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Project Overview

Connected and Automated Vehicle (CV/AV) technolegientinue to advance towards
introduction into public roadway systems. Morerthan states now have significant CV pilot
programs, allow AV testing on public roads, andi@ in the planning stages for AV/CV
programs, projects, and deployments. Howeverethee still a variety of open questions and
issues that need research, planning, and resolatistate and local transportation agencies to
enable successful deployment of CV/AV. This prbjs@ssessing those open issues and
developing a roadmap of future research projeatsediorts that AASHTO, U.S. DOT and
related groups should pursue. There are four taske project. First, the research team
compiled a catalog of institutional, legal, polieyyd operational issues related to CV/AV
technologies that will affect agencies and the ubl'he catalog was narrowed to critical issues
designated for near term research by consolidatekirnigs by the panel. These highest-ranked
issues were consolidated into projects, with dption of goals, scope, anticipated outcomes,
budget, schedule, and linkages to associated wdsaad efforts undertaken by others. A
procedure for maintaining and updating the roadmiioe developed following consensus on
the content of the projects. Finally, the projedt be summarized in PowerPoint slides
(executive summary and long-form) that can be lgeASHTO and member agencies in
disseminating the information to decision-makeesirers and stakeholders.

Catalog of Relevant Issues

In the first task, we identified a comprehensige ¢if unresolved issues related to AV/CV that
are known at this time and relevant to state andllagency owner/operators. These issues were
clustered into several categories:

» Institutional and policy
* Operational

* Legal

* Planning

Within each area, sub-clusters were identified leaved to group the issues further into
common topical areas. Over 100 potential topioahs were identified. The panel members
were then asked to attribute importance to eacleis8ased on these consolidated rankings,
topics that were supported by at least half oftfeenbers of the project panel have been



expanded into more complete research project gtgers by grouping issues that are closely
related. We identified four general subject cluste

» Institutional and policy

» Infrastructure design and operations
* Planning

* Modal Applications

Twenty-three project activities were identifieddegssing over fifty individual issues from the
original catalog (approximately half). The focaghis document is on the subject matter of the
individual research topics rather than on the pgses for implementing the results of these
projects and for coordinating activities amonggstaes and with other levels of government.
Those considerations will be addressed in the delxterable, dealing with the maintenance of

the roadmap and implementation of the results.

Institutional and Policy Projects

Seven projects were identified in the area of instinal and policy issues:

Project High Level Description of | Schedule/ | Urgency
Outcomes budget
1.1Implications ol Recommendations for chan¢ | 18 months | Resolution of majo
Automation for Motor to laws and regulation of motgi$500 K impediment to AV
Vehicle Codes vehicle codes to address AV deployment
technologies
1.2Business models f Guidelines for investmel 18 months | Resolution of majo
CV/AV infrastructure decisions based on public and $750 K impediments to CV/AV
deployment private benefits deployment
1.3Public agency actior | Recommendations for polic 12 months | Resolution of majo
to facilitate CV/AV actions with impact assessmens500 K impediments to AV/CV
implementation of each technologies
1.4Harmonization of stat | Compendium of regulatol 24 months | Medium-— will provide
regulations issues and action plan for $500 K tools for second-wave
resolution states
1.5Federe-state-local Recommendations for actic 18 months | Medium- higher levels
boundaries of responsibilityto resolve ambiguities $250 K of automation and
broader CV penetration
will require resolution
1.6Lessons learned fro Recommendations for how 12 months | Early guidance mahelg
other transportation improve upon past lessons $250 K early adopters of CV
technology roll-outs learned
1.7Lessons learned fro Consolidated lessons from C | 12 months | Pending completion o
CV Pilot Deployments pilots to inform other agencies| $250 K first wave of CV pilots




Infrastructure Design and Oper ations

Ten projects were identified in the area of infrasture design and operations:

Proj ect High Level Description of Schedule/ | Urgency
Outcomes budget
2.1 Roadway Recommendations ft 18 months | Resolution ofpotentia
infrastructure design infrastructure elements to $750 K impediment to AV
improve AV performance deployment
2.2Tools for predicting | Models for use in assessment | 36 months | Foundation for evaluatior
AV/CV impacts AV/CV deployment systems $3 M needed for other projects
2.3CV/AV applications | Agency recommendations f 12 months, | Narrow niche applicatior
for maintenance fleets | bundle of apps relevant to $100 K but possible “low hanging
maintenance fleets fruit”
2.4Relationships o Report on how CV infrastructui| 12 months | Medium- higher levels o
Connected and can support AV operation $250 K automation and broader C
Automated vehicle penetration will require
systems resolution
2.5 Traffic control Concepts forevamping ol 36 months | Needs early start, blater
strategies with enhancing traffic control with | $1.5 M phases are linked to tools
consideration of AV AV systems and model development
2.6Dedicated lanes fc | Report assessing the B 18 months | Dedicateclane facilities art
CV/AV operation analysis $500 K high probability early
adopters
2.7 Geometric desig Recommendations for roadw | 18 months | Mediumr
concepts for AV systems design modifications facilitating| $500 K
AV
2.8Cybersecurity Primer on cybersecurity issu | 12 months | Critical
implications of CV/AV | and needed agency actions $250 K
on state and local
operating agencies
2.9Workforce capability | State of the practice summze 18 months | Mediumr
strategies for state and | and recommendations for future $150 K
local agencies staffing
2.10Data manageme! | Recommendations for agen 24 months | Following CV pilot

strategies for CV/AV
applications

actions to maintain incoming ar
outgoing data

db500 K

deployments will enhance
the quality of the
recommendations




Planning | ssues

Three projects were identified in the area of tpamtation planning:

Project High Level Description of | Schedule/ | Urgency

Outcomes budget
3.1 Including Algorithms and tools for 36 months,| Very limited existing
consideration of AV modifying planning models;| $1.5 M tool set for predicting
systems in the regional | sample results impacts
planning process
3.2 Assessing Predictions of B/C impacts | 24 months,| Important for policy
transportation system | of CV/AV technology in $1.5M formulation, but
impacts of CV/AV various environments depends on new tools
3.3 Effects of AV/CV on| Algorithms and tools for 18 months,| Follow results of the
land use, travel demand, modifying land use and $1 M regional planning

and traffic impact model

stravel demand models;

sample results

model project

Modal Applications

Three projects were identified in the area of maghadlications:

Project High Level Description of | Schedule/ | Urgency
Outcomes budget

4.1 Impacts of transit Recommendations for 12 months,| Foundational to

system regulations and | changes to regulations to | $150 K facilitate AV transit

policies on AV/CV
technology introduction

encourage innovation

projects

4.2 AV/CV applications

Recommendations and plar

1 9 months,

Foundational to

for Long-haul freight of action to address $150 K facilitate AV freight
operations challenges projects

4.3 B/C analysis of AV | Analysis of AV transit 18 months,| High probability of AV
transit systems scenarios and comparative | $500 K transit systems in

assessment with traditional
transit systems

controlled
environments to be
near-term applications




Allocation of Potential Projectsto the Roadmap

We have made preliminary estimates for the durationng, and budget for each project as
shown in Figure 1.

Year 1 Year 2 Year 3 Year 4 Year 5
___INSTITUTIONS AND POLICY (S3000 K)
1.1 Motor Vehicle Codes $500K
1.2 Business models for CV-AV $750K
1.3 Poli cti 1
facitate implementation | 5500
1.4 Harmonizing state regulations for AV I $500K
N 1.5 Federal-state-local responsibilities I $250K
T D ] swsox

INFRASTRUCTURE DESIGN AND OPERATIONS ($7500 K)

2.1 Roadway infrastructure design | $750K

| 2.2 Tools for predicting trafficimpacts $3000K
2.3 Apps for
maintenance fleets $100K
2.4 Relationships of Cvand
AV $250K
2.5 Trafficcontrol strategies $1500K
2.6 Dedicated lanes for priority use of
CV/AV I $500K
I 2.7 Roadway geometricdesign $500K
2.8 Cybersecurity
implications $250K
2.9 Workforce capabilities l $150K
2.10 Data management strategies |$500 K
Year 1 Year 2 Year 3 Year 4 Year 5
3.1 Including AV in regional planning tools and p $1500
3.2A g transportation system impacts of AV, CV I $1500 K

I 3.3 Including AV in land use and demand models I $1000 K

MODAL APPLICATIONS ($S800 K)

4.1 Impacts of transit

regulationson AV $150 K
deployment
4.2 Long haul
freight $150 K
applications
4.3 B/C analysis of AV transit $500 K

Figure 1. Research projectsroadmap



Most projects do not have strong dependenciesatitérs, but some have dependencies on other
happenings such as the CV Pilot Deployments tleapanding starting in 2015. One notable
strong dependency is the development of simuldtiots for system planning and operations
(Projects 2.2 and 3.1) before impact analysis ategration of AV/CV into the long range
planning process and the economic assessments/éMdmpacts.

With some roughly linear allocation of task budgetshe duration of each project, the year-by-
year funds required appear as follows:

Year 1: $3.0M
Year 2: $4.0M
Year 3: $4.4 M
Year 4: $2.9M
Year 5: $1.0M
Total: $15.3 M

This assumes that projects can be funded incretheatech year to accomplish some
milestones. If all funds for projects startingaigiven year must be allocated at the project start
year, then the funds would have to be allocatefdlbsvs:

Year 1: $6.65 M
Year 2: $4.75 M
Year 3: $3.0M
Year 4: $0.9 M
Year 5: $0 M
Total: $15.3 M

Evaluation of optionsfor NCHRP project sponsorship

NCHRP has indicated in principle the willingness$uod up to $1 M of research per year for
five years, which is less than one-third of theoteses needed to fund the projects identified in
this Roadmap. The first year of this program isesiuled to be contracted in mid 2015 with an
initial allocation of $1 M. We could find no singbolution to selecting projects to fit within the
NCHRP 5-year, $5-million plan. The main challemgth identifying which projects could be
allocated to NCHRP is the contracting mechanisnascamtinuity of project teams. If NCHRP
pursued several of the research topics in yeartdifg just a portion of each scope of work, the
second and third years’ allocations of $1 M eachldaot be sufficient to finish all projects
started in year 1. For example, consider the aohlig potential action plan for year 1:

Fund tasks 1 and 2 of project 1.2 (business mofl&$250 K

Fund initial tasks of project 1.3 (policy actiorie) $250 K

Fund initial tasks of project 1.4 (state regulasipfor $125 K

Fund tasks 1 and 2 of project 2.2 (tools for assgsmpacts) for $250 K
Fund initial tasks of project 2.8 (cybersecurity) $125 K

arnNpE



Other priority projects in the Roadmap could beertaken by other agencies (USDOT or
pooled fund studies), or deferred. For examplke nlodal applications projects could be
submitted for TCRP funding.

The above initial allocation of projects coversaaisty of efforts, but requires $2.625 M of funds
in year 2 to continue these projects, not includiregadditional funds that will be needed to start
new projects (1.5, 2.1, 3.1, etc.). Based on tmracting mechanism, it would not be easy to
transfer a project from NCHRP support to USDOT thieo sponsorship without the delays
associated with re-competing or re-contractingN@HRP and associated agencies can resolve
these kinds of contracting issues, then it couldgasonable for the NCHRP program to fund the
initial efforts (literature review, summary of saif the practice, workshops with experts, etc.)
of major project tracks and have the subsequenysiaand implementation phases of these
projects funded by USDOT or others. However, & subsequent phases need to be re-
competed there will be serious inefficiencies fothbhsponsors and contractors.

Another approach could be for NCHRP to concenwatéhe small projects (less than $500K
each). These project budgets sum to $5 M, butatrevenly spaced across the five years of $1
M per year allocations. The larger projects cabkh be funded directly by DOT or by the
states through existing or new pooled fund studies.



Detailed Topic Descriptions

In this section, each of the twenty-three projéi¢sitified above are characterized in much more
detail. Each topic description follows a commone&yal outline:

1. Problem statement — what research problem needw teolved and why (why it's
important and what opportunities are enabled ifitsaes are addressed)

2. Research project task outline — what the reseaarh needs to do

3. Anticipated deliverable(s)

4. Resource estimate — person-months and calendahsar effort and rough dollar
estimates

5. Urgency/timing — is it needed right now or canatlater? Does it need to come before
or after some other project?

The topics have been grouped and numbered accdualihg following high-level categories:

1. Institutional and Policy Issues
2. Infrastructure Design and Operations
3. Planning Issues

4. Modal Applications (transit, trucking)

Each project title also indicates which issue nurf®)evere ranked highly by the project panel

and consolidated together to form the project detaon.



1. Institutional and Policy Issues

1.1 Implications of Automation for Motor Vehicle Codes (original 3.1.1, 3.2.2,
3.2.3)

Research Problem Statement:

Existing motor vehicle codes have been developsddan implicit assumptions about drivers
maintaining continuous involvement in the driviagh and continuous responsibility for
managing traffic safety hazards. Automated driv8ggtems significantly reduce the role of the
driver, which means that some of these codes wébrto be reconsidered. The incorporation of
driving behavior into in-vehicle software also geates pressure to harmonize the rules of the
road across jurisdictions so that manufacturerkbeilable to develop a single automated driving
system for use in all jurisdictions.

Task Outline:

This project should proceed from identificationeadsting laws and regulations that may need
reconsideration as CVs and AVs become more widsdy to focusing on specific
recommendations for how these codes should be edajagd how soon). Although the primary
focus should be on state laws and regulations, pkenof local statutes and regulations should
also be considered.

(1) Identify the aspects of existing motor vehicle e®dnd regulations that may need to be
modified when the role of the driver changes wité introduction of automated driving
capabilities. Consider also a broader range o$ ldnat extend beyond the motor vehicle
codes into other related domains. Examples areatag to include:

* Prohibitions on mobile device use because of distia

* DUI and open container of alcohol restrictions

* Prohibitions on leaving children alone in vehicles

* Requirements for how drivers exchange informatiber arashes

» Determining who has responsibility for post-crastiams when there is no driver
(unoccupied vehicle, freight vehicle, or automated with non-driving passengers)

» Determining who is charged with points for violatsoof traffic rules when the
vehicle is automated

» Allocating responsibility between users and mantiges when a vehicle is
reconfigured by its user to violate traffic lawsaaljust to local conventions or
common practices

» Setting requirements for managing and protectimgapy of event data recorder
(EDR) data

(2) Identify the laws and regulations that could patdiytbe rendered obsolescent or obsolete
through widespread use of connected vehicle teolgyolvith widespread exchange of real-
time data between vehicles and infrastructure aodt-office entities.

* Protection of personal privacy versus law enforagndesires for more information

(3) Develop recommendations, backed up with reasonfidie these types of laws and
regulations should be modified. Set prioritieswidrich modifications are needed urgently to



avoid delaying imminent deployment of CV and AVtgyss, and identify which are less

urgent but are likely to be needed at future staféise development of these technologies.
(4) Assess the advantages, disadvantages and pragtafdiarmonizing the approaches to these

types of laws and regulations across the courRigce this in the historical context of the

evolution of automotive emissions regulations attetoregulations that were initially

diverse but were eventually harmonized, and devedopmmendations for how such

harmonization could best be facilitated in the aafS€V and AV systems.

Deliverables:

Report identifying the types of laws and regulasitimat need to be reconsidered, with
recommendations for how they should be changeds Sfould include recommendations
regarding the feasibility of seeking national hanization in each area, with explanations of the
reasoning behind each recommendation.

Resources:
18 person months, with expertise in motor vehidees, transportation policy and current status
of AV regulations among the states. 18 month<00#6

Urgency:
This is urgently needed because it addresses ahe efrliest potential impediments to the

practical deployment of CV and AV systems, so ddt be started in the first year. The
answers to the questions raised in this projedtbeiineeded before private companies will be
able to justify heavy investments in deploying apeérating the systems.
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1.2 Business Models to Facilitate Deployment of Connected Vehicle
Infrastructure to Support Automated Vehicle Operations (original 1.3.6, 2.3.2,
4.3.3)

Research Problem Statement:

Connected vehicle technology will be essentialjgp®rt the operation of automated vehicles in
ways that will generate societal benefits rathanttisbenefits. Different jurisdictions will have
varying levels of interest in deploying CV infrastture, based on varying perceptions of the
benefits that they will gain from CV systems. Lied availability of the CV infrastructure will
seriously impede the ability of AVs to operate gvdrere and is likely to deter growth of the
market for AVs. How should this problem be addeesso provide policy frameworks and/or
business models that can facilitate widespreadogepnt of the needed CV infrastructure?

Task Ouitline:

This project needs to start from a basis of salialysis showing the importance of CV
technology to enable AV systems to produce sociegaéfits, and then explore how to deploy
the needed CV infrastructure.

(1) Review and summarize existing authoritative reseagsults to show the differences in
traffic flow dynamics (and hence congestion, energy and pollutant emissions) associated
with autonomous versus connected vehicle automaiistems at various levels of
automation. Based on these results, estimateetheifference in societal benefits of AV
implementation with and without CV capabilities fowariety of representative deployment
environments (large and small metropolitan regiamsycity corridors with different traffic
volumes...). Assess these separately for 12V and ¥@perative automation (for which the
infrastructure requirements are likely to be sufisadly different). For cases in which the
existing literature does not provide sufficientamhation about the differences, perform
additional modeling and simulation studies to pre®lefined estimates.

(2) Define how the requirements for CV systems to supp¥ operations could potentially be
more stringent than they would be for other ITSl@pgions, in ways such as:

- Limited tolerance of holes in communication coveradien driving from one
jurisdiction to the next

- Higher availability requirements based on safety mroductivity implications of the loss
of communications by the AV applications

- Need for additional data elements beyond the mimmequired BSM Part | data
elements that will be required for cooperativeisah warnings under NHTSA
regulations

- Enhanced cyber security needs.

Based on considerations such as these, identifgxtent to which AV usage could impact

the costs of deploying and/or operating the infragtire elements of both 12V and V2V

cooperative systems.

(3) Define potential business models for deploymenhefCV infrastructure needed to support
AV use of CV technology, accounting for public aggsensitivity about providing others
with access to their traffic signaling infrastruetu These could include:

- Combinations of designing, building, owning, opgrgt and maintaining the CV systems
by the public agencies themselves

11



- Franchising or contracting out to third parties

- Offering right-of-way access to third parties irceange for them providing the CV
infrastructure

- Other forms of public-private partnerships in whible AV industry or AV operators
would finance the CV infrastructure costs basetheir own direct benefits

- Relying on cellular infrastructure as availabléheatthan deploying DSRC, considering
the potential differences in communication capéibgiand system performance as well
as costs and responsibilities for the public agesci

(4) Based on the findings from the previous tasksebigvrecommendations for what actions

states should take regarding implementation of Ehand V2V connectivity infrastructure

to support AV operations, addressing topics such as

- Criteria states should use to prioritize locatitord2V and V2V CV infrastructure
deployment

- How the CV deployments should be financed (whatirt®ass models for what operating
environments) based on the levels of implementatamts and of societal benefits
relative to direct private user benefits.

Deliverables:
Report on study findings, with recommended guidsdifor decision makers to use in making
their investment and policy decisions.

Resources:

3 person-years of effort, with strong understan@ihGV and AV technology and applications
and their costs and benefits, combined with trartafion policy and finance knowledge. 18
months. $750 K

Urgency:
High urgency because of the need to make imminecisbns on the earliest CV infrastructure

deployments (initiate in first year).
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1.3 Identification of State and Local Policy Actions That Could Facilitate
Implementation of CV and AV Systems (original 1.1.2 and 1.2.1)

Research Problem Statement:

Connected and automated vehicle systems are b@digve societal benefits that are not
captured in market decision making about acquiaing operating systems based on private cost-
effectiveness considerations. State and localrgovents need to know what policy actions they
can take to stimulate the development of market€¥and AV systems so that the societal
externalities can be internalized in market deaisio

Task Outline:

This project should follow a basic flow from iddidation of impediments to market-based
deployment of CV and AV systems to identificatidrpossible policy actions to overcome those
impediments to prioritization of policy actions bdson their expected impact and feasibility:

(1) Identify the mismatches between societal benafitsindividual private actor benefits from
implementation of CV and AV systems, based on tiogept team’s knowledge of the
literature on CV and AV systems and interviews vii#ly experts and stakeholders.

(2) Identify a broad range of policy actions that statd/or local agencies could use to better
align the interests of private actors (individuatsl corporations on both the supplier and
user sides of the markets) with the broader pubterest in achieving benefits in traffic
safety, traffic congestion reduction, and savimgenergy and criteria pollutant emissions.
These are expected to include actions such as:

» Preferential access to HOV/HOT lanes (includingucedi toll rates)

» Tax and other financial incentives (waiving taxesrmcremental costs for AV systems or
subsidizing their purchase)

* Providing connected vehicle communication infrastice

* Improving road markings and signage

» Developing or facilitating technology incubatorstesting facilities

» Encouraging new forms of public-private partnership

* Sponsoring pilot testing or deployment programs

* Acquiring AVs for state fleet operations

» Changing laws regarding direct vehicle sales byufeturers versus sales only by
dealers.

(3) Assess each of the suggested policy actions fay poktical feasibility and likely impact on
market decisions that could accelerate deployme@Moand AV systems.

Deliverables:
Report with recommended policy actions and estismateéheir expected costs and impacts on
deployment of both CV and AV systems.

Resources:

2 person-years over one year, with expertise msprartation policy and in CV and AV
technology capabilities, costs and benefits. #600
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Urgency:
Near-term priority because of lead times needechpbement actions based on the

recommendations developed in this project and thgiortance as stimuli to deployment. This
should be during the first two years of the program

14



1.4 Harmonization of State Goals and Regulations (original 1.4.1)

Research Problem Statement:

States prize their independence and autonomy dad aflopt different policies and strategies to
deal with common issues. If the states adopt Bogmitly different approaches to CV and AV
deployment, it is likely to make it very difficulor these technologies to be implemented. It will
not be technically or economically viable for vdlaidevelopers to design their systems to
change their operations whenever they cross staitkets, so the deployment of the technology
will be stalled if the states are inconsistentamvithey decide to regulate them. It is going to be
important to determine how to forestall such a pobby bringing the interested states together
to seek agreement at some level on how to develgydations that are sufficiently harmonized
that they will not impede deployment of the teclugids.

Task Outline:

(1) Identify the full range of areas affecting CA akd deployment in which states have
current regulations or may develop regulationdanfuture. Consider at a minimum areas
such as:

- Restrictions on access to state infrastructurednystate organizations

- Rules on protection and sharing of data acquir@tyustate infrastructure or resources
(considering intellectual property and privacy ssu

- Rules for state participation in public-private tparships

- Motor vehicle registration rules

- Driver licensing rules

- Post-crash reporting rules

- Restrictions on driver behavior (use of mobile desj DUI and other alcohol and drug
related rules, specific rules of the road for iatding with other road users...)

- Implementation of national standards such as MUTCD

- Regulations specific to automated driving systestinig and/or public operation.

(2) Identify the primary areas in which states areaayeinconsistent in how they handle these
topic areas, with priority based on the potentigbact on national interoperability of CV and
AV systems. Contact key state government expertisa states that have been identified as
being inconsistent with each other and intervientrabout the reasons that their states have
chosen their respective approaches and about whkailjlities they see for flexibility in
changing their approaches.

(3) Based on the results of the interviews in (2),mefiecommendations for how to harmonize
regulations nationally and what those harmonizegdlegions should say, based on the
principle of ensuring the minimum level of regutetts needed to support national
consistency and safety. (This is a less strintgsttthan supporting national interoperability,
which would require much more detailed technicahdards. The goal here is to get out of
the way of the industry, assuming that the industny develop the standards for
interoperability as long as the states do not erezgulatory barriers to that interoperability.)

(4) Define the actions that should be taken to brimgtioer representatives of the administrative
and legislative branches of state governments fimout the country to seek agreement on
the appropriate level of regulations and the besitents of those regulations.
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Deliverables:

A compendium of the state regulatory issues thatine be considered to support national
deployment of CV and AV technology, together withagction plan for harmonizing those
regulations to a sufficient level that they willtrdeter industry from developing the CV and AV
products.

Resources:

This is expected to require about two labor yeéeffort over two years by people with a strong
background in state transportation regulationsaasadlid understanding of how those regulations
affect CV and AV technologies. $500 K

Urgency:
This project has a stronger flavor of defining pgland strategy than of research, but it

addresses an issue that may take a long timedtveeso it needs to be started as early as
possible. This is particularly challenging sinke states vary greatly in the level of attention
they have given to CV and AV deployment, yet natimie deployment is in some sense
constrained by the slowest state.
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1.5 Implications of CV and AV Technologies for Federal-State-Local
Boundaries of Responsibility (original 3.2.1)

Research Problem Statement:

The division of responsibilities among federaltestand local government entities has developed
over centuries of experience, but CV and AV techgws are likely to generate interest in
changing or blurring the definition of these boumels It is important to understand the
challenges and possibilities associated with p@kchanges of traditional boundaries so that the
easy-to-change ones can be distinguished fromateth-change ones, as well as understanding
which kinds of jurisdictional changes are likelyit® most needed to facilitate deployment of
CVs and AVs.

Task Outline:

Because the subject of jurisdictional boundariesragrievels of government is so broad, it will
be necessary to clearly focus from the start orcéitegories of jurisdictional boundary
definitions that are most directly relevant to QMl&AV deployment and operation. This project
work should include:

(1) Identify the areas in which CV and AV technologisnot clearly fit within the long-
established federal-state-local jurisdictional gatees. These are expected to include, for
CV systems:

- Planning, deployment and operation of infrastrusto@sed elements of cooperative
systems that are sufficiently uniform to suppotioreaal interoperability of the in-vehicle
elements;

- Implementation of the supporting functions for tteional CV infrastructure such as the
Security Credentials Management System (SCMS), wduie likely to need new
organizational structures;

- Implementation and operation of transportationastiructure systems whose life cycle
costs are dominated by O&M rather than capitals;asi that the bulk of the costs are not
covered by existing federal aid programs.

- NHTSA has raised the suggestion that their readldaextend into traffic signal control
systems if those are cooperating with in-vehicfetyeequipment (12V systems), which
could raise concerns on the part of state and Eganhcies that own the signal systems.

And for AV systems:

- States have already passed laws requiring thearttapnts of motor vehicles to develop
regulations that are typically NHTSA'’s responstlyilat the national level, since they
cover automated driving systems that are integetsf the vehicles.

- State responsibilities for regulating the operatad licensing of motor vehicles are
overlapping NHTSA responsibilities for regulatirigetsafety of new motor vehicles now
that software embedded in the vehicles is detengihbw those vehicles operate.

(2) Develop recommendations for how the current bouaedahould be adjusted or re-
interpreted to best support safe and economicahktipa of CV and AV systems:

a. What administrative actions should U.S. DOT takel&wify its responsibilities?

b. What administrative actions should the states tdtkeugh their coordinating
mechanisms in AASHTO, to clarify their own respduilgies relative to both federal
and local levels of government?
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c. What kind of legislation will be needed at fedeaati/or state levels to cover the
issues that cannot be handled through adminisgraittions?

d. What type of financial incentives may be usefuétzourage needed shifts in
responsibilities that may not be politically attige otherwise?

Deliverables:
Report documenting the topic areas in which bouedareed to be redefined or clarified, with
recommendations for the actions that should bentakéederal, state and local levels.

Resources:
One labor year, with expertise in transportatiolicggand government structure, as well as good
understanding of CV and AV applications. 18 montfi250 K

Urgency:
Moderately high (Years 2-3) — although some pragoes be made even before these questions

are answered, these questions need to be ansvgeagorarequisite to implementation of higher
levels of automation.
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1.6 Lessons Learned from Roll-Outs of Other Transportation Technologies
(original 1.3.8)

Research Problem Statement:

The implementation of CV and AV technology requicessideration of a wide range of
technical, economic, institutional and societal ptexities, beyond the issues that are normally
encountered in transportation projects. It willd@meficial for the decision makers who need to
grapple with these issues to be able to learn tharexperience of their predecessors who have
dealt with comparable issues in earlier roll-odtaew transportation technologies, including
both successes and failures. In this way, theylshbe able to identify prior models to follow
and traps to avoid.

Task Outline:

(1) Identify relevant prior transportation technolagyl-outs that could provide lessons for CV
and AV deployment efforts, considering in particutze public-private sector interactions
and the network externality challenges (lack ofdsis for first adopters before many more
decide to adopt the technology). The preferredngtas would be recent ones, but older
ones may also be able to shed light. Considen@henum examples such as:

- 5-1-1 Deployment Coalition

- Intelligent transportation systems in general

- NextGen air traffic control system update

- Interstate Highway System

- Electronic toll collection systems

- High-speed rail systems (in U.S. and other cousifoe contrasts).

(2) For each system, define successful and unsuccesgfatts of the introduction of the
technology in terms of: economic viability (costlabenefit sides), speed of implementation,
customer acceptance, impacts on transportatiormsygérformance and the economy in
general, and other relevant measures of effectssenExplain the reasons for these
successes and failures.

(3) Identify what lessons each of these prior exampdesteach us regarding implementation of
CV and AV technology, and synthesize these findings recommendations regarding “do’s
and don’ts” for CV and AV implementation.

Deliverables:
Report on the findings from this work, with recommdations for how to use these results to
make decisions about CV and AV implementation.

Resources:
One labor year of experienced experts who havegterm perspective on transportation
history, policy, operations and technologies. $B50

Urgency:
Medium urgency because of uncertainty about hoangtthe analogies will be between the

prior examples and the current decisions that teé&e made about CV and AV deployment.
This can wait for the fourth year of the program.

19



1.7 Lessons Learned from Safety Pilot and Connected Vehicle Pilot
Deployments

Research Problem Statement:

The Safety Pilot and upcoming Connected Vehiclet®eployments represent the first small
steps toward deployment of CV systems in the U.8e pioneering organizations that
implement these deployments are likely to learnyrlassons about CV technology and
institutional and other practical aspects of CVragiens. It will be beneficial for other
organizations around the country to learn frometgeriences of the pioneers so that they can
repeat their successes and avoid their mis-st€ppturing these experiences while they are still
fresh should also represent an opportunity forrogigencies to reduce their perceived risk in
proceeding with their own CV deployments.

Task Outline:

(1) Review the documentation of the Safety Pilot aMIRUlot projects, with particular
emphasis on the general lessons that could beedppliother locations (not peculiar to the
specific first deployment sites).

(2) Develop a questionnaire for the Safety Pilot andRildt project leaders, highlighting the
topics that are expected to be of interest to dtdealities considering similar CV
deployments, such as:

a. What were the biggest surprises you encountergdunproject?

b. What have been your biggest successes and failures?

c. If you were starting the project now, what wouldiydo differently from the way you
did it originally?

d. What is the most important advice you can givet@gency considering following in
your footsteps?

(3) Visit each of the pioneering deployment sites t@twath the leaders of these projects and
interview them about their experiences and thecadthiat they would offer to other agencies
that are considering their own CV deployment prigjec

(4) Document the results of this investigation and camhén outreach campaign to explain them
to a wide range of national stakeholders througtigyaation at key national and regional
meetings and write-ups for the most suitable tyaddications and online resources.

Deliverables:
Report on the findings from this work, includingti@ach to disseminate the information among
the stakeholder community.

Resources:
One labor year of experienced experts who havenaté knowledge of the connected vehicle
program and a good understanding of how transpamtaggencies operate. $250 K

Urgency:
Medium urgency, balancing the need for dissemigdtie information with the restriction that

meaningful data cannot be gathered until the fdehd of CV pilots have been operated for a
while.
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2. Infrastructure Design and Operations

2.1 Roadway infrastructure design considerations for operation of automated
vehicles (2.2, 2.2.1)

Problem Statement :

State and local agencies are responsible for degg@nd maintaining traffic control devices,
markings, and signs, and designing roads for gadeation of vehicular traffic. A long history
of research, development, and testing has ledrterustandards and practices for materials,
placement, and design of these roadway featurethanad itself. Due to a variety of outside
influences, maintenance of markings and contrad®isetimes challenging for agencies to
prioritize and fund. All agencies use similar dgsprinciples from the MUTCD and the
AASHTO “green book”, but no jurisdiction implementsad facilities in exactly the same way.
Active traffic control strategies include the tiaf§ignal, ramp meter, lane use display, and
variable speed display. Other active displays miigticate the status of oncoming light-rail
trains or preemption from public safety vehicl&&ew types of devices are constantly under
development, including a wide range of new and vative pedestrian crossing applications.
Displays are not placed in uniform locations, n@r they oriented the same way in each
jurisdiction (horizontal or vertical, and mast aversus span wire).

Currently, AV technologies are being developedhighway operation, and some private
developers are planning for allowing autopilot eys$ to be used in special applications in
closed campuses. Human drivers have good cagaciggdaptation in situations where markings
and guidance may be lacking and make real-time @mpferences about acceptable behaviors
even when they cannot consistently see the dispdaigh as when they might be obscured by a
large truck or a setting sun. Automated drivingtegns must be programmed in a variety of
ways (vision algorithms, databases/maps of markiogtions, allowable routes, etc.) to mimic
these human capabilities.

While standards do exist for marking and signsiethe still enough variability in allowable

types that it is likely to be challenging for AVenations. Road widths, curvature, ramp length,
and hundreds of other attributes vary from jurigditto jurisdiction. There is a need to
understand what types of signs, markings, and ds\ace currently “easy” for AV applications
and which are difficult and work to develop star$athat could assist both AV and human
drivers. For example, markings such as “QR cod&sy be intelligible to machines, but humans
can't read them at all. In addition, researchasded to identify any special markings or
devices and roadway designs that could enhance YA¥éfiplications in general but in particular
in work zones and emergency management areasre$éarch should identify any actions that
could reduce the need for periodic maintenancenprave operation in areas that are burdened
by freeze/thaw cycles or other effects that makmt@aance problematic.

Task Outline:

The research team will work with AV system develgpe summarize their current approaches
to handling traffic signs, signals, and devicegviBw of the literature on vehicle automation
will be useful in expanding the base understandirthe principles of AV operation. Current
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vendors of marking and signing materials will bgaged for their feedback on technology
enhancements and their vision for the upcomingsyefiproduct development. Existing
research and state-of-the-art in retro-reflectiaityl other innovations in signing and marking
and roadway design will be summarized. The rebeasowill review and summarize principles
and regulations from the MUTCD on signing and magkand the AASHTO “green book” to
identify areas where modifications to standardddabe beneficial to automated vehicles (and
regular drivers as well) and improve the consisgesfanarkings and signs and roadway features
across the states. The team will recommend assefigext steps in an action plan for testing the
recommended concepts in test facilities and onweald road systems. The recommendations
will include concepts for funding the replacemehsigns and improvements to markings
necessary for AV operation, and concepts for howtaaance of signs and markings and
roadway features can be improved (i.e. snow andgelremoval, detection of marking
deterioration, ramp curvature, intersection design)

Deliverables:

* Phase I: Summary of state-of-the-art and stat&@fpractice in marking /signing, and
geometric roadway design and relevant challenge&¥Yooperation

* Phase Il: Analysis and recommendations of nexisste

Resources:

Two and a half person-years, with a combinatioaxgfertise on current geometric design
practices, MUTCD, signage, road markings and autednaehicle sensor technologies. $750 K
over 18 calendar months.

Urgency:
Several dedicated test facilities for AV technoésgare currently being developed, although

most AV system developers are already testingahwerld environments. The foundational
research should probably start in year 1. Impleateon of the testing action plan developed in
Phase Il is recommended to follow in years 3-5gtlam availability of additional funding.
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2.2 Development of Tools to Predict the Impacts of CV and AV Systems on
Highway Operations (original topic 2.2.7)

Research Problem Statement:

Among the primary expected benefits of CV and Avhteology on the transportation system are
significant increases in traffic efficiency and aajty. Modest investments in the CV and AV
infrastructure could potentially substitute forgar investments in traditional methods of
increasing transportation system capacity. Trariapon engineers need to have new models
and tools that they can use to design their phlysi@astructure and traffic control systems to
take advantage of these opportunities.

Task Outline:

This project should start with identification oktlwvays in which CV and AV technology could
improve capacity and stability of traffic flows atiten proceed to the definition of the models to
guantify those benefits. The expected impactsimstructure and traffic control system design
should then be shown through case studies usirsg timodels.

(1) Identify the types of influences that CV and AXhaology are expected to have on traffic
flow capacity and stability, including but not lited to:

- Communication of variable speed limit values thakimize flow through a highway
bottleneck directly to the drivers (CV) or to tl/ICACC systems on the vehicles (AV).

- Communication of traffic signal phase and timing43) information to vehicles to
enable the drivers (CV) or the vehicles’ 12V CACgGtEms (AV) to drive at a speed that
minimizes stops and delays.

- Communication of vehicle state information amonbigkes to enable V2V CACC with
closer than normal coupling of vehicle motions (EAV)

- Communication of vehicle state information amonbigkes to facilitate merge and lane
change coordination to reduce the friction causetherging (CV +AV).

(2) For each of the types of influences on traffimiiieed in (1), define the type of traffic
modeling representation that will be needed toiptets effects on traffic flow capacity and
stability. This is likely to differ based on thge of system under consideration and whether
it is intended to be used on limited-access highlsaayon signalized arterials. For some
applications, macroscopic models may be appropnidide others are likely to require
microscopic models.

(3) Define the specifications for the models that nieelde developed, including which CV and
AV applications are to be represented and whichsomes of effectiveness are to be
predicted. This is likely to require developmehbwre than one model, considering the
differences between the methodologies that habe tpplied to predict microscopic traffic
impacts and macroscopic regional impacts. The hegzifications should be defined so
that the models can be used in complementary fash@that the outputs of the microscopic
model(s) can be used as inputs to the macroscapiel(s). At a minimum, the set of
models should be specified to predict effects tietent market penetrations of CV and AV
applications, individually and combined, on:

a. Traffic flow capacity, delays and travel times
b. Energy consumption and CO2 emissions

23



c. Emissions of criteria pollutants

(4) Determine the most effective way of coding andlengenting the needed models, based as
much as possible on use of existing transportatiodeling tools and then adjusting them
using APIs and software development kits to incoapothe new CV and AV elements.
Define how to realistically represent the effedtsltanges in vehicle-following dynamics, in
aerodynamic drag, in lane keeping performancetaslcrates, and in knowledge of the
actions of other vehicles associated with the C¥ AY systems (individually and in
combination) within the frameworks of the existiogls.

(5) Implement the new code and test it for a varietga@narios, including highway and urban
traffic in several representative environmentss part of the testing and verification
process, convene an independent panel of expertsitw the models and the model
predictions in detail and to give a peer reviewrapal before the models are used to make
predictions in support of deployment decisions.

(6) Conduct modeling case studies on representatiffec tn@tworks using the tools developed
in the earlier subtasks, showing the differencderbeeand after the CV/AV alternatives were
applied. Based on these results, define guideforgsredicting the CV/AV effects on traffic
under several representative scenarios.

Deliverables:

* Validated models of impacts that can be used bgrattsearchers and by public agencies
that are trying to make decisions about CV/AV dgpient and operation, implemented in
re-usable software.

» Documentation of the models needed to show thédfédw effects of CV/AV and
documentation of the calibration data.

» Documentation of the results of the case studiégh, ecommendations regarding their
significance for the modification of design guidels for roadway infrastructure and traffic
control systems.

Resources:

This is a substantial project that is likely tougq about 10 person-years of professional effort,
with a strong emphasis on microscopic traffic modgand in-depth understanding of the CV
and AV technologies to be able to model them adelyra It should take about two years. $3 M

Urgency:
This is urgent to provide the knowledge base tdkenmansportation infrastructure agencies to

prepare themselves for CV and AV impacts, so itede start as early as possible. It also
provides the tools needed to support other progath as 2.6.
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2.3 CV/AV Applications for State and Local Maintenance Vehicle Fleets (2.1.8)

Research Problem Statement:

Large state and local agencies have significartslef maintenance vehicles for equipment and
field infrastructure repairs, construction, snomaal, etc. Since these fleets are under the
direct control of the agency, they could be a vialeaesource for CV/AV concept testing and
benefits evaluation. Many agencies already use @Gf&ing for vehicle location. Some states
have already begun testing Level 1 AV devices.aAety of technologies have been tested to
aid vehicles that perform snow removal and saltiegion. Implementer agencies need
experiences from innovator agencies in applyingA¥applications to core agency functions.

Task Outline:

The research team will review the array of CV/A\pbgations and concepts and identify those
combinations that would be most applicable as aadkel for state and local agency
maintenance fleets. The team will review past@mgbing research in maintenance applications
and summarize the state of the art. The teamideiitify any gaps that need additional work for
applying AV/CV concepts to maintenance vehicle apien. The team will recommend a series
of next steps in an action plan for developmenplémentation and testing of the recommended
concepts in test facilities and on real-world regdtems.

Deliverables:
* Report on CV/AV applications for state and localmtenance fleet vehicles
» Plan for next steps to implement recommendations

Resources:
Five person-months, with expertise in highway nexiance activities and knowledge of the state
of the art on automation of maintenance functiofs00 K over 12 calendar months.

Urgency:
A fairly self-contained study that builds on exigtiknowledge, with no significant dependencies

on other work. Years 1-2, but could be moved laieaccommodate other areas of emphasis.
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2.4 Relationship Between Connected and Automated Vehicle Systems
(original 2.3.1, 2.3.3, 2.3.4, 2.3.5)

Research Problem Statement:

Both connected and automated vehicle systems ievauipping vehicles and the roadway
infrastructure with new technologies, and the densabout deployment of those technologies
need to be based on some degree of cooperatioedetive vehicle industry and the agencies
that own and operate the roadway infrastructuféde CV and AV interests are not yet fully
aligned with each other, despite the obvious syasigetween them. It is necessary to define
the relationship between CV and AV operations iffigent depth that these synergies can be
guantified clearly enough to be understood by decimakers (showing the transportation
system performance implications of CV without AW Avithout CV and combined CV and
AV). Considering the resource limitations of mpablic infrastructure agencies, this study also
needs to consider alternative models for implemertie infrastructure elements that will be
needed (through private business models and pphiiete partnership arrangements).

Task Ouitline:
This project requires consideration of a mixturg@ezhnical and policy issues, which are closely
intertwined in the relationship between CV and Aétems.

(1) Identify the requirements that AVs place on thepsirting CV technology and infrastructure
in general terms such as geographic coverage, cbondatency, bandwidth, and
availability compared to the requirements needesuifgport other CV applications. In
particular, if the AV operations are only anticipatin specific locations (individual
corridors, highways, or urban or campus settindsfine the CV infrastructure needed to
cover those locations. Begin with a baseline apsiam of 5.9 GHz DSRC, but consider
other possibilities if they appear to be capablmegting the requirements to support AV
services. Define how these communication capaslivill have to be provided (what
additional technologies) and estimate the costepfoyment and operation of the
communication system.

(2) Analyze the ability of 5.9 GHz to meet the AV reeaments if the spectrum needs to be
shared with general WiFi users. If this does mgtesar to be adequate, identify other
communication alternatives that could be used mhination with or in place of 5.9 GHz
DSRC to meet those needs, including advanced aetoimmunications and line-of-sign
infrared systems.

(3) Define a range of possible organizational framewdok deploying and operating the
communication infrastructure defined in (2) aboWeclude definition of the managerial and
financial responsibilities of the different kindsarganizations that could potentially be
involved, including state and local roadway infrasture agencies, private cellular network
operators, vehicle manufacturers, independent leefle=t owner/operators and other private
entities, including private consortia and publicspte partnerships. Define advantages and
disadvantages of each of the institutional altéveatand recommend which are suitable for
implementation.

(4) For the institutional models that appear to be leiatecommend how they should be
structured and how responsibility and authorityudtidoe divided among the public and
private sector organizations to promote efficieang equity. Identify any ways in which

26



this would be different for CV infrastructure thregeds to support AV operations and CV
infrastructure that does not need to support Avaipens, and recommend how those
differences should be accounted for in the businesdel that pays for development and
operation of the communication system.

Deliverables:

Report documenting the viable alternatives for mtimg CV support, including
recommendations for how the different kinds of stadder organizations should be interacting
to deploy and operate the CV communication system.

Resources:

One labor year of effort during a one year peribdesformance, based on a mixture of expertise
in wireless communication technologies applicableansportation, detailed knowledge of the
communication requirements to support CV and AVliappons, and understanding of the
institutional frameworks of the road transportatiodustry. $250 K

Urgency:
Medium-high urgency, based on the need to stardeimenting the CV infrastructure relatively

soon, while recognizing that the AV applicationdlté CV infrastructure are likely to be
implemented later than many other applicationsis $hould be in Year 2 or 3.
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2.5 Traffic Control Strategies with Consideration of Automated Vehicles (2.2.2)

Research Problem Statement:

There are more than 350,000 signalized interseximthe United States. Existing controllers
range from mechanical units to modern Advancedfitr@ontrollers (ATC). The majority of
these devices have a deployment life of approxiip&i@ years. This means that about 17,500
controllers are replaced annually and about 2,590 signals are added each year. To achieve
the US DOT vision of safe and efficient transpaoiasystems a new generation of traffic signal
control algorithms and controllers needs to be kger to support emerging technologies such
as automated vehicles. The USDOT Connected Vehilegram and associated V2X programs
in Japan and Europe provide the foundation forautions between traffic controllers and
vehicles. Much of the underlying technology, meggsg and associated functionality will
remain unchanged whether the vehicle is automatedd\en by a human. It can easily be
envisioned, however, that AVs provide additiongbayunities for synergy as well as challenges
to traffic control and system operation.

There have been some re-examinations of how trsiffical control can operate with specific
consideration of the information-rich environmentyded by Connected Vehicle capabilities,
such as the Connected Vehicle Pooled Fund StudyT®ydiemonstration projects by USDOT
at the Safety Pilot, and a variety of researcleading universities in the U.S. and abroad. Very
little of this research has made any distinctioasveen AVs and human-driven vehicles.
Automated shared-use (transit or taxi) vehicles begble to provide more comprehensive
routing or O-D information to the signal controltéan people would be willing to provide from
their private personal vehicles.

With detailed data on traffic delays, vehicle tcaggies, intended maneuvers, destinations,
break-downs, and other information coming from Ca&fety and operational efficiency
improvements can be incorporated directly intotth#ic control process. Automated vehicles
rely on sensor systems of various types to prothdanputs that human drivers acquire through
our eyes, ears, fingers, and bodies and syntheg@enformation. The human’s ability to fuse
information from multiple sources is unparallelgddomputer systems to date. Take for
example the challenge presented by four vehiclkegrag virtually simultaneously at a four-way
stop-controlled intersection. Human drivers negetihe travel order using a combination of
eye contact, hand signals, and vehicle movementadhk thereof), but automated vehicles will
be challenged to negotiate such situations. dwctems with pedestrians, cyclists, and permitted
left turns offer similar challenges for automatesicles that are negotiated relatively easily by
the human brain’s sophisticated “sensor-fusion’weee. There are likely many modifications
to the built environment that can facilitate be#&f performance in parking, searching for
parking, negotiating signalized intersections, dimmm areas, etc.

New traffic management strategies (in conjunctidtiwtersection designs, striping,
signalization, displays, communications, and otbehnological changes) may be able to
facilitate more rapid deployment of AVs by makingasier for automation systems to operate in
more diverse situations and locations. With theefies that AVs could offer, it is in our

national interest to begin to prepare our traffanagement systems and devices for automated
vehicles rather than to react to their widespreguayment after the fact.
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Task Outline:

The research will review the existing literaturel @ummarize the state of the art and identify
technologies that are currently in development ¢oatd be directly leveraged into test facilities.
The team will then develop a new concept of openatifor traffic control that considers the
special needs of AVs as well as the unique datafWa can contribute. It will be important to
consider control strategies that take advantageeofact that AVs will be phased in to the
vehicle fleet over time. The research team mugtlde and consider strategies that take
advantage of a range of penetration rates of AMsedlsas infrastructure systems. This should
include methods for operating individual intersect as well as operating coordinated corridor
and grid systems of traffic controllers.

The products of this advanced and exploratory rekeaill be traffic control strategies that
consider low-speed urban AVs and cooperating itrirature, evaluation results assessing the
performance impacts of the strategies utilizingroscopic traffic simulation models, and a
blueprint work plan for future deployment activétito apply the strategies in a field test bed and
cooperative agency-operator (e.g., perhaps ornvatprcampus). A work plan of research and
development activities to transform existing traffontrol hardware and software into
applications that make AV driving more reliabldj@ént, and safe should be included. The
methodology, algorithms, and software should berseged to be reusable by the majority of
current signal system providers at both the loondl@ntral levels.

Deliverables:

* Phase I: Summary of state of the art in traffintool algorithms that consider AV/CV
technologies

» Phase II: Concept of operations for AV-enabledaartraffic management strategies

* Phase Ill: Simulation results for implementatidm@nagement strategies

* Phase IV: Blueprint work-plan for future activgiéor field testing and implementation

Resources:

Four person-years at $1.5 M. Phases 1 and 2 $2BBases 3 and 4 ~$1.25 M, over a total of
36 calendar months.

Urgency:
Phases 1 and 2 can start in years 1-3. Phases8ae linked to other research in the roadmap.
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2.6 Dedicating Lanes for Priority or Exclusive Use by Connected and
Automated Vehicles (original 2.2.8)

Research Problem Statement:

Converting existing general-purpose highway lane®sdre restrictive access for use only by
certain vehicles or travelers has been politicafigcceptable ever since the disastrous initial
attempt to convert a lane of the Santa Monica Fagetlw HOV-only use forty years ago. Since
CV and AV systems can work much more effectivelgt provide much higher lane capacity
when the equipped vehicles are clustered in closemity to each other in the same lane, these
technologies provide new motivations to converekafrom general use to more specialized
uses. The issue of dedicated lanes needs to toeliext now in light of these developments, to
develop more authoritative estimates of the beqéiiit could be gained and of the
disadvantages to the general purpose road usersvatiid be excluded from those lanes.

Task Outline:

(1) Identify the categories of benefits and dis-berdhat could be experienced by the CV/AV
users of dedicated lanes and the rest of the reai who will continue to use the remaining
general purpose lanes and that therefore needfexctired into any analysis of impacts.
Consider factors such as the following and how thiybe distributed across the population
of road users:

- Travel time or average travel speed changes

- Traffic impacts of additional lane changes for v transitioning to and from the
dedicated lanes

- Traffic flow or speed stability

- Crash risk

- Energy consumption

- Perception of exclusivity or social justice biagy(éLexus lanes” argument)

(2) Define any enhancements that may be needed tovh&\0Omodeling framework developed
in Project 2.2 to estimate the scale of each ofdaetified benefits and dis-benefits and
incorporate them into an existing transportatiordelimg framework (such as a traffic
simulation tool).

(3) Identify diverse case study sites that would béulder estimating benefits and dis-benefits
by users and non-users. Select a sufficientlyrdesget of case study sites that the results of
the modeling work will be usable to define guideBrthat agencies can use to determine
whether their specific applications would meritdadedication. These should include
different levels of traffic congestion, network o@ctivity, availability of alternate routes
and modes, spacing of access/egress points, naftk,tand traffic patterns (core focused
versus dispersed).

(4) Apply the models to the selected case study sitdsaasess the benefits and dis-benefits over
a range of market penetrations of CV/AV technoltmgupport the determination of which
conditions are likely to produce a large enoughbeeiefit to support a decision to dedicate a
lane to CV/AV users.

(5) Identify the policy actions that need to be takesupport of lane dedication, for the cases in
which the benefits appear to exceed the costs.
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Deliverables:

Report describing the models and the results ofitbdeling exercise, showing the trends in
benefits to CV/AV users in the dedicated lanes @ossible dis-benefits to non-users as a
function of market penetration. Include guidelibased on these results, defining which
combinations of conditions appear to be amenabtkedication of lanes for CV/AV users and
what policy actions the affected agencies needle to make this feasible.

Resources:
2 labor-years of effort, based on use of modelngriy developed under other projects (such as
2.2). 18 months. $500 K

Urgency:
High urgency because of the potential for dedic&ads to provide the level of protection

needed to enable automation to produce early enkéfore the technology is sufficiently
mature to be able to operate safely under all coeudlitions. However, this cannot get far until
the underlying microscopic traffic modeling and slation tools are available, so it probably
needs to wait until Year 2 or 3 to start.
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2.7 Roadway Geometric Design Concepts for Operation of Automated Vehicles
(2.2.3, 2.2.6)

Research Problem Statement:

The thousands and thousands of miles of roadwags,390,000 signalized intersections, and
other traffic facilities have certain design pripleis, features, and characteristics that assume
human drivers, for better or worse. These assumgtave certain implications for vehicles that
are operated by AVs instead of people. AVs relyarnous sensor systems to provide artificial
stimuli equivalent to those human drivers acquiredgh our eyes, ears, fingers, and bodies and
synthesize into information. The human’s abilidyfase information from multiple sources is
unparalleled by computer systems to date.

Unlike people, AVs could be programmed to autonadiiidollow re-routed lanes without lane
markings, which would improve safety in work zonétowever, this would require that a high-
resolution digital map be developed, frequentlyatpd, and broadcast to the AVs and the AVs
would need to have highly accurate and dependalsi#igning systems to match their locations
to the map.

In addition, AVs could eventually become bettekegping in lanes, which can reduce the
necessary width, reclaiming street space for dgotis pedestrians (or more AVS) or fitting more
lanes within the existing highway pavements angcstires. On-street parking may need to be
relocated, pedestrian zones may need to be defineldshannelization and segregation of
automated and non-automated facilities may neée w@one.

New intersection and roadway designs and othent@ogical changes may be able to facilitate
more rapid deployment of AVs. Considering the pbt benefits that could be gained from
AVs, it is in our national interest to begin to page our built environment, devices, signage, and
so on before widespread deployment rather than thiéefact.

Task Outline:

The research team will consider a number of alter@aealities that include penetration of AVs
in urban centers, freeways, and arterial road systé/NVorkshops with roadway design and AV
system experts across North America will be heldrtss-pollinate ideas and ensure that
regional differences in design and implementatibroads are taken into consideration.

The research should characterize the key limitatafrexisting infrastructure systems and
facilities and identify considerations on roadwggtem design that will affect operation of AVs.
The research should assess cost and feasibilfciity designs assessed against the estimated
benefits, and principles of the AASHTO “green boakid other standard references for facility
design that may need to be modified in the coraéstgnificant penetration of AVs. Case
studies for re-design of existing facilities shobklconsidered for rural, urban, and suburban
facilities of local roads, signalized intersectipimserchanges, and freeway and tollway systems.
The research should assume that substantial &fgs may be put into service quickly to
provide specialized transit services in urban avdare the infrastructure has been suitably
modified.
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The research team will develop a guidebook of desansiderations and key considerations and
guidance for redesign of existing infrastructuraécommodate urban AV technologies that
require some infrastructure protection. A bluepwork plan for future deployment activities to
apply the strategies in several field test bedsesgmting the range of facilities experienced in
North American cities and regions will need to leseloped.

Deliverables:

» Assessment of current roadway design tools likeHighway Safety Manual and the
Highway Capacity Manual, along with tools like timeractive Highway Safety Design
Model (IHSDM)

» Four workshops on design principles for redesigfaaiities in the context of AV operations

» Synthesis of recommendations for redesign and itagacstandards

* Research roadmap for future work to design andpi@stiples in real-world scenarios

Resources:
Two-and-a —half person years, with expertise ivwey design and AV sensing and vehicle
maneuvering capabilities. $500 K over 18 calemdanths.

Urgency:
The workshops will help raise awareness of issad¢isa community; could be recommended as

a Year 1-2 activity, or could follow research igrsage, striping and other implementation of
test-beds to gain some experience with what wankisrghat doesn't.
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2.8 Cybersecurity Implications of CV/AV Technologies on State and Local
Operating Agencies (1.2.4)

Research Problem Statement:

CV technologies and applications have significaausity requirements, not only for the
applications themselves, but also as potentialsscpeints that could enable attackers to get
inside an agency’s broader network and operati@adety-critical messaging between vehicles
and infrastructure (and vice-versa) needs to lsedias being from a valid source and not
spoofed by a hacker or malevolent agency. Thesersgcurity requirements and technologies
exceed the experience levels of most current DQill@al agency staff responsible for
intelligent transportation equipment, as well asigenore complex than most existing security
schemes for commonly used services, such as dmdinking. Agencies need to understand the
implications of these technologies on the desigiheir communications networks, networking
equipment configuration, field device security, aperations best practices. AV technologies
have similar vulnerabilities to hacking that cotdgdult in liability and public safety exposure to
public agency owner/operators. While a proof afaapt for SCMS has been demonstrated in
the Safety Pilot and will be further evaluatedhie DOT CV pilot deployment programs, the
ultimate scalability of the security approach(eg) still need to be determined as the market
penetration levels increase dramatically. The 0blBASHTO and state and local agencies in
the development of security standards and cettidicdor AV/CV operation in a locality needs
to be clearly identified.

Task Outline:

The research team will develop a primer on cybersgcand related privacy issues in state
DOT and local agency environments, based on experigained in other domains where
security and privacy issues are currently beingagead (such as financial services). The report
will focus initially on recommendations for besaptices on a general level and then describe
techniques that will support the agency in planrioarghe security environment and practices
necessary for safety-critical CV applications, uathg the SCMS. The primer will provide
recommendations for best practices and explordekielopment of standard requirements and
testing and certification protocols for protectthe liability and burden of the protection of
public safety for agencies when CV/AV technologies in widespread deployment.

Deliverables:

» Phase I: Report on cybersecurity standards artdpbsstices for CV applications

* Phase II: Analysis and recommendations on thealdfASHTO and state and local
agencies in the development of cyber-security stededand privacy protections for AV
systems

Resources:
Six person-months, with expertise on cyber-secumityeneral and the cyber-security issues for
CV systems in particular. $250 K over twelve cdEnmonths.

Urgency:
There was strong interest in starting this durhmgfirst year so that the visibility of the secwrit

issues can be raised in time to influence workhenupcoming CV pilot deployments.
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2.9 Workforce Capability Strategies for State and Local Agencies in
Anticipation of Widespread Deployment of CV/AV Technologies (1.3.1, 1.3.9)

Problem Statement :

As intelligent transportation systems have becoraeerand more commonplace over the last
twenty years, state and local agencies resporfsibteansportation management and operations
have typically developed a limited number of stafponsible for technology programs. With
CV/AV technologies on the near horizon, operatiggrecies will have even higher demands for
staff with technology experience, education, aathing. This need will likely only increase as
the market penetration level of the CV/AV techniésgncreases. Staff will be needed to make
intelligent decisions on procurement, operatiorts management practices with respect to
CVI/AV systems. Duties of staff in certain role€Bas transit vehicle drivers or snowplow
operators will also become more technology-oriemiethe lower-level driving function is
phased out. Guidance is needed for agency deaisakers to transform their agencies into
technology-savvy organizations that can attraggh-fuality workforce.

Task Outline:

The research team will review existing literatuskated to long-term staff planning for DOTs
and local operating agencies. The team will thenrmearize the current state-of-the-practice for
agency staffing, program makeup, and training wegpect to technology that is relevant to
CV/AV systems at local, regional, and state levdlkis initial step will likely involve some
workshops with representatives of agencies thaiha@vators, implementers, and followers.
Several organizational examples would then be tseatentify strategies that an agency might
implement to continually improve their readinesstfee future world of automation. The report
will provide recommended action plans and nextstepagencies.

Deliverables:
» Phase I: State of the practice summary white paper
* Phase II: Analysis and recommendations on workf@tanning

Resources:
Six person-months, with expertise on transportatiorkforce issues. $150 K over 18 calendar
months.

Urgency:
Almost all public agencies can’t “turn on a dimeidatheir makeup and organization evolve

slowly. This project is not necessary to respanttiay one” applications. This task can run in
parallel with several other efforts. Year 3-5.
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2.10 State and Local Agency Data Management Strategies for CV/AV
Applications (1.3.10, 2.1.1, 2.2.4)

Research Problem Statement:

As owners and operators of transportation infrastme, state and local agencies maintain
databases of relevant information. Currently, thedudes crash records, design “as built” plan
sets, traffic signal timing parameters, construcsohedules, and many more. CV/AV
applications need certain information about tharemment and infrastructure in a variety of
time scales. Signal timing status is obviouslydegkin real time, traffic sign placements might
be updated daily, and the next month’s construgtimjects might be updated weekly. Some
AV developers are currently storing detailed digs& maps for reference during automated
driving. Perhaps such an asset of a public ageocld be valuable to many applications, but
this requires maintenance. Some agencies proeitksa to various sets of information
electronically, others are available through resortjuests, and yet others are not available at
all. Agencies vary widely in their ability to priole access to certain information now and in the
future. There is a need to identify the informatibat is necessary for agencies to maintain to
enable and enhance CV/AV applications, developdstahformats and standard systems where
they would be helpful and do not already exist, pravide guidance for agencies on how to
implement strategies for updating, maintaining, disgeminating the information.

Similarly, a variety of information about travelratitions can be collected by CV/AV enabled
vehicles and can be shared with agencies to entltheiceperations. Agencies currently
struggle to collect good information about origiestination flows, traffic volumes, travel
delays, pavement surface quality, crash and anolmedyion, and location of work zones,
among others. There is a need to identify starsdfardcollection of this information, how it is
communicated to agencies, stored, maintained, agdand eventually used to enhance
transportation planning, operations and maintenance

The Safety Pilot Model Deployment and the upconadditional CV pilot deployments will
continue to contribute valuable information on tlesign and implementation of management
systems for dissemination of agency-owned datarsgestion of CV/AV generated information
for agency operations. The scalability of thess#teays needs to be estimated in this research as
the penetration level of CV/AV technology advanfresn several thousand vehicles to several
millions. Similarly, each CV pilot deployment wihly deploy a small subset of the 50+
envisioned applications. Scalability of the backlsystem to eventually accommodate up to 50
applications will also need to be explored in tieisearch.

Task Outline:

The research team will summarize CV and AV apphces that require information from public
agencies at various time scales and develop reconedestrategies for agencies to update,
maintain, and make this information available to/&V applications. The research team will
review previous work such as the connected velpiotded fund study report on impacts of CV
data on TMCs. Similarly, the research team will muanze CV and AV applications that can
provide important information to public agencievatious time scales and develop
recommended strategies for agencies to ingesg atat use this data. Scenarios for typical
agencies at state, regional, and local levelsheilleveloped as examples for data management
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recommendations. A public sector task force welldstablished to provide feedback on project
direction. The team will review existing standarismats, and commonly used technologies
and develop recommendations for harmonizing stalsdaleveloping dissemination and data
collection systems or approaches, and approachmeaitdaining the information that is
disseminated and using the data that is collectedttime. Maintenance of the information over
time is the critical component of the research thiedrecommendations. This project should also
identify data availability policies and methodsatidress privacy and security concerns while not
compromising the value of the information collectexin CV/AV enabled vehicles.

Deliverables:

* Phase I: White paper on state of the art in digsation of agency information to the public
and collection of information from AV/CV vehicles

* Phase Il: Analysis and recommendations of dataagrament strategies to meet typical
agency needs

Resources:
Two person-years, with expertise on transportadigency data management and CV data
categories. $500 K over 24 calendar months.

Urgency:
This project can and probably should follow the iempentation of a few of the CV pilots and

some AV application pilot projects at innovator ages to see what worked and what needs
revision for deployment at implementer agenciebis project would be a good candidate to
coincide with the establishment of the CV deployhwalition. Year 4-5.

37



3 Planning Issues

3.1 Including Consideration of AV Systems in the Regional Transportation
Planning Process and Tools (4.1.1, 4.1.5, 4.1.6)

Research Problem Statement:

Each potential future reality will need to be calesed in long-range transportation plans.
Freeway, arterial, and dense urban environmentsalvbe affected by the advent of automated
driving systems. In this vein, there is an urgeged for transportation planners to develop long-
range transportation planning tools that take aatechvehicle systems into consideration.

Existing regional planning and traffic assignmemtd@ls (whether dynamic or static) assume
that each person travels from place to place eitberg a personal vehicle or on a transit system.
If a personal vehicle is used, the vehicle is agzlita remain parked at the destination until the
traveler returns to the origin or begins a jourteetheir next destination (in “activity-based”
variants of transportation planning models). Eually, Level 5 fully-automated vehicles could
offer additional options for vehicle ownership asgkration, as they might be offered as a taxi-
like service that would make other trips during dag. Millennials and future generations that
have grown up with social networking technologiesshowing markedly less interest in vehicle
ownership, as they can remain connected to theimds and colleagues without physically being
present.

In addition, AVs hold promise for increasing thgaeity of existing transportation facilities if
they rely on CV technology. By reducing the heagsMaetween vehicles and using
communications to coordinate their behaviors, iases in highway capacity can be realized.
Over time as the vehicle fleet approaches 100%naation, there is a potential to double
current-day highway maximum throughput levels. @érdination of AVs can eliminate the
traffic shock waves that travelers experience &xp“and go” driving.

Existing regional planning models in almost evergairnation predict that traffic will continue to
rise as the population of an area rises. Whihlitlikely continue to be true thatavel
necessarily rises as there are more people iniawag the long term AVs may result in
markedly lesgraffic if they can make shared-ride transit modes sicguifily more attractive.
Millennials are already demonstrating the appédtitesuch with car-sharing services ranging
from loaning their personal vehicles to othershtared-ride taxis. Roughly 70% of the cost of
taxi services is devoted to the salary of the hudrarer; when this cost is removed through full
automation, it stands to reason that such serwde8ourish.

Both increases in capacity and changes to trabeleavior due to automated vehicles need to be
considered in long-range planning tools and pragessnce we currently make major
investment decisions encompassing billions of dsltd infrastructure based on travel demand
predictions 30 years into the future. With CV tealogy likely to be mandated and intermediate
levels of automation emerging within the next degadfrastructure investments in transit lines,
high-speed rail, and highway capacity improvemshtasuld be reassessed based on modeling of
the likely impacts of CV/AV systems. Different ggof investments may have higher societal
payoff, such as re-design of urban centers or gpestof intermodal facilities. In the longer

38



term, the need for parking facilities and theirdbens may be changed significantly. These
changes to land-use and urban planning tools a@edeso that alternative future realities with
automated vehicle services can be studied in a rgmpsive manner. Considering the potential
benefits to be gained from AVs, it is in our nadbimterest to provide suitable tools and
modeling systems that can assess the cost-beheétious types of capacity and design
changes.

Task Overview:

The research will identify the necessary componehtise transportation network modeling
process (on both the demand and supply sideshéwat to change. The research team will form
and engage an expert panel from transportatiompignmodeling, and traveler behavior
science. Sister processes including activity-basedeling, dynamic traffic assignment, and
similar planning tools for inherently multi-modalstems will also need to reflect the influx of
automated systems. Modeling theories will nedoketaleveloped and implemented in prototype,
open-source tools that can be re-used by othergaarporated into existing commercial and
publicly available systems. The research shouddtattierize the key changes to each component
of the transportation network modeling processemimine a number of potential alternative
realities for several test locations. For examigsts might include predictions in several of the
nation’s major MPOs with different characteristicgluding:

» Dense urban (e.g. Washington, D.C.)

» Sprawling suburban (e.g., Phoenix, AZ)
* Interurban (e.g. Dallas-Fort Worth, TX)
* Coastal (e.g.Los Angeles, CA)

* Low density (e.g., Boise, ID)

The research should identify how trade-off studigig the new tools will provide cost-benefit
comparisons among different technological levelaudbmation, market penetration rates, and
facility re-design. The research should assumesiliastantial fleets of AVs may be put into
service quickly to provide specialized transit §8#% in urban areas where the infrastructure has
been suitably modified.

The products of this research will be theories @gdrithms for considering AVs in the planning
process, open-source software and tools for penfgranalysis, and the results from the
example case studies. A blueprint work plan fourfe enhancements and opportunities for
future collaboration among academia and transpont@ianners will be provided. Key
guidance for MPOs and other planning organizatiiisoe developed.

Deliverables:

» Synthesis of current state of the art in transpiorglanning and limitations for modeling
AV systems

* Primer on relevant issues of automation for plasiner

* Methodology for incorporating AVs into existing iemr developing new tools as necessary

» Algorithms for planning and software implementatadriools

» Application results of tools on typical design saeos

* Roadmap of future work and key additional resegopits
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Resources:
Five person years. $1.5 M over 24-36 calendar hsont

Urgency:
Since this addresses long-term issues rather tlesemt-day decisions, it can be started after the

initial cluster of highest priority projects (Ye2ror 3).
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3.2 Assessing the Transportation System Impacts of CV and AV Systems
(original 2.4.3, 4.1.3, 4.1.4, 4.3.1, 4.3.2, 1.1.3)

Research Problem Statement:

Traditional transportation system design and plagmiodels are not well equipped to assess the
effects that CV and AV systems will have on tramiggt@mn system operations, particularly in
terms of traffic congestion, energy consumption amissions. Representation of these effects
requires enhancements to the existing models aefutapplication of the models to make sure
that the effects of each technology are represeptdistically and not over- or under-counted.
These effects are strongly dependent on the mpekettration of equipped vehicles and
infrastructure, so modeling of the impacts alsaneg sensible predictions of the rate of growth
of each market penetration and of the strategiscn be used to influence the distribution of
equipped vehicles so that their drivers can bentizeged to operate them in close proximity to
their peers, to the extent possible on the samtéopsrof the roadway network. The strong
interactions between the CV and AV technologies aked to be modeled accurately to
represent the important distinctions between C\{oAV-only and combined CV and AV
operations.

Although the underlying models of transportatiostsyn impacts of the CV/AV applications

will be developed under other projects (2.1), prigject needs to make judicious choices of the
input parameters to use in these models, accoufairgignificant uncertainties in the
performance, timing, and market penetration gravftautomation systems. Applying these
models judiciously requires investment of substdmifort, but the knowledge gained from
doing this work will provide essential inputs foméde range of policy decisions that need to be
made regarding support for deployment of systems.

Task Outline:

(1) Convene an expert panel to produce predictionsalfstic ranges of the most uncertain
parameters that will need to be chosen as inputsiémy model runs (because they cannot
be modeled directly), specifically of the markehegation growth rates of CV systems and
of each level of AV systems and of the safety inipé#ttat should be expected at each of
these market penetration levels (individually am@embination).

(2) Apply the verified models to make predictions daf firimary traffic, energy and
environmental impacts of the CV and AV systems aliemext 40 years in key
representative scenarios. Choose which uncertaampeters to study using sensitivity
studies over a range of credible parameter val@@nduct each assessment assuming both
autonomous and cooperative automation systemsasthth differences in impacts associated
with cooperation can be understood as clearly asiple.

(3) Based on the results of model predictions, regdaast on the following considerations:

* Do the CV, AV or combined CV/AV systems producefisigntly credible reductions in
energy use or emissions that vehicles equippedthétbe systems could be given credit
for these in a regulatory framework such as meetatgnal vehicle standards or for a
cap-and-trade system?
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» Are the benefits to traffic flow and delay reductior the CV, AV or combined CV/AV
systems sufficient to justify substantial publieagy investments in their deployment
and/or operation?

* How large are the additional benefits from conn@etetomation compared to
automation without connectivity (autonomous autoom®

Deliverables:

» Example results from use of the validated modeds ¢an help decision makers in general
assign priorities for their support of various Cvéor AV applications.

* Recommendations regarding giving credit toward gynand/or emissions goals for CV
and/or AV applications in meeting regulatory requients.

Resources:
This is a large and challenging effort that is Ik require on the order of four to six labor
years of effort during a period of two years. 35

Urgency:
High urgency to get started as early as possilide tfe modeling tools are developed in Projects

2.2 and 3.1, since the results will be needed hbyynstakeholders to support rational decisions
about CV and AV deployment. It should thereforelyably start in Year 3.
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3.3 Effects of AV Systems and Technologies on Land Use, Travel Demand, and
Traffic Impact Models (4.2, 4.2.1,4.2.2,4.2.3,4.2.4, 4.2.5, 4.2.6, 4.2.7, 4.2.8,
4.2.9)

Research Problem Statement:

Existing regional land use and travel demand moastsime that each person travels from place
to place either using a personal vehicle or omasit system based on a motivation such as
going to work. Their choice of domicile is baseddemographic factors, personal preferences,
and their value of time. Fully automated vehid&gr additional options for vehicle ownership
and operation as they might be offered as a th&idervice that would make other trips during
the day. Seniors and young children will findaseer to travel, potentially increasing VMT
substantially. By presenting drivers today witlliidnal options for their attention during

travel, urban sprawl might accelerate. The neegdoking and parking facilities could drop, or
parking facilities can be relocated or re-imaginé&gisting regional planning models in almost
every incarnation predict that traffic will contiato rise as the population of an area rises and
travel rates are predicted by the type of land useassociation with developments in regional
planning models, higher-level land use and urbadetsowill need to be modified as value of
time and human behaviors change when AVs that eétregdriving experience substantially
(SAE Level 3 or above) are commonplace. Diffetgpes of investments may have higher
societal payoff, such as re-design of urban cemtengw types of intermodal facilities. Real-
estate developers will begin incorporating featdioe\Vs that could change growth patterns.
Traffic impact studies will change since existing generation rates and formulas will no longer
be valid.

Task Overview:

The research team will summarize existing litem@md document the current state of the art in
land use and urban planning models. The reseaittcid@ntify the necessary components of
land-use models that need to be modified to congifetechnologies. The research team will
form and engage an expert panel from land use dyahplanning. Modeling theories will be
developed and implemented in prototype, open-sdos that can be re-used by others and
incorporated into existing commercial and publialsailable land use and urban planning
modeling systems. The research should charactéezikey changes to each component of the
land use and locational selection modeling proaesisexamine a number of potential alternative
realities for several test locations. For exami@sts could include predictions in several of the
nation’s major MPOs with different characteristicsluding:

» Dense urban (e.g. Washington, D.C.)

» Sprawling suburban (e.g., Phoenix, AZ)
* Interurban (e.g. Dallas-Fort Worth, TX)
* Coastal (e.g. Los Angeles, CA)

* Low density (e.g., Boise, ID)

The research should identify how trade-off studigig the new tools will provide cost-benefit
comparisons among different technological levelaudbmation, market penetration rates, and
facility re-design. The research should assumestliastantial fleets of AVs may be put into
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service quickly to provide specialized transit &8 in urban areas where the infrastructure has
been suitably modified.

The products of this research will be theories @gdrithms for considering AVs in the land-use
planning process, open-source software and toolgeidorming analysis, and the results from
the example case studies. A blueprint work plarfdture enhancements and opportunities for
future collaboration among academia and transpont@aianners will be provided. Key
guidance for MPOs and other planning organizatiitidoe developed.

Deliverables:

» Synthesis of current state of the art in land-uaarpng and limitations for modeling AV
systems

* Primer on relevant impacts of automation for lasd and urban planners

* Methodology for incorporating AVs into existing le@r developing new tools as necessary

» Algorithms for planning and software implementatadrtools

* Roadmap of future work and key additional resesopits

Resources:
Three person years. $1 M over 18 calendar months.

Urgency:
This project should follow the substantial commatof the project on modifications to

macroscopic and mesoscopic regional transportatimshels to include representation of AV
systems, which would put it into Year 4.
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4 Modal Applications

4.1 Impacts of Transit System Regulations and Policies on CV/AV technology
introduction (1.1.4, 2.2.11, 4.1.2)

Research Problem Statement:

CV/AV technologies offer potential benefits to impe safety and increase efficiency of transit
systems for owners and operators. Closed, fixedegay transit systems could be re-imagined
as lower cost services with rubber-tire vehicles thperate with less infrastructure protection.

In addition, AV systems will impact transit sengda qualitative ways. First- and last-mile AV
services to bring riders to line-haul modes coudaificantly increase ridership. Dynamic taxi-
like services could improve coverage of transivieerto rural and suburban areas, however,
relatively few state DOTs have significant involvemh or influence over transit systems and
there are many issues associated with transit bpesathat DOT and local agency staff need to
better understand as CV/AV applications emerga. ekample, extensive regulations and rules
govern the operating parameters and characterddticansit systems, some of which may be
incompatible with CV and/or AV technologies, sushpaovisions to avoid elimination of current
jobs regardless of the potential to create new. jdli®e role of the driver will need to change,
which will require significant coordination withbar unions. New procedures for certification
of the safety of automated transit systems thahateonfined to fixed guideways may be
needed and insurance models for transit operataysn@ed adjustment. These issues need to be
better understood and next steps identified to lenaiolespread adoption of CV/AV
technologies in transit systems.

Task Outline:

The research team will develop a primer on theleggry and policy landscape of transit system
planning, development, funding, and operationsideditify the pain points or areas where any
policy changes are necessary to accommodate (btafi@) deployment of different types of
CVI/AV technologies. In particular, this projectosttd explore how the existing procedures for
certifying and testing fixed-guideway transit sysgecan be modified to apply to CV and AV
systems that are not confined to fixed guidewalse team will then develop and deliver a set
of recommendations and a plan of future work fqustthg the current regulatory and policy
landscape of transit safety regulation.

Deliverables:

* Phase I: Report on existing transit regulatorygydébperational environments and
challenges for CV/AV technologies

» Phase Il: Recommendations and plan of actionddressing the challenges

Resources:
Six person-months, $150 K over 12 calendar months.

Urgency:
Since this work is foundational for understandinykthat needs to be done to facilitate CV/AV

deployment in transit, it is a first year task. p€rs in transit regulations and policies and fixed
guideway system safety requirements are necessatlyi$ study.
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4.2 Critical Next Steps for AV/CV Applications in Long-Haul Freight
Operations (1.1.5, 2.1.2, 2.2.5)

Research Problem Statement:

CV/AV technologies offer potential benefits to irope safety and increase efficiency of freight
and goods movement in North America. The freigdustry is extremely important to the
economic vitality of our nation. Trucking is a@tg component of this, as over 70% of all
freight is carried by truck at some stage in thepdyichain. The trucking industry faces critical
challenges in maintaining adequate workforce. AWt€chnologies could be useful to fill in the
unmet needs with automated resources, raise thes stha career in trucking, and reduce the
workload of the driver in long-haul (and other) cg®ns.

Truck parking and rest areas are currently straeédigilocated to align with hours-of-service
limitations. If hours-of-service were modified digceAV systems, national planning for rest
areas and en-route facilities could be modifieduck platooning is commonly identified as a
near term application, but to make that a realiym ety of platooning protocols and procedures
need to be defined and verified. Automated drayagkeautomated docking are frequently noted
as highly desirable by the trucking industry. Tagulatory, policy, and technical aspects of AV
technologies on the trucking and freight operatiodsistry need to be evaluated and
recommendations developed for state DOT and lagat@es that are involved with freight
operations.

Task Outline:

The research team will review existing literatunel @evelop a list of key issues and challenges
in the regulatory, policy, and operations landsaaipfeeight system operations and identify the
pain points or areas where policy and operatiaiagegfy changes are necessary to accommodate
(or facilitate) CV/AV deployment. In particularuck platooning concepts should be explored
and a list of near-term actions should be develdpeshswer the key research and policy
guestions.

Deliverables:

* Phase I: Report on existing freight regulatoryipgbperational environments and
challenges for CV/AV technologies

* Phase Il: Recommendations and plan of actionddressing the challenges

Resources:
Six person-months, with expertise in trucking ofierss and regulations and automation
technology, $150 K over six to nine calendar months

Urgency:
Since this work is foundational for understandingher work that needs to be done to facilitate

CV/AV deployment in freight, it is a Year 1 task.
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4.3 Benefit/Cost Analysis of Automated Transit System Concepts (1.1.4,
2.2.11,4.1.2)

Research Problem Statement:

AV technologies offer potential to significantly jrove efficiency of service for transit users.
Automated systems could provide last-mile/firstantiype service or various concepts for
circulation around activity centers. PRT and GRStesms that have been considered to be more
efficient transit systems rely on dedicated guidewérastructure that has resulted in
unimpressive B/C estimates. Such systems coutd-bmagined as rubber-tire technology for
extensive point-to-point transit service systemsess protected infrastructure and deployed in
the foreseeable future. Limited research is ctiyevailable that evaluates the impact of such
services on small, medium, and large-scale impl¢émtieon. This research will estimate the B/C
performance of several types of automated transitepts and compare their performance to
future investments in traditional transit technaésg(Light rail, BRT, heavy rail, etc.).

Task Outline:

The research team will first summarize the stathefart in transit automation, including the
long history of PRT/GRT concepts and their evolutiwith a focus on such transit systems’
performance from a benefit/cost perspective. Baentwill then identify feasible automated
transit concepts for demand-responsive transd, firile/last mile transit access systems, and line
haul transit systems with partial automation (latguidance, precision docking, automated
platooning), evaluate their effectiveness, andveste likely B/C performance. Simulation
scenarios should be developed that can illustret@érformance efficiencies at several levels of
deployment such as local, downtown circulatorsiomg (enhanced service to rural or suburban
areas underserved by current transit), and medarag Incremental levels of automation
should also be considered where operators (ordouwest service agents”) are still present in each
vehicle. The assessment will identify where auteahdransit systems are a best fit for
improving mobility and level of service to tranpétrons. The team will then summarize the
findings and recommendations for the best plarcbba towards implementation of pilot

projects to demonstrate feasibility of the moseetilve concepts from a B/C perspective.

Deliverables:
* Phase I: Deployment concept scenarios
* Phase Il: Analysis results and conclusions

Resources:
Two person-years, with expertise in transit operetj benefit-cost assessment and automation
technologies, $500 K over 18 calendar months.

Urgency:
This work could be pursued in parallel with thesash on policy impacts, or could follow the

completion of the transit policy study. Year 12ailask. Automated transit systems in controlled
environments such as campuses represent potdontiahanging fruit” for AV progress such as
demonstrated by the CityMobil2 project in Europe.
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