sensors
on the equipped vehicle nor works which leverage the advanced sensors on multiple-
CAVs to extract the surrounding vehicles’ trajectories. This work is trying to fill these
gaps and propose a holistic and systematic platform that is able to collect multi-modal
sensors from multiple CAVs and to process them to extract, reconstruct, and evaluate
the trajectories.

Figure 1 shows the ADS data acquisition and analytics platform (ADAAP) proposed
by the UCLAMobility Lab. Both the sensor data from CAVs and infrastructures can be
collected and processed. CAVs are commonly equipped with multiple advanced sensors
such as GNSS/IMU integration system, LiDARs, cameras, radars, and onboard sensors
including wheel speed sensors.

When data frommultiple CAVs are combined, the benefits of cooperative perception
can be realized. Figure 2 shows a section of freeway viewed in Google earth (Fig. 2a),
as a vector map (Fig. 2b), and with sensor data (Fig. 2c). The operating speed is about
112km/h. The red point cloud is from the LiDAR in CAV1 and the white point cloud is
from CAV2. While SV2 is too far behind CAV2 to be detected, it is picked up by the
LiDAR of CAV1.

Thanks to this cooperative perception, the sensing area of each CAV has been
expanded and more SVs can be detected which means the output of the data processing
framework provides the potential to analyze complex interactions between CAV and
multiple SVs.

2.2 Data Sharing Initiatives in the European Union

Automated Vehicles Data sharing challenges in European Union (EU) are mostly related
to 1) limited exchange of data between different testing activities, 2) an increased need
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Fig.1. ADS data acquisition and analytics platform. Sensor data from CAVs and infrastructures
can be acquired by the computer on CAV or edge computing device at the infrastructure.

Fig. 2. Visualization of test scenario, vectormap, and object detection and tracking. The red arrow
in these three sub-figures shows the moving direction of the vehicle. In (c), the colored and white
point clouds are from the LiDARs.

to access non-competitive data for safety validation, impact assessment or training of
automated driving functions and vehicles, and 3) public-private collaboration to address
legislation requiring the provision of safety related data for public good.

Many diverse ADS testing and demonstration activities are being carried out by EU
funded projects but also at national, regional or cities level across Europe. The majority
of funding is often used to collect data, leaving only a small part for the analysis. The
absence of proper or harmonised data description and the lack of funding after the end
of projects constitute a barrier for the maintenance, exchange and reuse of test data.

The European Data Strategy [7] highlights that data sharing has not taken off at
sufficient scale due to lack of economic incentives including fear of losing competitive
edge, lack of trust in agreements being followed, fear of misappropriation of the data by
third parties, and a lack of legal clarity on who can do what with the data. A series of
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legislative efforts have been developed in recent years in the frame of the European Data
Act by the European Commission to facilitate the sharing of data between private and
public sector and support the flow of data across sectors and countries. This legislative
context is driving the development of adequate frameworks at EU level.

2.2.1 Data Sharing Framework and FAME Project Test Data Space

To address the challenges of sharing Vehicle Test Data, a Data Sharing Framework
(DSF) [8] has been set up through a series of European Funded projects since 2008,
complementing the FESTA methodology for Field Operational Tests (FOTs) which was
developed in the European FESTA project [9]. The Framework was first developed in
the EU funded FOT-Net [10] projects and extended to automated driving within the
CARTRE [11] and ARCADE [12] support actions coordinated by ERTICO. The aim of
the framework is to support projects and organizations by giving hands-on recommen-
dations in different topics, all important to enable data re-use or sharing. The framework
is focused on FOTs or Naturalistic Driving Studies (NDS), but has proven to be useful,
with some adaptions, to other domains.

The CARTRE project released an update of the FOT-Net framework in 2019 fol-
lowing the implementation of the European General Data Protection Regulation [13].
In February 2021, ARCADE organised a Workshop in Brussels, Belgium, to discuss
bottlenecks and directions for sharing of data related to Connected, Cooperative and
Automated Mobility (CCAM) [14]. An increased focus is required on data formats to
make them interoperable (e.g. Common Data format developed by the L3Pilot project
[15], scenario database, edge cases, simulation specific formats,…) and on data sharing
services (Gaia-X [16], International Data Space Association [17], and the future Mobil-
ity Data Space). The ongoing project PrepDSpace4Mobility funded by the European
Commission under the Digital Europe programme is preparing an inventory of Data
ecosystems in Europe [18] which shall ultimately provide a better understanding of the
current landscape of such services.

The EU funded project FAME [19], which follows up on ARCADE and started in
July 2022, will develop a European Framework for Testing of CCAM on Public Roads,
where data sharing is one of the topics covered. The current collection of knowledge
and methodologies (top of Fig. 3) available in the EU-wide Knowledge Base [20] set
up as part of the ARCADE project, includes existing components (FESTA and Data
Sharing Framework). FAME will further consolidate best practises, develop checklists,
recommendations and templates for describing testing activities for policy and legal
processes, ethics and data sharing. The development has started with the taxonomy to
ensure common terminology.

2.2.2 Data for Road Safety (DFRS)

A good example of a successful public private cooperation to facilitate data sharing in
Europe is the Data for Road Safety (DFRS) [21] initiative that was set up to improve
road safety across the European Union to support the achievement of Vision Zero [22]
and reducing the number of road fatalities and accidents. It does not focus directly on
Automated Driving but the data ecosystem that it built supports it.
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Fig. 3. Current content of the Knowledge Base (top) and main components of the European
Framework for Testing on Public Roads developed in the FAME project (bottom)

The DFRS initiative was set up in 2017 under the form of a Data Task Force in the
frame of the High Level Meeting on Connected and Automated Driving in Amsterdam
[23]. The participating Member States and the industry set up this partnership to define
initial steps for deployment of data sharing for traffic safety related data in real life
situations. The group decided its scope to be Safety Related Traffic Information (SRTI)
because of the high societal value, technological readiness and commitment from the
stakeholders.

DRFS takes a transparent and cooperative approach. A key element in the setup of
this ecosystem has been the definition of levels of data and roles for the participating
stakeholders. Three types of data are considered in the ecosystem (Fig. 4).

Fig. 4. Levels of Data of theDFRSSRTI ecosystem. L2 is raw data from vehicles or other sources.
L2’ data is enriched by cross-referencing/cleansing data. L3 data is aggregated and composed of
“Road Safety Related Minimum Universal Traffic Information” or “SRTI”

2.3 Harmonized CCAM Methodologies: HEADSTART and SUNRISE Projects

Data collection and generation of scenarios is essential for the validation of Automated
Driving functions. The EU funded HEADSTART project [24] coordinated by IDIADA,
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which ended in December 2021, aimed at defining harmonized testing and validation
procedures of Connected and Automated Driving functions, including key technologies
such as communications, cyber-security, and positioning. Tests were considered for dif-
ferent testing environments, from virtual simulations, Hardware-in-the-Loop (HiL), and
proving ground testing to field-testing in the real-world, to validate safety and security
performance according to the key users’ needs. Not all scenarios are applicable or rel-
evant for the different types of automated vehicles, having different functionalities and
operational design domains (ODD). A method has been developed to select scenarios
and generate test cases based on a description of the driving functions and the ODD.

Additional attributes related to the Key Enabling Technologies are added to the
description of the test cases for appropriate testing of the impact of these technologies on
the functionality and consequently on safety. Procedures have been developed to allocate
test cases to the available test instances: virtual simulation testing, system-in-the-loop
(XiL) based testing, Proving Ground testing and public road testing [25].

Key learnings from the HEADSTART project include:

• Scenario Databases are a key element for CCAM verification and validation but there
is still a lack of harmonization between different databases.

• Need for more harmonization in virtual simulation.
• Lack of compatibility between physical tooling and simulation tooling.
• Role of standards is paramount in establishing common ground and providing

technical guidance

Next steps and needs for further work that have been identified include:

• CCAMsystemsmust prove to be reliable in every possible driving scenario, for which
a strong safety argumentation is needed.

• Standardization is in infancy, and still need time to mature
• Synchronization is needed to establish a common practice as many standards in this

field are under development or have been recently published.
• Instead of many individual solutions, a single concrete approach should be used in

a universally agreed manner, able to deal with a wide variety of scenarios including
their creation, editing and parametrization.

• Therefore, it is necessary to move to the next level of standardization, in the con-
crete specification and demonstration of a commonly accepted Safety Assurance
Framework (SAF) for the safety validation of CCAM systems.

The SUNRISE project [26], which started in September 2022 and follows up
on HEADSTART, aims at establishing a common safety assurance framework, inter-
connecting silos and making them collaborate in a harmonized way. It involves 22
partners.

The main goal is to develop and provide a harmonized and scalable CCAM Safety
Assurance Framework that fulfils the needs of different automotive stakeholders, for a
continuously evolving number of use cases and scenarios.

Figure 5 provides an overview of the approach used in SUNRISE. The Safety Assur-
ance Framework constitutes the central element. It is based on methodologies and tools
and a data framework, all supporting a large set of scenarios to be used to carry out the
safety assessment of all types of Automated Vehicles, not limited to passenger cars.
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Fig. 5. Overview of the SUNRISE Approach and link with project Work Packages

Building on the results from HEADSTART, SUNRISE will improve methodologies
for scenario-based verification and validation (V&V) testing and generate recommen-
dations for harmonisation, standardisation and homologation entities. This will be done
with the involvement of partners from the US, Japan, Canada, South Korea, Singapore,
Australia, through a stakeholder network and cooperation platform. In particular, the
project will work on:

• Widening the scope of use cases with a variety of environmental conditions, mixed
traffic situations and edge cases

• Development of a Toolchain with tools allowing for their further development and
adaptation with future technological evolution.

• Definition and development of methodologies and processes to continuously identify
relevant events from various sources and convert them into detailed scenarios to sup-
port the development of a European Scenario Database. This will be complemented
by an ontology.

• Standardised, open interfaces and quality controlled data exchange to enable the
testing of multitude of relevant test cases.

• Seamless use of validated models from different sources.
• Scenario-based approaches combining virtual and physical testing.
• Conceptual description of a type approval scheme for CCAM systems considering

all types of vehicles.
• Feed outcome into on-going discussions regarding EU type vehicle approval rules as

well as in the framework of the UNECE.

The Framework to be developed, should allow for easy intergration of future ADS
technologies and will be designed in such a way that future scenarios and parameters
can be incorporated.
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3 Conclusions

Collaboration is required to tackle the massive problems faced in the development,
testing, and deployment of AV fleets around the world. Collaboration may be in the con-
text of pre-competitive activities across companies, standards development, and testing
tools that are open and interoperable. But efforts to develop standards, databases, and
testing and safety frameworks are still in their early days. In the marketplace of ideas
some tools and frameworks will likely see greater adoption than others. The ones that
remain must also become interoperable with each other. Key words mentioned during
the presentations included collaboration, harmonization, and standardization.

It has been suggested that a single concrete approach should be agreed upon to deal
with a wide variety of scenarios. While this type of convergence may occur in countries
and even some continents, it is unlikely that we will every reach universal agreement.
Progress towards this end requires a number of factors, of which we note only two:

1. Existing methods, standards, and frameworks need to be continually exercised and
stressed in competitive and cooperative contexts so that the best ideas can percolate
up.

2. Conversion between standardized formats must exist at every level (e.g. scenario,
road, ODD, network interface files, etc.).

For example, it should be well understood how to translate a left-driving scenario
to a right-driving environment and vice-versa. Ideally, such a conversion ought to be
contained to difference in roadway files with minimal changes needed to the scenario
itself. This, and other tricky cases, make the end goal far from being easy or simple.

4 Next Steps

This year’s session showed that good progress continues to be made in testing and data
collection frameworks. We suggest the following list of action items:

• Since standards development is such an active area right now, effort should be made,
either now or after upcoming standards have been published, to synchronize them
and identify remaining gaps.

• Several safety measures should be integrated into testing frameworks so that com-
monly accepted metrics are easy to obtain from test suites. The various choices
should continue to be compared and evaluated to match the most appropriate metrics,
scenarios, and use cases (e.g. internal testing vs. certification vs. regulation).

• Develop databases and workflows that collect in-vehicle data and use it to generate
test scenarios and even provide real-world sensor data.

• Additional rounds of collaborative projects should be funded to further exercise new
testing frameworks with real-world data, scenarios and use cases.
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Abstract. In the literature, automated vehicle (AV) modeling studies tend to
depict positive impacts of AV technologies on traffic. However, recent field exper-
iments of production AVs (production vehicles with automated driving features)
showed negative impacts on traffic flow stability and capacity. These inconsisten-
cies may hinder the development and deployment of AV technologies. To identify
major causes of the discrepancy, a breakout session was held at the 2022 Trans-
portation Research Board (TRB) Automated Road Transportation Symposium
(ARTS). Leading researchers from academia, industry, and government agencies
were invited to present their thoughts on the issue. This book chapter summarizes
the essence of the presentations and discussions at the breakout session. It provides
insights into the modeling and simulation of AVs, AV technology development,
and traffic management in the era of AVs.

Keywords: automated vehicles · traffic flow impacts · traffic simulation · field
experiments · adaptive cruise control

1 Introduction

The past decade has witnessed rapid advancement in automated vehicle (AV) driving
technologies such as adaptive cruise control (ACC), lane keeping, autonomous parking,
and emergency braking. AV driving technologies have the potential to revolutionize the
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future transportation system. Before large-scale deployment of any new technology, it is
important to understand its benefits and costs. This helps society make appropriate deci-
sions about how to utilize the technologies to maximize the benefits while minimizing
the negative impacts.

The AV concept dates back to the late 1960s (Earnest 2012). It is not surprising
that numerous studies have investigated the impacts of AVs on traffic (Shladover 2008).
Many predicted that AVs could bring great benefits to our life, for example, improving
road safety, enhancing traffic efficiency, and reducing fuel consumption and emissions.
Nonetheless, the predicted benefits are often based on simulation experiments rather than
real-world data. These simulation studies tend to envision an ideal AV operation envi-
ronment, where road conditions and traffic patterns are well-controlled and predictable.
While these simulations may suggest theoretical benefits of AVs, they cannot accurately
consider the complexities and uncertainties of the real-world driving environment.

Thanks to the rapid development of AV technologies in recent years, a series of AV
driving features are available in production vehicles. The availability of AVs enables
us to collect empirical evidence and validate the theoretical analysis of AVs via field
experiments. Those studies identified noticeable inconsistencies between the simulation
and field experiments. For example, it was reported that the adaptive cruise control
system is not string stable (Knoop et al. 2019; Gunter et al. 2019; Shang and Stern 2021;
Shi et al. 2022). String unstable ACC vehicles can intensify small speed perturbations of
the downstream vehicles, leading to serious traffic congestion to the upstream traffic. In
addition, the existing ACC design may not improve the road capacity. The ACC system
allows drivers to customize the following headway with their preceding vehicle. It was
reported that with the longest following headway setting, the road capacity of AV traffic
is even worse than that of human-driven vehicle traffic (Li et al. 2021; Shi and Li 2021a).

These inconsistent findings may hinder the further development and deployment of
AV technologies. To identify major reasons causing this discrepancy and develop reme-
dies, a breakout sessionwas held at the 2022TransportationResearchBoard (TRB)Auto-
mated Road Transportation Symposium (ARTS). Leading researchers from academia,
industry, and government agencies were invited to present their thoughts to tackle the
inconsistent issue. This book chapter provides insights into the modeling and simulation
of AVs, AV technology development, and traffic management in the era of AVs based on
the presentations and discussions of the breakout session. Without causing confusion,
the AVs discussed in this book chapter represent a broad concept e.g., connected and
autonomous vehicles (CAVs), electric AVs, etc.

2 Literature Review and Session Presentation Summary

This section first reviews the simulation studies on the impact of AVs. Then, each
speaker’s presentation summary is provided, highlighting the inconsistent results
obtained from field experiments compared to the simulation experiments. Their sug-
gestions and ongoing research efforts were also presented. Finally, the section con-
cludes by showcasing the advanced modeling and simulation tools that may reduce the
inconsistency.
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2.1 AV Impacts with Simulation Experiments

Microscopic traffic simulation is a primary tool for assessing the impacts of vehicle-
highway automation on traffic performance of freeways and arterial corridors. By ana-
lyzing the simulation results, researchers can gain insights into how AV impacts traffic
flow, safety, and energy efficiency. This can help inform policy decisions and improve
the design of transportation systems.

There are two major approaches to build microscopic models required by the sim-
ulation experiments. The first approach recalibrates the parameters of existing models
based on data sets fromfield tests of vehicle-highway automation applications. Thiswork
allows the existing models to depict the behaviors of both manually driven vehicles and
AVs under the influence of advanced traffic management strategies. Since this approach
takes advantage of the existing model structure and calibration methods, it does not
require high model development effort. However, as the existing models are originally
built for human drivers, they may lack the capability to capture the unique behaviors of
AVs, such as vehicle-to-vehicle and vehicle-to-infrastructure cooperation and trajectory
optimization. Examples of this modeling approach can be found in Calvert et al. (2017)
and Kesting et al. (2007).

The second modeling approach creates specific models for AVs based on the field
data. This approach includes a selection of the best model structure that minimizes
the differences between the model output and the field observations. It also provides
the flexibility to keep the control logic of the AVs in the resulting traffic models. This
modeling technique requires a detailed understanding of vehicle dynamics control and
system identification. Thus, the modeling effort is expected to be high. Examples of this
approach can be found in Milanes et al. (2014) and Xiao et al. (2017).

Models resulting from both approaches face challenges of model transferability.
Usually, researchers develop a model based on field data that covers limited traffic and
vehicle operating conditions. But they may need to implement the model in analysis sce-
narios that are not represented by the field data. Such a practice could raise uncertainties
regarding the model outputs. It is unclear to what degree the model outputs match the
true system behaviors. Reducing the output uncertainties requires model evaluation with
different data sets in themodel development stage. Another limitation of existingmodels
is caused by the lack of human factor components. Before vehicles are fully automated,
human drivers and automated controllers will operate the vehicle in parallel. The tran-
sition of control (ToC) between the driver and the controller could substantially affect
the behavior of AVs and CAVs in the traffic stream. The development of ToC functions
is critical for building a high-fidelity microscopic model.

Given the limitations associated with simulation experiments, studies that solely rely
on the simulation experiments to investigate the impact of AVs on traffic are subject to
inaccuracies. For example, Karaaslan et al. (1991) predicted that AVs could increase the
freeway capacity by a factor of four. This result seems a little bit too optimistic. In recent
studies, researchers claimed that AV might achieve a double or triple improvement in
road capacity (Lioris et al. 2017; Olia et al. 2018). However, some researchers found that
considering the current conservative legislation, AVs may even have a negative impact
on the capacity of freeways (Hartmann et al. 2017; Kakimoto et al. 2018). To this end,
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to produce more accurate and reliable results, studies that employ field experiments to
validate the relevant AV impacts findings in the literature are necessary.

2.2 Inconsistent Findings with Field Experiments

As AV driving features are increasingly equipped on production vehicles, a few pioneer
researchers investigated the impacts of AV by conducting field experiments. We invited
four leading researchers in this field from academia to present their recent works. Their
presentations and main outcomes are summarized as follows.

2.2.1 Traffic Flow Smoothing with Level 1 Automated Vehicles

Daniel Work, Vanderbilt University
Phantom jams, also known as “spontaneous traffic jams,” are congestion that

occurs without any apparent cause, such as accidents or roadblocks. Field experiments
(Sugiyama et al. 2008) showed that these jams can occur due to human driving behavior
alone. Since these phantom jams also exist in real traffic, is it able to control a few level-1
AVs in traffic to make the overall traffic smoother? Dr. Work gave his answer to this
question in his presentation.

According to the field experiments conducted by Dr. Work’s group, it was found that
the commercially implemented ACC system is not string-stable (Gunter et al. 2020). It
means that if these productionAVs are deployed into traffic, these vehicles cannot smooth
traffic. Thus, Dr. Work proposed a series of new vehicle controller using information
about the traffic ahead. By deploying this new controller to a few real-world AVs and
testing at a segment of I-24, it was observed that: without enabling the controller, more
stop-and-go patterns happened, and more fuel was used for all vehicles; with enabling
the controller, the traffic flow becamemore uniform, and less fuel was used (Lichtle et al.
2022). It followed earlier experimental work that demonstrated the ability of controllers
to smooth jams and reduce fuel consumption (Stern et al. 2018) (Stern et al. 2018). These
observations answer the question raised previously and provide valuable insights into
the potential of low-level automation to improve existing transportation systems.

Dr. Work mentioned that a larger-scale experiment would be conducted on the I-24
in Fall 2022. His team is working on the installation of 4K resolution video cameras and
modern computer vision algorithms on the segment of I-24,whichwill provide fourmiles
of continuous camera coverage observing all vehicles (Gloudemans et al. 2023). Thus,
it is expected to better support the proposed controller that needs the input of the other
vehicles’ trajectories in traffic. The trajectory data obtained from the high-resolution
videos will be publicly available.

2.2.2 From Automated Control to Cooperative Driving Automation

Xiaopeng Li, University of Wisconsin-Madison
Cooperative Driving Automation (CDA) offers numerous benefits to future trans-

portation, such as improving road safety, enhancing traffic efficiency, and reducing fuel
consumption and emissions. Furthermore, CDA can provide increased comfort for pas-
sengers by reducing the need for them to be actively involved in driving and enabling
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them to relax or attend to other tasks. These benefits demonstrate the potential of CDA
to revolutionize the way we travel, making our roads safer, more efficient, and more
enjoyable. To achieve these benefits of CDA, complicated coordination of vehicles,
infrastructures, and control units is required. Specifically, from the vehicle side, it needs
precise control of the AV trajectory.

According to the results of field experiments with production AVs, it is found that
there is a significant gap between target and actual vehicle trajectories. Also, speed
profiles are inconsistent across different runs. These issues may hinder the future
development and deployment of CDA.

One solution proposed by Dr. Li is to incorporate a safety buffer into AV control.
Dr. Li proposed a reactive AV car following control model, which reveals the trade-
off between safety, mobility, and stability in AV following control (Li 2022). Field
experiments of production AVs were conducted to verify the trade-off relationships (Shi
andLi 2021b). The other solution proposed byDr. Li is to incorporate the future trajectory
of the AV into its control. Dr. Li proposed an online reinforcement learning-based model
predictive control (MPC), which can accurately control a vehicle’s speed under varying
environments. Robot cars were used to test the performance of the proposed method.

Based on Dr. Li’s presentation, the main takeaways are 1) Existing production AV
control may not be ideal for complicated CDA trajectory control; 2) Advanced control
methods (e.g., integrating learning, MPC, etc.) need to be integrated into production AV
to enhance control performance.

2.2.3 Modeling Traffic Flow of AVs, and What if They are also Electric Vehicles
(EVs)?

David Kan, Florida Atlantic University
As pointed out by Dr. Kan, AV traffic modeling and simulation performance largely

relies on the data to build the model. The inconsistent impact of AVs on traffic flow
between simulation and field experiments is primarily due to the lack of standardized
AV data collection procedures. To accurately assess the impacts of AV on traffic flow, it
is crucial that data collection processes capture a full range of speeds of the AVs.

To this end,Dr.Kandeveloped anewprotocol forAVdata collection (Kan et al. 2022).
Production AVs equipped with high-definition GPS and OBD II data logger were used to
collect the vehicle data. The experiment speeds varied from0 to 60mph. The experiments
were conducted at off-peak hours on remote public roads without interruption from other
road users. With the collected production AV data, Dr. Kan developed a microscopic-
level car-followingmodel and used it to simulate macroscopic-level performance. Based
on the results, Dr. Kan reported that the existing production AVs would cause a lower
discharge flow rate and higher delay.

Dr. Kan pointed out that the internal combustion engine may be a reason causing
this result. Compared to the internal combustion engine, the electric motor has higher
tolerances for acceleration and braking and less delay due to direct drive. Thus, if the
production AV is combined with the electric motor, the vehicles are expected to have
better performance than the production AV with the internal combustion engine.
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2.2.4 Empirical Study on the Properties of Adaptive Cruise Control Systems
and Their Impact on Traffic Flow and String Stability

Ciuffo Biagio, European Commission Joint Research Centre
AVs promise to significantly improve road traffic. To a certain extent, this situation

is similar to the expectations at the end of the last century about the positive effects that
the introduction of ACC systems would have had onmotorway traffic. The parallelism is
interesting becauseACC-equipped vehicles represent the first level of vehicle automation
and are now widely available on the market. In this light, studying ACC impacts can
help to anticipate potential problems related to its widespread application and to avoid
that AVs will lead to the same problems.

In Dr. Ciuffo’s presentation, he introduced the results of a large-scale experimental
campaign involving ACC vehicles, which has allowed us to quantify the impacts of
AV on motorway driving and compare them with the original expectations and the
underlying assumptions made to justify them (Ciuffo et al. 2021; Makridis et al. 2021).
His presentation concludes with possible recommendations to avoid what we see today
for ACC vehicles that will not happen in 10–20 years for AVs.

2.3 Advanced Modeling and Simulation Tools for AVs

This section summarizes the advancedmodeling and simulation tools utilized by industry
companies and government agencies to understand the impact of AVs on traffic.

2.3.1 DataCollection to Improve Simulation of Connected andAutomatedVehicle
(CAV) Driving Behavior

Transportation agencies require a cost-effective solution for determining the impact
of CAV deployments to make intelligent investment and operational decisions. Traffic
analysis tools offer an efficient means of evaluating new technologies and strategies prior
to implementation. However, existing AdvancedMobility Simulation (AMS) tools were
designed to model human driving behavior. New CAV behavioral models are required
to be integrated into microsimulation tools.

The speaker introduced the CAV AMS research program of FHWA, which is com-
posed of three aspects: data collection, model improvements, and benefits estimation.
The objective of the FHWA data collection projects is to collect robust datasets about the
behavior of CAVs and surrounding traffic in naturalistic conditions. The three ongoing
projects of FHWA are CARMAData Collection, Acquiring CAV Performance Datasets,
and Third-Generation Simulation: A Closer Look at the Impacts of Automated Driving
Systems (ADS) on Human Behavior. The datasets will be used to improve traffic simula-
tion models and will be made available under Creative Commons Zero (https://creativec
ommons.org/share-your-work/public-domain/cc0/) and posted on Transportation.gov.
Three recent publications of FHWA were also introduced by the speaker. They are the
CAV AMS cornerstone framework, CAV model improvement: tools development, and
CAV benefits estimation: case studies.

The speaker’s presentation pointed out that 1) Aerial data collection can be used to
collect vehicle trajectories for non-instrumented vehicles efficiently; 2) Vehicle sensor

https://creativecommons.org/share-your-work/public-domain/cc0/
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data can be used to mine vehicle trajectories for model development and calibration in
the future; 3) Ground truth data improve our ability to simulate how CAVs’ behavior
will impact system performance.

2.3.2 Are Traffic Simulators the Right Tool for Evaluating Connected
and Autonomous Vehicles?

Traffic simulation models are computer-based representations of real-world traffic sys-
tems. They aim to simulate and analyze various aspects of traffic, such as traffic flow,
congestion, and network capacity, to make predictions about how the traffic system will
behave under different conditions. The models use mathematical algorithms and statis-
tical data to simulate the interactions between vehicles, road networks, traffic signals,
and other components of the traffic system.

To incorporate connected and/or automated vehicles into traffic simulation models,
the behaviors of the vehicles need to bewell studied. The speaker introduced theway that
Aimsun (https://www.aimsun.com/) studies AV/CAVbehaviors. TheAimsun simulation
platform models AV behaviors from four aspects: car-following, lane-changing, gap
acceptance, and cooperation. Todevelop and testCVapplications, theAimsun simulation
platform integrates a V2X communication API, which introduces the concept of packet
latency and packet loss and creates VANets between connected vehicles and roadside
devices within a maximum transmission range. Also, the V2X sensors can be configured
in the networkmodel. Thus,microscopic simulations between vehicles and infrastructure
can be performed.

With this, the impacts of AV can be studied with the Aimsun simulation platform
from the following aspects. 1) Microscopic simulation-based experiments to derive the
network capacities through the network Macroscopic Fundamental Diagram (MFD); 2)
Statistical analysis for the identification of the effects on the PCUs. Estimating PCU
functional relationship; 3) Using PCU functional relationship as input to the VDFs
of macroscopic demand models to forecast impacts on network performance. Inform
policy-making for optimal AV share.

The speaker emphasized that the real-world CAV dataset is critical for developing
traffic simulationmodels. Due to the lack of data, uncertainty should be considered when
we design the CAV models. Also, the speaker pointed out that traffic simulations are
not a perfect tool to model CAVs but are necessary, which answers the question in his
presentation title.

3 Conclusions and Next Steps

In the existing literature, AV modeling studies without empirical evidence/validation
tend to support the positive impacts of AV technologies on traffic. However, recent field
experiments of production AVs showed negative impacts on traffic flow stability and
capacity. This inconsistency may hinder the further development and deployment of AV
technologies. This book chapter introduces the major reasons causing this discrepancy

https://www.aimsun.com/
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and the way to close the gap. The conclusions of this book chapter and the suggested
future work are as follows:

1) Multiple methods are available to mitigate ACC’s negative impacts on traffic flow,
including

• Faster sensing and perception technologies for reducing the system reaction time
• Advanced control algorithms that provide stable following behaviors
• New powertrain options such as EVs that enable efficient power output
• Regulations that promote ACC designs that benefit the traffic system
2) New AV/CAV datasets are/will be available to the public
• Need reliable tools to generate accurate information from the data
• Need to streamline data processing, information extraction, AV/CAV system evalu-
ation, and traffic model building

• Opportunities to design creative ways to collect AV/CAV data without high costs
3) Traffic simulation models are a viable tool to study AV/CAV, but require refinement
• Need to reflect new AV/CAV technologies and human-machine interactions
• Need to be scalable for road networks
• Need to produce consistent results comparable to benchmark data sets

References

Calvert, S.C., Schakel, W.J., van Lint, J.W.C.: Will automated vehicles negatively impact traffic
flow? J. Adv. Transp. 2017 (2017). https://doi.org/10.1155/2017/3082781

Ciuffo, B., et al.: Requiem on the positive effects of commercial adaptive cruise control on motor-
way traffic and recommendations for future automated driving systems. Transp. Res. Part C
Emerg. Technol. (2021). https://doi.org/10.1016/j.trc.2021.103305

Earnest, L.: Stanford cart (2012). https://web.stanford.edu/~learnest/sail/oldcart.html
Gloudemans, D., Wang, Y., Ji, J., Zachar, G., Barbour, W., Work, D.B.: I-24 MOTION: An instru-

ment for freeway traffic science. Electrical Engineering and Systems Science (2023). https://
arxiv.org/abs/2301.11198

Gunter, G., et al.: Are commercially implemented adaptive cruise control systems string stable?
IEEE Trans. Intell. Transp. Syst. 19122, 1–12 (2020). https://doi.org/10.1109/TITS.2020.300
0682

Gunter, G., Janssen, C., Barbour, W., Stern, R.E., Work, D.B.: Model based string stability of
adaptive cruise control systems using field data. IEEE Trans. Intell. Veh. 5, 90–99 (2019).
https://doi.org/10.1109/TIV.2019.2955368

Hartmann,M.,Motamedidehkordi, N., Krause, S., Hoffmann, S., Vortisch, P.: Impact of automated
vehicles on capacity of the German freeway network. In: ITS World Congress, 2017Montr
(2017)

Kakimoto, Y., Iryo-Asano,M., Orhan, E., Nakamura, H.: A study on the impact of AV-HDVmixed
traffic on flow dynamics of single-lane motorway. Transp. Res. Procedia (2018). https://doi.
org/10.1016/j.trpro.2018.11.035

Kan, P.C., Imran, M.A., Murshed, M.T., X.K.: Field Experiment on the Impact of Automated
Vehicles on Arterial Capacity – Case Study of Adaptive Cruise Control (ACC) (2022)

Knoop, V.L., Wang, M., Wilmink, I., Hoedemaeker, D.M., Maaskant, M., Van der Meer, E.-J.:
Platoon of SAE level-2 automated vehicles on public roads: setup, traffic interactions, and
stability. Transp. Res. Rec. J. Transp. Res. Board 2673, 311–322 (2019). https://doi.org/10.
1177/0361198119845885

https://doi.org/10.1155/2017/3082781
https://doi.org/10.1016/j.trc.2021.103305
https://web.stanford.edu/~learnest/sail/oldcart.html
https://arxiv.org/abs/2301.11198
https://doi.org/10.1109/TITS.2020.3000682
https://doi.org/10.1109/TIV.2019.2955368
https://doi.org/10.1016/j.trpro.2018.11.035
https://doi.org/10.1177/0361198119845885


Inconsistency of AV Impacts on Traffic Flow 173

Karaaslan, U., Varaiya, P., Walrand, J.: Two proposals to improve freeway traffic flow. Proc. Am.
Control Conf. 3, 2539–2544 (1991). https://doi.org/10.23919/acc.1991.4791860

Kesting, A., Treiber, M., Helbing, D.: General lane-changing model MOBIL for car-following
models. Transp. Res. Rec. J. Transp. Res. Board 1999, 86–94 (2007). https://doi.org/10.3141/
1999-10

Li, T., Chen, D., Zhou, H., Laval, J., Xie, Y.: Car-following behavior characteristics of adaptive
cruise control vehicles based on empirical experiments. Transp. Res. Part B 147, 67–91 (2021).
https://doi.org/10.1016/j.trb.2021.03.003

Li, X.: Trade-off between safety, mobility and stability in automated vehicle following control: an
analytical method. Transp. Res. Part B Methodol. 166, 1–18 (2022). https://doi.org/10.1016/j.
trb.2022.09.003

Lichtle, N., Vinitsky, E., Nice, M., Seibold, B., Work, D., Bayen, A.M.: Deploying traffic smooth-
ing cruise controllers learned from trajectory data. In: 2022 International Conference on
Robotics and Automation (ICRA), pp. 2884–2890. IEEE (2022). https://doi.org/10.1109/ICR
A46639.2022.9811912

Lioris, J., Pedarsani, R., Tascikaraoglu, F.Y., Varaiya, P.: Platoons of connected vehicles can double
throughput in urban roads. Transp. Res. Part C Emerg. Technol. 77, 292–305 (2017). https://
doi.org/10.1016/j.trc.2017.01.023

Makridis,M.,Mattas, K., Anesiadou,A., Ciuffo, B.: OpenACC.An open database of car-following
experiments to study the properties of commercial ACC systems. Transp. Res. Part C Emerg.
Technol. (2021). https://doi.org/10.1016/j.trc.2021.103047

Milanes, V., Shladover, S.E., Spring, J., Nowakowski, C., Kawazoe, H., Nakamura, M.: Coop-
erative adaptive cruise control in real traffic situations. IEEE Trans. Intell. Transp. Syst. 15,
296–305 (2014). https://doi.org/10.1109/TITS.2013.2278494

Olia, A., Razavi, S., Abdulhai, B., Abdelgawad, H.: Traffic capacity implications of automated
vehicles mixed with regular vehicles. J. Intell. Transp. Syst. Technol. Planning, Oper. 22,
244–262 (2018). https://doi.org/10.1080/15472450.2017.1404680

Shang, M., Stern, R.E.: Impacts of commercially available adaptive cruise control vehicles on
highway stability and throughput. Transp. Res. Part C Emerg. Technol. 122, 102897 (2021).
https://doi.org/10.1016/j.trc.2020.102897

Shi, X., Li, X.: Constructing a fundamental diagram for traffic flow with automated vehicles:
methodology and demonstration. Transp. Res. Part B Methodol. 150, 279–292 (2021). https://
doi.org/10.1016/j.trb.2021.06.011

Shi, X., Li, X.: Empirical study on car-following characteristics of commercial automated vehicles
with different headway settings. Transp. Res. Part C Emerg. Technol. 128, 103134 (2021).
https://doi.org/10.1016/j.trc.2021.103134

Shi, X., Yao, H., Liang, Z., Li, X.: An empirical study on fuel consumption of commercial auto-
mated vehicles. Transp. Res. Part D Transp. Environ. 106, 103253 (2022). https://doi.org/10.
1016/j.trd.2022.103253

Sugiyama, Y., et al.: Traffic jams without bottlenecks-experimental evidence for the physical
mechanism of the formation of a jam. New J. Phys. (2008). https://doi.org/10.1088/1367-
2630/10/3/033001

Shladover, S.E.: AHS research at the California PATH program and future AHS research needs.
In: Proceedings of 2008 IEEE International Conference on Vehicle Electronics Safety, ICVES
2008 (2008). https://doi.org/10.1109/ICVES.2008.4640915

Stern, R.E., et al.: Dissipation of stop-and-go waves via control of autonomous vehicles: field
experiments. Transp. Res. Part C Emerg. Technol. 89, 205–221 (2018). https://doi.org/10.
1016/j.trc.2018.02.005

Xiao, L., Wang, M., Van Arem, B.: Realistic car-following models for microscopic simulation of
adaptive and cooperative adaptive cruise control vehicles. Transp. Res. Rec. 2623, 1–9 (2017).
https://doi.org/10.3141/2623-01

https://doi.org/10.23919/acc.1991.4791860
https://doi.org/10.3141/1999-10
https://doi.org/10.1016/j.trb.2021.03.003
https://doi.org/10.1016/j.trb.2022.09.003
https://doi.org/10.1109/ICRA46639.2022.9811912
https://doi.org/10.1016/j.trc.2017.01.023
https://doi.org/10.1016/j.trc.2021.103047
https://doi.org/10.1109/TITS.2013.2278494
https://doi.org/10.1080/15472450.2017.1404680
https://doi.org/10.1016/j.trc.2020.102897
https://doi.org/10.1016/j.trb.2021.06.011
https://doi.org/10.1016/j.trc.2021.103134
https://doi.org/10.1016/j.trd.2022.103253
https://doi.org/10.1088/1367-2630/10/3/033001
https://doi.org/10.1109/ICVES.2008.4640915
https://doi.org/10.1016/j.trc.2018.02.005
https://doi.org/10.3141/2623-01


Interactive Traffic Management for Highly
Automated Vehicles

Tom Alkim1(B), Claudio Roncoli2, Torsten Geissler3, Siddartha Khastgir4,
and Risto Kulmala5

1 MAP Traffic Management, Utrecht, The Netherlands
tom.alkim@maptm.nl

2 Aalto University, Espoo, Finland
claudio.roncoli@aalto.fi

3 Federal Highway Research Institute (BASt), Bergisch Gladbach, Germany
geissler@bast.de

4 University of Warwick, Coventry, UK
s.khastgir.1@warwick.ac.uk

5 Traficon Ltd., Espoo, Finland
risto.kulmala@traficon.fi

Abstract. This chapter summarizes part of the presentations and discussions that
took place at the Automated Road Transportation Symposium 2022 (ARTS22)
during the breakout session titled “Interactive Traffic Management for Highly
Automated Vehicles”, complemented with further material and reflections by the
authors.

The chapter dealswith trafficmanagement in the presence of highly automated
vehicles capable of driverless operation in specific Operational Design Domains
(ODD). The aim is to present and discuss challenges related to the design and
implementation of traffic management measures from multiple perspectives, cov-
ering the exchanged messages, the digitization of traffic codes and regulations,
the impact on efficiency, and the human factors and reactions to traffic manage-
ment measures. The potential to increase and optimize the performance of highly
automated vehicles by providing external information will also be explored by
introducing the concept of Distributed ODD attribute Value Awareness (DOVA).

Keywords: traffic management · automated vehicles · connected vehicles ·
operational Design Domain

1 Introduction: Motivation and Objectives

An increasing presence of highly automated vehicles or Connected and Automated
Vehicles (CAVs) is expected to have a significant impact on traffic management, while
stakeholders, such as public agency operators and toll road operators, need to adapt their
Traffic Management Center (TMC) policies and procedures. In the meantime, vehicle
manufacturers need to adapt their in-vehicle systems to be able to react appropriately to
traffic management messages.
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The main objective of this chapter is to present and discuss recent developments
and future challenges related to the development of traffic management for automated
vehicles, looking from a multifaceted perspective. More detailed objectives include the
following.

• Toprovide insights on the needs to develop trafficmanagement of the future, including
the roles and responsibilities of the stakeholders.

• To increase understanding of the digital, physical, and operational infrastructure
associated with CAVs and traffic management.

• To introduce the concept of Distributed ODD attribute Value Awareness (DOVA).
• To discuss the roles and responsibilities of various stakeholders in translating traffic

codes and rules into a machine-readable format, as well as the expected responses of
CAVs to these codes and rules.

• To raise awareness on the impacts that operating CAVs in different infrastructure
situations may have and the need for traffic management as a means to mitigate
negative externalities.

2 Summary of the Discussion

2.1 CCAM (Meta) Taxonomies

Support from the physical and digital road infrastructure can extend the conditions
under which connected and automated vehicles can operate safely. Operational Design
Domain (ODD) and Infrastructure Support for Automated Driving (ISAD) are key terms
in taxonomies related to Connected Cooperative and Automated Mobility (CCAM) but
do not yet provide the full picture that has emerged in recent years. It is important to take
the full picture into account for collaborating between the actors across sectors (e.g.,
automotive industry, road infrastructure managers) in order to prepare, pilot, test, and
deploy CCAM services in the coming decades, ultimately for the benefit of end users.

CCAM taxonomies comprise the automotive side standardized classifications, i.e.,
the Levels of Driving Automation (SAE J 3016) and the Cooperation Classes (SAE J
3216). They are complemented by taxonomies on infrastructure suitability such as Infras-
tructure Support for Automated Driving (ISAD) and Levels of Service for Automated
Driving (LOSAD). In addition, they comprise the (automation mode) communication
towards users, in order to provide mode-awareness and avoid mode-confusion. Figure 1
illustrates the CCAM taxonomies. The interplay between the taxonomies is analyzed in
more detail in [1].

From an overall perspective, the taxonomies fit well with each other and come to
quite consistent results. In a further step, it may be useful to investigate the possibilities
of integration into ameta-taxonomy. This advancement should not be an end in itself, but
always only a serving tool enabling us to achieve common goals. A recent and evenmore
promising approach, the concept ofDistributedODDattributeValueAwareness (DOVA),
is featured in the next subchapter. The cross-sector collaboration is a constitutional
feature of it. In other words, what the meta-taxonomy would aim to tie together, is
already built into the concept of DOVA.
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Fig. 1. CCAM Taxonomies by Geissler and Shi [1].

2.2 Concept of Distributed ODD Attribute Value Awareness

The need to monitor or be aware of each ODD attribute puts an additional overhead on
CAVs or Automated Driving Systems (ADS) to be able to measure each ODD attribute.
However, measuring each ODD attribute may not be practically feasible from a cost and
engineering perspective. However, ODD awareness is key to ensuring the safe operation
of the ADS. In order to overcome this challenge, we introduce the concept of Distributed
ODD attribute Value Awareness (DOVA) framework building on the DOA framework
introduced by Khastgir et al. [2].

The DOVA framework enables the ADS to benefit from off-board sensing infras-
tructure to become aware of ODD attribute values that may not be able to be measured or
sensed by themselves. For example, an ADS may not be able to detect the severity of a
visibility impairment from a fog bank that it is approaching. Itmay be able to receive such
information from a roadside weather station that can provide this information through
over-the-air communication with the ADS. This enables the ADS to have awareness of
this current operating condition and compare it with its designed ODD to establish if the
ADS is either inside or outside its ODD.

While the information for some of the ODD attributes could be available via
infrastructure, there may potentially be commercial services that can augment ODD
information for the ADS.

From a road operator’s or traffic manager’s perspective, it is important to establish
what type of ODD attribute information should be provided via infrastructure and its
corresponding quality to enable the safe deployment of ADS. It is also important to
consider the needs of road operators and traffic managers to be aware of any ADS
approaching the end of their ODD and/or being in a transitional or minimal-risk state.

The operation of the DOVA framework in practice is illustrated in Fig. 2. The ODD
attribute information (or from the road operator perspective, local condition attribute
information) sharing plays a major role in influencing the driving behavior of a CAV,
depending on its technical capabilities and the rules of the road. The traffic management
operations affect the rules of the road (i.e., the expected behavior) as well as the status
of the ODD / local condition attributes sensed by the vehicle, the road operators’ and
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other stakeholders’ monitoring and other data acquisition systems providing the attribute
information to the ADS-operated vehicles and other road users.

Fig. 2. Distributed ODD Awareness Framework by Khastgir et al. [2].

2.3 Impact of CAVs on Traffic Flow

Traffic congestion in and around urban areas has a serious detrimental impact on the
economic and social life of modern society, as well as on the environment, with neg-
ative effects for climate change, which calls for radical solutions [3]. Insofar, typical
responses to mitigate traffic congestion externalities have been the expansion of road
infrastructure, with huge costs and impact on the environment, and the implementation of
trafficmanagement measures, which however may also face various kinds of limitations.
The appearance of CAVs has come with the promise to drastically improve safety and
mobility, essentially revolutionizing the way how people move around. Whether CAVs
have the potential to actually deliver the full range of expected benefits will ultimately
depend on three factors: their penetration speed, their effectiveness, and their potential
negative impacts. Often, studies tend to be overly optimistic about the future of CAVs
by overestimating the first two factors while ignoring the third one. One reason is that
vehicles are products manufactured and offered in amarket, wherein there is competition
for the customers’ preferences; thus, it is reasonable to expect that, if no interventions
are made, CAVs (are and) will be developed to benefit the individual vehicle and driver,
often without a clear view or understanding for the implications, including potential
advantages and disadvantages, that they may have for the induced, accordingly modified
traffic flow characteristics.

One important aspect to consider is that CAVs are going to be safe by design, meaning
that it is expected that no vehicle released on a large scale in the market is going to be
taking any risk while driving, for either the occupants or other users surrounding the
vehicle. However, this is not what typically happens with a vehicle driven by humans,



178 T. Alkim et al.

who, actually, and in particular while traffic flow is perceived high, typically take risks,
such as performing cut-in maneuvers or driving with (too) low headway distances from
the preceding vehicle. Most often these risks do not lead to serious consequences, and
the reason is that human drivers have developed a good perception and capability of
anticipating the behavior of other drivers and what could be their reactions caused by
such risky maneuvers. Also, other external factors, together with formal and informal
communication that takes place between drivers, play a role in this context (e.g., eye
contact between drivers, and the use of devices such as indicator lights and horns).
However, all these aspects are extremely difficult to be coded and included in the design
of automated vehicle operation.

The effects of the above-mentioned combined factors may thus lead to a deteriora-
tion of traffic characteristics, such as road capacity. This implies that an infrastructure
designed to accommodate a certain capacity may not be able to sustain the same number
of vehicles, which, in turn, would deteriorate the efficiency of the current transportation
system. Various research has tried to quantify such reduction, resulting in numerical dif-
ferences but similar trends [3–5]. The most promising solution to such an issue involves
moving forwardwith the design anddeployment of cooperative connected and automated
systems, where automated vehicles should not behave as selfish entities, but they should
act in a coordinated manner, either through centralized or decentralized management
policies to achieve a benefit for the overall traffic system. Several management strategies
have been proposed to improve the efficiency of systems with connected and automated
vehicles, also in the presence of mixed traffic (see, e.g., [6–8]), which have the potential
to mitigate the externalities potentially caused by automated vehicles on traffic char-
acteristics, bringing unprecedented benefits for the overall traffic system performance.
In fact, connected and automated vehicle systems provide increased opportunities for
more efficient implementation ofmanagement strategies, where CAVsmay actuatemore
precise commands ordered by, e.g., infrastructure-based intelligence. Furthermore, the
granularity of traffic management measures, which currently depends on the installation
and operation of dedicated infrastructure, could be arbitrarily defined once it is enabled
by automated vehicles, and there could be different measures implemented, e.g., by lane,
by destination, or by other criteria for vehicle selection.

2.4 Codifying Traffic Rules for CAVs

While driving, human drivers are expected to adhere to road traffic rules to ensure a
smooth and safe flow of traffic on roads. Similarly, CAVs will also be expected to follow
traffic rules to ensure a smoothflow in heterogenous traffic aswell as ensure predictability
of their behavior. Thus, as part of the assurance process for CAVs, they will need to be
tested against the road rules. At the same time, an NRA would like to ensure that CAVs
driven on their road networks also adhere to road traffic rules.

Rules of the road for human-driven vehicles require a certain level of interpretation
on the part of the human drivers where they make an intuitive driving decision (e.g.,
understanding when is there a “suitable gap” to overtake a vehicle on the road). Such
judgment will need to be made and hardcoded into the intelligence systems of the CAVs.
In order to verify their behavior’s compliance with the rules of the road, there is a need
to codify the rules of the road to enable objective assessment.
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To this end, an ODD-based codification process for the rules of the road has been
proposed by the United Nations Economic Commission for Europe (UNECE) Func-
tional Requirements for Automated Vehicles (FRAV) informal working group [9]. The
approach is also relevant for NRAs to understand the relevance of specific traffic rules
and the CAVs’ driving decisions when deployed in a specific ODD.

The operational design domain (ODD) refers to the operating environment in which
vehicles can operate safely. As defined in the BSI PAS 1883 ODD taxonomy [10],
it covers environmental conditions such as rainfall, scenery elements such as drivable
areas, and dynamic elements such as macroscopic traffic behavior and designated speed
of the subject vehicle.

If one compares the scope of ODD and the content of current “rules of the road for
human drivers” (e.g., the UK’s Highway Code or the Vienna Convention’s Rules of the
Road), a large overlap of scenery aspects and environmental conditions aspects can be
observed.

Any rule of the road can be classified into two categories:

• Doing some “behavior” “somewhere”
• Not doing some “behavior” “somewhere”

While doing or not doing some behavior can be defined as part of CAVs’ behavior
capabilities, “somewhere” could be considered as an “operating condition” or part of
the ODD definition. Thus, each rule of the road is a combination of aspects of ODD and
behavior capabilities.

From an NRA perspective, understanding the ODD definition, i.e., the various ODD
attribute values and their relationship with real-world routes will provide guidance on
the applicable rules of the road for the CAVs. This can enable traffic flow planning and
monitoring in a heterogenous traffic flow.

2.5 Remote Monitoring and Support for CAVs

For most of the current deployments of CAVs around the world, remote monitoring
and/or support is being used and it is regarded as a necessity. Perhaps over time, when
CAV’s capabilities increase, such support may be minimized or even become obsolete,
but for the foreseeable future it is certainly indispensable.

Remote monitoring and support involve a human operator providing instructions,
permissions, or waypoints to the vehicle, or remotely driving it when the vehicle cannot
execute one or more of its driving tasks [11]. It is considered most useful when the
vehicle encounters unknown situations or when illegal actions are required. Remote
support has many benefits, such as enabling operations, ensuring safety, and increasing
public acceptance. The purpose and tasks of the operator can be very diverse for different
modes and environments, ranging from confined areas for cargomovements to passenger
vehicles on public roads. There are four levels of remote support: no assist, remote assist,
remote control, and shared control [11]. Remote control is temporary full operational
control typically used to resolve a situation, while shared control involves remote human
driving with the vehicle controlling the on-board crash avoidance systems or remote
assessment of a situation and providing concrete operational guidance recommendations.
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The key elements of remote support for CAVs are a stepwise approach to building
experience and trust with such operations, addressing human factors in remote oper-
ations, and defining the role of the human operator. There is still a need for further
research on higher operational speeds and resulting increased safety risks, investigating
edge cases, and looking at the ODD from a system-to-system perspective beyond the
scope of only the vehicle.

Overall, remote support is expected to play a crucial role in achieving safe and
comfortable highly automated transport services in mixed traffic. The implementation
of remote support requires addressing various technical and operational challenges, and
further research is needed to ensure its effective deployment.

2.6 From Automating Vehicles to Automating Traffic

Up until now, the design of AVs and CAVs by manufacturers has considered essentially
a static road network, where infrastructure characteristics and regulations are embedded
in the vehicle system and do not respond to dynamic external inputs [12, 13]. The
dynamic components have been limited to interactions with other vehicles or obstacles,
essentially only for safety purposes, while decisions are taken advantaging the individual
vehicle only. Limited work has been done on standardizing messages for Advanced
Traveler Information System [14], whereas there is no standardization on the response
that vehicles may implement once such messages are received. On the other hand, a
large body of research (see, e.g., [6]) has suggested various ways of implementing active
traffic management strategies that interact directly with CAVs via messages exchanged
among vehicles or with the infrastructure; however, due to the limitations above, such
strategies have not been implemented. Efforts in this area should give the possibility to
the main stakeholders involved in traffic management, namely, public agency operators
and (toll) road operators, to exchange active traffic management-related messages with
CAVs. Vehicle manufacturers and OEMs should consider such features in the design of
future CAV systems aiming at a harmonized integration of CAVs within the transport
system, also considering design principles that are not selfish but would lead to collective
systemic benefits.

In the meantime, traffic management stakeholders, such as public agency operators
and (toll) road operators, need to adapt their TrafficManagement Center (TMC) policies
and procedures to account for the increasing presence of CAVs so that both existing
and novel traffic management measures, involving, for example, flow metering, variable
speed limits, laneusemanagement (includinghard shoulder running), dynamic rerouting,
and, in general, real-time messaging, are able to seamlessly interact with the operation
of CAVs through the use of connected vehicle-to-infrastructure (V2I) communications.
This will require an upgrade of the (mostly digital) infrastructure, to account for the
improved sensing and actuating capabilities that will be moved from the infrastructure
to the CAVs, as well as the development of data fusion engines, which would be capable
of processing various types of traffic and vehicle data, resulting in efficient monitoring
of the operational traffic situation.

Research efforts should support such developments and actively enable such transi-
tions focusing, amongother aspects, on the dynamic responses needed to be designed into
the CAV, the standardization of these messages, responses to that messaging, as well as
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integration with the upgraded digital infrastructure and its novel decision support system
widely employing innovative data fusion engines.

3 Conclusions and Future Needs

This chapter reflects and builds on some of the discussions that took place during the ses-
sion on “Interactive trafficmanagement for highly automated vehicles” at the Automated
Road Transportation Symposium – ARTS 22.

It is becoming obvious that traffic management is an essential enabler for highly
automated vehicles to be part of a safe and efficient traffic system, where a certain
level of support from and interaction with the infrastructure are necessary requirements
for future traffic systems with automated vehicles (e.g., for improving the ODD or
implementing traffic rules). In addition, traffic management should serve to address
unanticipated negative effects of automated vehicles (e.g., impacts on traffic efficiency),
which are otherwise expected to decrease the current road and network capacities, with
potentially negative economic externalities.

Finally, understanding and incorporating human factors in automated vehicles and
traffic management design, regarding both strategies and responses, is essential in order
to raise acceptability, ensure wider adoption of vehicle automation, and generate positive
effects for society as a whole.

To achieve all of the above, there is a need to seek more collaboration among
stakeholders, e.g., involving vehicle manufacturers, road authorities, and researchers
to better frame the problems and achieve better, more sustainable, solutions through
multidisciplinary approaches.

In particular, further research is needed on human factors, involving both the auto-
mated vehicle occupants and the interactions with other entities (e.g., interactions
with human-driven vehicles in mixed traffic conditions, with pedestrians and other
active modes, and multimodal traffic in general). Finally, the acceptability of traffic
management measures, when not coded as rules, should be better investigated.
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