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NGCAV brings together a strong and diverse team of NCAT, NCSU, and UNCC to
conduct an innovative, cuttingdge, synergistic, interdisciplinary research on
connected autonomous vehicles which will prompt revolutionary transformations
In the transportation systems by providing increased capacity, reliability,
affordability, and sustainability.
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- Thrust 1 investigates the impact of Connected and Autonomous

ThristA Venhicles (CAV) on North Carolina's transportation system, and
° CAV Impacts associated revenue.
p— Thrust2 assessedlorth/ | N2 freadinesda@ CAVdn terms

of traditional and emergingtransportationinfrastructure
Thrust 2
° CAV Infrastructure

T

=N Thrust 3 explores emerging applications of CAVs and develops ar

m deploys CAVs and branned Aerial Vehies (UAVs) for advancing
A transportation systems.

CAYV Applications

° QU =t i o
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Outline

w Progress review: Project 1: CAV Impacts on Traffic Intersection Capacity and
Transportation Revenue

w Progress review: Project 2. Assessing North Carolina Readiness for CAVs in Traq
and Emerging Infrastructure Needs

w Progress review: Project 3: Developing and Implementingl @AW Collaboration for
Advancing the Transportation Systems

w NGCAYV Integration and Demonstration

w NGCAV Education and Outreach

w NGCAV Research Dissemination Activities
w NGCAYV Sustainability Activities

w Questions
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NC Transportation Center of Excellence on Connected and Autonomous Vehicle Technc
(NGCAYV)

Project 1

CAV Impacts on Traffic Intersection Capacity and Transportation Revenu

Principal Investigator:
Wei (David) Fan (UNEAMMSE) Emaikifan7@uncc.edu
Other Investigators:

Ali Hajbabaie (NCSURE) Emaikthajbab@ncsu.edu
Daniel Findley (NCSIOTRE) Emaiidlaniel findley@ncsu.edu
Steve Bert (NCSU'RE) Emasabert@ncsu.edu
Steven Jiang (NCAT) Emgiang@ncat.edu
Nicolas D. Norboge (NCSURE) Emaiitdnorbog@ncsu.edu
Li Song (UNCGCAMMSE) Emalkongl@uncc.edu
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' Research Background

I ((

W The emergenceof CAVsin North Carolinawill have a profound influence on the
performanceof our currenttransportationsystem

W CurrentHighwayCapacityManual(HCM)methodsdo not considerthe role of CAVs
evaluatingthe capacityof intersectionsis becominga criticalissueto be resolvedfor
traffic engineersandtransportationplanners

W CAVsare also expectedto have significantimpacts on the economicoutlook of
North Carolina(e.g., motor fuel taxes, salesand use taxes, toll receipts, moving
violationfines,DMVfees,parkingrevenue,and other revenuesources}hat needto
be evaluated
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Research Thrust 1: CAV Impacts

Project 1:.CAV Impacts on Traffic Intersection Capacity and Transportation Revenue

Principal InvestigatorW. Fan (UNCC)

Other InvestigatorsNCAT: S. Jiang; ITRE: A. Hajbabaie, D. Findley, S. Bert, N. Norboge, L. Song

Scope Thrust 1 investigates impacts of CAVs onithel v & LJ2 NI | 0 A 2 v & padichlaly @k dntersgstiofr
capacity adjustments while accounting for eakvehicle fleets with diffrent levels of CAV adoption. This project wil
also assess thiescal revenuéh YLIJF Oda 2F GKS GNIyaAaAdGAaAzy G2 /1 xa 2y

Objectives:

w Surveying CAV technologies and their impacts on intersection
capacity and the associated transportation revenues; .

w Develop case studies to illustrate the impacts of CAVs on the tra
systems, particularly at the intersections, suitable intersections w
be identified for the case study;

w Analyze the impacts of the CAV technologies on intersection cap /
and provide recommendations for future research directions; =

w Analyzing the revenue impacts and opportunities of deployment
CAVs at various adoption rates and policy scenarios in NC. '
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Project 1 Research Tasks and Timelin

Center Admin Activities

FY 2020

FY 2021

FY 2022

Task

Description

Feb

Mar

Apr

Literature Review

Identify Potential Intersections

Jung Ju

Aug|Sept| Oct

Mov|

Dec

Jan

Feb

Mar

Apr

May

Junig

July

Aug|Sept

Oct

Mov

Dec

Jan

Feb

Mar

Apr

May

June{ July | Aug | Sept

Oct

Moy

Dec

Jan

2

5 |Design Scenarios for the Conduct of Simulation

4 Use Simulations to Examine the Established Modeling Framework
Develop Guideline on the Intersection Capacity Adjustments

5 |Considering Different Level of CAV Penetration

5 Conduct a Revenue Impact Analysis and Propose New Methods

7 |Document Research Findings and Develop a Final Report

g |Project Management Activities
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Research Task 1: Literature Review

Recent Progress on the Literature Review

E W Conceptsaind PotentialBenefits
W Deploymentof and Market Forecastor AVs
% W TrafficFlowControlsof CAVs

. W IntersectionCapacityAnalysidMethods
W IntersectionModelingScenariosind Parameters
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.- ' Research Task 1: Literature Review
oceptsand Potential Benefits

Accordingto the NHTSACVtechnologieshavethe potential to decrease
about 80 %of non-injury vehiclecrashegUSDOT2020.

Table 1 Safety benefits and maturity of CV technologies

Technology Safety Benefits Safety Improvement

LWZII Red light warning Warning for red light High High
m Stop gap assist Warning for minimum stop gap Medium High
LZIB Reduce speed warning Warning for speeding Medium High
Traffic Signal Coordination More benefit for intersection capacity Low Medium
Lane Change Warning Lane change information from CVs High High
Forward Collision Warning Avoid Rear-End crashing High High
Electronic Emergency Brake Light Avoid Rear-End crashing High High
Left Turn Assist Opposite direction High Medium
Do Not Pass Warning Opposite direction High High
Intersection Movement Assist Junction crossing High Medium
Blind Spot Warning Avoid traffic collision due to the blind spot High Medium
Emergency Vehicle Priority Give priority to the emergency vehicle High High

V2X Pedestrian Crossing Warning Notification of pedestrian crossing the street  High Low
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: »_- | Research Task 1: Literature Review

S [echmology sty Benefts————[Safety Improvement | Maturit |

[ Adaptive headlights Improve light condition and visibility of environment Intermediate High

B Forward collision warning Prevent rear-end collision High High

Blind spot monitoring Reduce crash risk caused by blind spots (such as High High
merging and weaving areas)

Traffic sign recognition Inform and alert the driver Intermediate Medium

: onceptsand Potential Benefits
@ Table 2 Benefits and maturity of autonomous vehicle technologies

Lane departure warning Prevent lane departure crashes High Medium
Left-turn assist Prevent potential conflict High Medium

Pedestrian collision warning Prevent pedestrian collision High Medium

Rear cross traffic alert Prevent backing collision High Medium
[EEW Electronic stability control Prevent rollover High High
I Adaptive cruise control Prevent rear-end collision High High

Cooperative adaptive cruise control Prevent rear-end collision Low Medium
_ Parental control Prevent speeding Intermediate Medium

Automatic emergency braking Prevent rear-end collision High Medium

Lane keeping Prevent lane departure crashes High Medium
Traffic jam ass Driving assist Low Medium
High speed automation Driving assist High Medium
Automated assistance in roadwork and congestion  Driving assist High Medium
Level 3 On-highway platooning Driving assist, prevent rear end crashes Intermediate Medium

P Automated operation for military applications Prevent human fatalities Unknown Low
IEE YA Self-driving vehicle Replace human drivers High Low
I Emergency stopping assistant Response when lose control human drivers High Low
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AConnected and Automated Vehicle
As mentioned by Li and Kockelman(2016, CAVsmay

significantly reduce the number of crashesand save
current crashcostsin the U.S by at least$126 billion per

Complementary Sensors ye al’

S ) dED CAV<sanalsoincreasemobility by providingopportunities
| to peoplewho cannotafford a vehicle,peoplewho prefer
not to drive, peoplewith disabilities,and elder peoplewho

Connectivity .
[ cutomatsourceof rut s cannotdrive safely(Duncaret al., 2015).
‘ self-driving cars with maps, . . . .
construction, traffic. weather The communication and automation technologies also

conditions, and adjacent cars.

enableCAVdgo drive more smoothly than humandrivers,
with smallerfollowing gapsand coordinated speeds and
thesewill alsoreducevehicle emissionsby reducingstop-
and-go frequency.
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Research Task 1: Literature Review

Deployment of and Market Forecast for AVs Table 3 Volvo autonomous vehicle proje

E Autonomous technology project

FLITN Collision warning with brake support
B Adaptive cruise control
I Lane departure warning

2007 Collision warning with auto brake

Thetestbedlocationsare generallyisolatedplaces
or low populationdensityareasof the city

FCA w» City safety
ecaaiotoind TS g “ Safe Road Trains for The Environment (SARTRE)
o navva Q\ﬁ nuro N4 m = project begins
Al LS TOYOTA WAYMO FIFTIN Adaptive cruise control with queue assist
B collision warning with full auto brake
¢ AR S O ST I Pedestrian detection with full auto brake
e e PIFPIIN Traffic sign information
o R ’.."'-r-'" I Park assist pilot
....... " o e BN Cross-traffic alert
o o . I Lane-keeping aid
-------- S _ BLIS project (lane change assist)

P cyclist detection with full auto brake

B Active high-beam control
I SARTRE project completed
FITERN concept of autonomous parking
_ Drive Me project announced
FISERN Pilot Assist

I Auto brake at intersection

2017 Drive Me pilot tested on real roads

............

AV TEST Initiative https://www.nhtsa.gov/automated -vehicles-safety/av -test-initiative -tracking -tool
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Research Task 1:

Deployment of and Market Forecast for AVs
AMarket Forecast for Automated Vehicles

Literature Review

Litman (2020 provided a prediction that ! £ a Q

beneficialimpactson safety and congestionare likely
to appearbetween 2050and 2080 Litman (2020 also
expectedthat human driving may be restricted after
2060 as the randomnessof human driving behaviors
might result in disruptive effects on the automation
systems By 2050 with optimistic predictions,AVsare
supposedto comprise50% of all vehicle sales,40% of
all vehicletravel, and 30% of all vehicles Meanwhile,
the market penetration rates (MPRs)of the AVsare
expectedto be around50%in 2060

100% -

Sales - Higher Less driver stress and
more independent

---- Sales - Lower
Travel - Higher
- - - Travel - Lower
~— Fleet - Higher
-~~~ Fleet - Lower

mobility for middle-

income non-drivers

" -7 Reduced congastion
;
and emissions

60% -

Cheaper truck and

_+” Laess driver stress and
bus services

more independant

40% 1 Less driver stress and mobility for low-

more independent income non-drivers

mobility for affluent Increased safety

non-drivers
20% -

Cheaper taxi services

0% v v ! v :
2030 2040 2050 2060 2070 2080
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Research Task 1: Literature Review

Traffic Flow Controls of CAVs
A ongitudinal Movement Control of CAVs

A_atitudinal Movement Control of CAVs
% Table 4 Longitudinal movement control model for AVs and CAVs
'S
N4

Methodolog

Intelligent Driver Model (IDM) AV, HDV, CV Kesting et al., 2007, 2008; Milanés and Shladover,

2014; Talebpour and Mahmassani, 2016; Treiber
et al., 2000
IDM Wlth constant-acceleration heuristic AV, HDV Kesting et al., 2010

AV, CV, HDV  Zhou et al., 2017

MiICroscopic Model for Simulation of CV, CAV Deng, 2016; Talebpour and Mahmassani, 2016;

Intelligent Cruise Control (MIXIC) van Arem et al., 1997; Van Arem et al., 2006

AV Milanés and Shladover, 2014; Porfyri et al., 2018;
Treiber et al., 2000

Cooperative Adaptive Cruise Control (CACC) [¥:\Y Shladover et al., 2012

NC Transportation Center of Excellence on Connected and Autonomous Vehicle TechnoleGQAWNC 15




Research Task 1: Literature Review

Intersection Capacity Analysis Methods
AEmpirical Based Methods

Table 5 Summaries of Empiridelsed Methods on Intersection

'No. |Reference |Intersection Type 'Method | Capability of the Method

-@rh E

HCM, 2010 Signal/unsignalized Empirical eConsidering different roadway, geometric,
Intersection, calibrated traffic, and control conditions
Roundabout equations
Brilon and Unsignalized Conflict-based eoSimplifying the theoretical structure
Wu, 2001 Intersection technique compared to gap acceptance method
Dahl and Roundabout Modified gap  eCalculating the capacity more accuracy than
Lee, 2012 acceptance unmodified model
method
Abhishek  Unsignalized Modified gap  elncorporating driver impatience behavior
et al., 2019 Intersection acceptance with merging behavior;
model eAllowing different gap acceptance behaviors;

eFacilitating the calculation of minor road
capacity for an unsignalized intersection

NC Transportation Center of Excellence on Connected and Autonomous Vehicle TechnoleGQAWNC
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Research Task 1: Literature Review

Intersection Capacity Analysis Methods

ASimulation Based Methods
Table 6 Summaries of Capacity Analysis Studies of CAVs under 100% Market Penetration Ra

Lietal., 2014 Optimize signal timing and Throughput, Delay Increase intersection throughput by 2.7-20.2%
trajectories compared with actuated signal control

Abdelhameed et  Minimize the travel time of CAVs  Throughput, Delay Increase throughput by 91% compared to the fixed

al., 2015 while avoiding possible collisions traffic light controller and the un-optimized fuzzy

logic controller

Chen and Kang, Conflict-avoidance-based Delay Reduce trip delay by 31%-95% compared with FCFS

2016 approach to coordinate CAVs and signal control schemes

Liu et al., 2018 Assign priority and collision-free Throughput, Delay Increase throughput by 20% compared to signal
trajectories to CAVs control scheme.

He et al., 2018 Conflict-avoidance-based Throughput, Travel Increase throughput by 50% compared to signal
approach to coordinate CAVs time control scheme

Weietal.,, 2018  Game theoretic framework to Throughput Increase the throughput by 140% and 43% in light
maximize throughput and and heavy traffic demand conditions, respectively

minimize the accidents and
congestion of the CAVs

Sun et al., 2018 MCross scheme to maximize Throughput Almost double the intersection capacity by 99.51%
intersection capacity compared to signal control scheme

NC Transportation Center of Excellence on Connected and Autonomous Vehicle TechnoleGQAWNC 17



Research Task 1: Literature Review

“ | Intersection Capacity Analysis Methods
@ ASimulation Based Methods

Table 7 Summaries of Capacity Analysis Studies of CAVs under Mixed Traffic Environment
| No. | Reference | Veh. | Object and method ___[Software |Criteria___ |Mainresult |

Shladover et HDV, Simulation ACC and CACC AIMSUN Capacity *40% market penetration rate (MPR) of CACC

al. 2012 CV, based on field equipped vehicles is a critical threshold to achieve a
AV, experiment data (for 10% improvement of the capacity.
CAV time gap settings) to ©100% MPR of CACC equipped vehicles could
estimate the effect on double the capacity
roadway capacity
Lee and CV  Cooperative Vehicle VISSIM Through-put, eThe throughput and total travel time were
Park, 2012 Intersection Control Delay, improved by 8% and 33% compared to actuated
Emission signal control system
' Jiangetal., CAV Optimizing speed of CAVs VISSIM, Fuel, CO2, eBenefits grow with the MPRs of CAVs until they
2017 Matlab Through-put level off at about 40% MPR.
Sharonand CAV Hybrid autonomous SUMO Queue *H-AIM can decrease delays for AVs even at a 1%
Stone, 2017 intersection length, MPR.
management Through-put eWith 50% MPR of CAVs, increase the throughput
for four-way intersection and three-way intersection
by 10% and 6%, respectively.
Algomaiah  CAV A first-come-first-serve  VISSIM Through-put, eThe proposed control system outperforms traffic
and Li, 2019 reservation at delay signals after a 75% MPR of CAVs.
intersection

NC Transportation Center of Excellence on Connected and Autonomous Vehicle TechnoleGQAWNC 18




« .\ Research Task 1: Literature Review

£ s

- | Intersection Capacity Analysis Methods
ASimulation Based Methods

Table 8 Summaries of Other Performance Measures of CAVs under Mixed Traffic Environmer

No. |Reference | Veh. | Object and method Software | Criteria___

Lee etal, 2013 CV Cumulative travel-time VISSIM, Delay, eThe CTR algorithm improves the system performance after a 30% MPR of CVs.
responsive (CTR) real-time Matlab speed oCTR algorithm outperformed the actuated controls after a 70% MPR of CVs.
intersection control

Guler et al., cv Optimizing the departure Matlab Delay oCVs with MPRS from 0% up to 60% can significantly reduce the average delay.

2014 sequences eThe average delay could be significantly reduced even with low MPRs (20-40%).

Yang et al., CV, Optimization of departure Java Stops, oThis algorithm performs better than the actuated signal control after a 50% MPR of CVs.
2016 AV sequence and trajectory by Delay eEven a 50% information level for CVs could significantly decrease the delay and stops.
maximize the speed entering
the intersection

Yang et al., CAV  Eco-CACC system that Integratio Fuel eEco-CACC system produces vehicle fuel savings up to 40% at a 100% MPR of CAVs.

2017 computes the fuel-optimum n eLower MPRs of CAVs increase fuel consumption on multi-lane roads, and the system decreases
vehicle trajectory the fuel consumption only after a 30% MPR of CAVs.

Duetal., 2017 CV Coordinate CVs at adjacent - Fuel eIncrease the MPRs of CVs would decrease fuel consumption.
signalized intersections. eFuel consumption will increase if the CV is following an HDV.

Pourmehrab et AV Headway minimization Matlab Travel Time eThe average travel time decreases with higher MPRs of AVs.

al., 2018

7 Zhao et al., AV Minimize the fuel Matlab Fuel, eBoth fuel consumption and travel time decrease with the increasing MPRs of AVs.
2018 consumption for platoons Travel time eThe benefits of cooperation between AVs and HDVs are most evident for lower MPRs, and a

platoon size of 5 can reduce 22% fuel consumption under a 60% MPR of AVs.

Liang et al., CV, Jointly optimizing the signal Java Delay, stops eThe average delay and number of stops decrease with higher MPRs of CV, AVs, and SGVs (HDV
2019 AV, phase and timing plan along with speed guidance-enabled vehicles).

SGV with speed guidance eThe marginal benefits decrease rapidly when MPRs of the CVs exceed 40%.
Virdi et al., CAV Safety assessment of mixed VISSIM Conflicts oCAVs at low penetration rates increase conflicts at signalized intersections while decrease
2019 flow conflicts at priority-controlled intersections.

NC Transportation Center of Excellence on Connected and Autonomous Vehicle TechnoleGQAWNC 19




Research Task 1: Literature Review

Intersection Modeling Scenarios and Parameters

Table9 Summarnyof IntersectionModelingScenariosvith CAVs

Jiang et al., 2017 Single lane signalized Mixed flow; eincrease the throughput by 7.06% and 10.80% with 60% MPR
intersection Traffic demands: non-saturated (v/c of CAVs under saturated (v/c = 1) and oversaturated (v/c = 1.2)
=0.5), saturated (v/c = 1), conditions, respectively
oversaturated (v/c =1.2)
Sharon and A four-way intersection and Mixed flow; *\With 50% MPR of CAVs, the H-AIM can increase the
Stone, 2017 a three-way intersection Traffic demands from low to high ~ throughput for four-way intersection and three-way
(150 - 750 vehicles/hour/lane) intersection by 10% and 6%, respectively.
Yang et al., 2017 Single lane and multilane Mixed flow e|ncrease the fuel consumption if the MPR of eco-CACC
signalized intersections vehicles are over 30%
Sun et al., 2018  An intersection with Unbalanced flow, heavy left-turn eIncrease intersection capacity by 99.51% compared to signal
continuous flow design and traffic, heavy conflicting control
tandem control movements, all demands flow cases
He et al., 2018 Unsignalized intersection Increase traffic demands from 100 — eIncrease 50% of the throughput compared to signal control
with all-direction turn lanes 1000 (vehicles/hour/lane) scheme
Algomaiah and Li, Next-generation Mixed flow; e|ncrease about 50% of the throughput with 100% MPR of CAVs
2019 interchange with different Communication range (600, 800, compared to signal control scheme;
combinations of dedicated 1000 ft); «800 ft communication range shows a relatively lower delay
and shared lanes Traffic demands from 400 to 1000

vehicles/hour/lane

NC Transportation Center of Excellence on Connected and Autonomous Vehicle TechnoleGQAWNC

20



Basic intersections for Simulation

A typical fourleg intersection will be used for basic simulation testing scenario

i

Y, L
________________ =
____________ = ——

N\ 4

i
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Research Task 2: Identify Potential Intersectio

Candidate intersections for case study

A signalized intersection in the city of Charlotte,
NC

N Tryon St. & W. T. Harris Blvd.
Traffic period covers 1 h of the midday peak, from
12:30 p.m. to 1:30 p.m. on April32018

Table 1. Traffic flow throughout the study period.

N. Tryon St N. Tryon St Harris Blvd
Leg direction Southbound Northbound Westbound Harris Blvd Eastbound
Volume R T L R T L R T L R T L

216 293 353 251 397 404 239 1229 257 169 1050 168

NC Transportation Center of Excellence on Connected and Autonomous Vehicle TechnoleGQAWNC 22



Table 22. Signal schemes during the afternoon peak hours

Candidate Intersections for case study

Two adjacent signalized intersections in the City of ‘
Greensboro, NC (near NCA&T campus)

Market St. & Murrow Blvd.

Friendly Ave. & Murrow Blvd.

1 h of the afternoon peak, from 4:45 p.m. to 5:45
p.m. on Feb %, 2018.

PM Peak Param Phase 1Phase 2 Phase 3 Phase 4 Phase 5 Phase 6 Phase 7 Phase 8 Cycle  Offset Split Seq
Time Time Number Number
Friendly@ Time O 35 23 32 0 35 0 55 90 6 22 9 \
Murrow .
- Mechanics & h
Market @ Time O 38 22 30 0 38 0 52 90 81 22 9 Eatra Bank»s ,
Murrow &
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Research Task 2: Identify Potential Intersectio

Candidate intersections for case study

A signalized intersection in the City of Greensboro, NC (near NCA&T campus)
Market St. & Murrow Blvd.

1 h of the afternoon peak, from 4:45 p.m. to 5:45 p.m. on F&k?D18.
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Turning Movement Peak Hour Data Plot (4:45 PM)
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A signalized intersection in the City of Greensboro, NC (near NCA&T campus)
Friendly Ave. & Murrow Blvd.

1 h of the afternoon peak, from 4:45 p.m. to 5:45 p.m. on F&k?D18.
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Literature Review & CAV Revenue Analysis
» Reviewed 50+ journal articles, reports, news articles, and online documentation

» Key Sources: NC F1IRST Commission Report | NC Moves 2050
w Literature and data extract to inform revenue analysis

NC MOVES|

‘COMCTING YOS COuMPTY.
ORI SRR

NC MOVES 2050 PLAN
FINAL PLAN | FEBRUARY 2021

Www.ncmoves.gov

North Carolina
Future Investment Resources for
Sustainable Transportation
(NC FIRST) Commission

wn pesounces
LETRANGPORTATON

FINAL COMMISSION REPORT

January

National Tax Journal, March 2020, 73 (1), 199-234 hisp//doiorg/10.17310/042020.1 06

THE INFLUENCE OF AUTONOMOUS VEHICLES
ON STATE TAX REVENUES

William F. Fox

vehicl

transportation tax revenies once AVs are fully adopted. States have the opport
nity to tax mobility more broadly before the population tra

options include imposing the sales tax on all mobility services, lovying a VMT fax,
or imposing congestion cha

Keywonds: state taxes, transportation taxes, autonomous vehicles

JEL Codes: H&, H2

1. INTRODUCTION

utonomous vehicles (AVs) will transform transportation and mobility around the

world by enhancing a lity and safety and ultimatel: ing congestion and
costs. Several forward-looking papers anticipate the impact of AVs with wide agreement
that they will be transformational. However, many particulars remain unclear, inclhiding
exactly how AVs will be owned. how quickly they will be adopted, and many other
specifics of how they will affect both lifestyles and the economy. This paper adds to
this discussion in one key area — how AVs and the accompanying changes will affect
state goverment tax revenues. Given the uncertainty about precisely how AVs will
develop, the paper begins with a discussion of how AV could affect the economy,
which provides a framework for thinking about the tax implications.

More broadly. AVs should be considered as another example of how new technolo-
gies and artificial intelligence (AT) are altering the economy and taxes. rather than as a
single event. For example. Al is impacting the supply/value chain for many businesses.
which can affect structural economic change and. consequently, tax revenues. Robotics,
business analytics. and transportation enhancements are allowing the supply chain to
shorten and potentially reducing employment as capital replaces labor. Still, AVs are

William F. Fox: Hastam College of Business, Univorsity of Tennessas, Knoxville, TN, USA (billfoxeutk edu)
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Literature Review Update

North Carolina Electric Vehicle Forecast

——Base Case —#—Low Case (-3%) =#—High Case (+3%)
400,000 -

350,000 -
300,000 -
260,000 -
200,000 -
150,000 -
100,000 -
50,000

A Base: 2020: 25,000 | 2025: 80,000 | 2030: 260,000
A Low: ¢3%): 2020: 25,000 | 2025: 65,000| 2030: 200,000

A High: (+3%): 2020: 25,000 | 2025: 95,000 | 2030: 350,000

2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

Source(s): Data recewved from NCDOT; hitps:/wwwafdc.energy.gov/evi-pro-ite; KPMG Analysis

NC F1RST Commission Findings, 2021.
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Literature Review Update

' Constrained Revenues
- $95
3 s
S s
o
i $80
@ 4§75
s I NC Moves 2050 Plan
/ &
"% T0S0TREND  INNOVATVE  RENEWED SLOBALLY - UNSTABLE A $75 billion to $88 billion in revenue by 2050
" | 1ransportation Funding Neads hrough 2050 A $94 billion to $166 billion in transportation needs
M Mobility & Modernization [l Highway Assets [l Other Programs
, A Use this report to build model CAV model bounds
160
$160
2 $140
i
2  s100
% $80
% $S60
$40
$20
2030 TREND INNOVATIVE RENEWED GLOBALLY UNSTABLE NC Moves 2050 Plan, 2021.

CONNECTED
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Texas Transportation Funding Projections Subject to Four CAV Adoption Scenarios

-
—_—
_—
-

2025
5138
5138
513.8
5138
513.8

2030
5127
5147
515.3
51
51

= =

Lnoun

» No Adoption: $21.0B
-

Scenario 1: $20.2B
Scenario 2: $19.4B

= Scenario 3: $16.8B

=~ Scenario 4: $8.5

2040
585

516.8
519.4
520.2
521.0

Revenue Change from 202840

No CAV Adoption: $21 billion

S.1: 0% vehicle reduction; phase in CAVs
over 30 years4.0%loss in revenue)

S.2: 40% vehicle reduction; phase in CAVs
over 50 yearsq.6%loss in revenue)

S.3: 40% vehicle reduction; phase CAVs o
30 years 20.1%loss in revenue)

€ &€ € €E€

S.4: 50% vehicle reduction; phase in CAVs
over 15 yearsH9.5%loss in revenue)

Source: ITRE Analysis using Fox (2020) data

NC Transportation Center of Excellence on Connected and Autonomous Vehicle TechnoleGQANC 29



Literature Review Findings

? —
In the 25 largest U.S. cities, nearly $5 billion in revenue collected from:
w Parkingrelated activities
W Camera and traffic citations

W Gas taxes
W Towing
W Vehicle registration and licensing fees

L3 Equates to $129 per capita for these 25 jurisdictions

\\ /o These revenue mechanisms will be important variables in our revenue model

DMV
) A= L))

e

Motor Fuels Tax Enforced Parking Fees Traffic Violation Fees Vehicle Impound Fees Vehicle Registration Fees
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Next Steps

Progress Update:

w Completed the literature review
w Assembling assumptions, guideposts, and data obtained from the Lit to build revenue model
w Assessing the revenue impacts and opportunities of automated, connected, electric, and shared vehicles.

Center Admin Activities FY 2020 FY 2021 FY 2022
Task Description Feb | Mar| Apr [ May|June| July| Aug|Sept] Oct | Mov| Dec| Jan] Feb | Mar| Apr | May|June] July| Aug | Sept] Oct| Nov| Dec| Jan | Feb| Mar | Apr| May|June| July | Aug|Sept] Oct | Nov| Dec| Jan
1 |Literature Review
2 Identify Potential Intersections
3 Design Scenarios for the Conduct of Simulation
4 Use Simulations to Examine the Established Modeling Framework
Develop Guideline on the Intersection Capacity Adjustments
5 |Considering Different Level of CAV Penetration
6 Conduct a Revenue Impact Analysis and Propose MNew Methods
7 |Document Research Findings and Develop a Final Report
g |Project Management Activities

NC Transportation Center of Excellence on Connected and Autonomous Vehicle TechnoleGQANC
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NC Transportation Center of Excellence on Connected and Autonomous Vehicle Technc
(NGCAYV)

Project 2
Assessing North Carolina Readiness for CAVs in Traditiong
Emerging Infrastructure Needs

Principal Investigator:
Thomas Chase (NGEIRE) Emailtchase@ncsu.edu

Other Investigators:
ShikChun Lin (NCSU) Ensih23@ncsu.edu
John Kelly (NCAT) Emaik@ncat.edu
Abdollah Eroglu (NCAT) Emaéroglu@ncat.edu



mailto:rtchase@ncsu.edu
mailto:slin23@ncsu.edu
mailto:jck@ncat.edu
mailto:aeroglu@ncat.edu

Research Thrust 2: CAV Infrastructure

Project 2:Assessing North Carolina Readiness for CAVs in Traditional and Emerging Infrastructure Needs
Principal InvestigatorT. Chase (ITRE)

Other InvestigatorsNCSU: S. Lin; NCA&T: J. Kelly, A. Eroglu

Scope Thrust 2 researchers will analyze the readiness of the existing transportation infrastructure and mainten:
programs to support CAV deployment and will investigate the emerging infrastructure required for the adoption
future CAV technologies.

Objectives:

w Document NCDOT Infrastructure
Programs Impacted by CAV Needs

w Develop and test a 5G architecture
for secure V2| applications

w Recommend Program
Enhancements to Advance NC CAV =&
Infrastructure Readiness
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' Research Background

(§

£ —

multiple initiatives:

O NCDOT L2y a2NBR NBLIRZ2NI ab/ wSFRAYSAaa
6/ 1 £0¢€

0 Highly Automated Vehicle Committee appointed by the State Legislature
0 Connected Automated Shuttle Supporting Innovation (CASSI)
O Multiple ongoing CAV Research Projects

Safe CAV deployment will require significant investment in both traditional and
emerging infrastructure.

North Carolina is preparing for Connected and Autonomous Vehicles (CAVSs) throu

'.F

NC Transportation Center of Excellence on Connected and Autonomous Vehicle TechnoleGQANC
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' Project 2: Research Tasks and Timeline

Center Admin Activities FY 2020 FY 2021 FY 2022

Task DESC”DUO” Feb| Mar unefJuly| Aug|Sept UunelJuly| Aug|Sep Oct|Nov|Dec| Jan

1 Kickoff Meeting and Literature Review

9 Analysis of Existing Programs

3 Low-latency Edge Computing CAV

4 |Recommended Program Enhancements

g Document Research Findings and Develop a Final Report

g |Project Management Activities
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.. | Research Task 1: Literature Review

—

CAV Impacts on Highway Geometry

Adighway geometric refers to the physical design of a roadway
o Radii of horizontal curves

0 The rates of vertical slope changes for connecting roadway segments with different grades
o0 Lengths of acceleration and deceleration lanes

Adighway geometry design considerations

o Design Vehicle
A Physical features such as geometrical dimensions
A Mechanical performance

o Design Driver

A Knowledge of the system (result of previous experience and training)

A Skills and attitudes (ability to act upon attained information and/or prior knowledge)
A Physiological characteristics (e.g., hearing, seeing)

NC Transportation Center of Excellence on Connected and Autonomous Vehicle TechnoleGQAWNC
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| Research Task 1: Literature Review

Design Venhicle and Design Driver

Mesign driver and vehicle have evolved and will continue to evolve

o Highway standards were initially developed from research in the 1930s and 1940s with young
drivers, low speeds, and vehicles of that era.

@3 % e

o Highways are now designed for the older drivers, speeds up to 85 mph and modern vehicles.

Adow will CAVs change design driver/vehicle?

“~—— 0 Advanced sensors

/s
D)

o0 Wireless communications to provide timely situation awareness

NC Transportation Center of Excellence on Connected and Autonomous Vehicle TechnoleGQAWNC 37




{"’;; .. ' Research Task 1: Literature Review

Current Geometry Design Controlling Criteria

A Design Speed

A Lane Width % Fsligy &
A Shoulder Width Geometric Design of
‘
N\

A Horizontal Curve Radius TS Tind Sireels
A Superelevation Rate
A Maximum Grade o — s
A Stopping Sight Distance | :

A Cross Slope

A Vertical Clearance

A Design Loading Structural Capacity
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| Research Task 1: Literature Review

How Will SSD Impact Geometrics?

Aé the si ghevendppistalenga e a't A Roadway

roadway should be at least that needed for a 0 Crest curves
below-averaged r i ver or vehicle stog
Sag curves
driver sees brake car 1
o R Pl o Horizontal curve radius

A Intersection Sight Distance
A Obijects Offset Along Road

o Median Barriers
o Crash Walls

o Parapets
0

- reaction distance —514— braking distance ——p

V2
SSD =147 Vt +1 075—

SSD = stopping sight distance, ft
V = design speed, mph

t = brake reaction time, 2.5s

a = deceleration rate, ft/s?

Bridge Abutments

NC Transportation Center of Excellence on Connected and Autonomous Vehicle TechnoleGQAWNC
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Ji »_- ' Research Task 1: Literature Review

e —

How Will CAVs Impact SSD?

A PerceptionReaction Time (PRT)

0o AASHTO recommends 2.5 seconds as PRT

o0 PRT increases with

Age

Fatigue

Complexity of the task
Physical impairments
Presence of alcohol and drugs

o What happens if CAVs decrease PRT to 1 sec? to 0.5 sec?
A Maximum Deceleration

o What happens if CAVs increase deceleration rate from 11.2 ft/s? to 14.8 ft/s?2?

-CATHE

To Jo T I To
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How Will CAVs Impact SSD?

A SSD on Level Roadway under various Conditions

.. | Research Task 1: Literature Review

Speed

(MPh) | PRT (s) | SSD (ft.) | PRT (s) | SSD (ft.) | PRT (s) | SSD (ft.) | PRT (s) | SSD (ft.)
40 25 300 1 210 0.5 185 0.5 145
50 25 425 1 315 0.5 275 0.5 220
60 25 565 1 435 0.5 390 0.5 305
70 25 730 1 575 0.5 520 0.5 410

NC Transportation Center of Excellence on Connected and Autonomous Vehicle TechnoleGQAWNC
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Research Task 1: Literature Review

@ CAV Impacts on Highway Infrastructure

Highway Infrastructure Categories

Physical Traffic Control TSMO and ITS Multimodal
Infrastructure Devices Infrastructure Infrastructure

Pavement Markings,
Traffic Signs, ITS Roadside Bicycle, Pedestrian,

Pavements, Traffic Signals, Equipment, and Transit
TSMO Strategies, Infrastructure,

Bridges and Culverts Temporary Traffic
Control, TSMO Systems Curb Space

Roadside Hardware

Source: FHWA, 2020
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CAV Impacts on Highway Infrastructure

Ahysical InfrastructurePavements

o Lowered threshold for pavement distresses (i.e.,
potholes, edge wear) for AVs.
LS
\I/Z4
———

o0 Increased pavement rutting potential (i.e., decreased
wheel wander, increased lane capacity).

0 Increased potential for faster accumulation of
pavement damage.

Ahysical InfrastructureBridges

0 Heavy vehicles platooning with small headways and
little lateral offset may increase dynamic loads

NC Transportation Center of Excellence on Connected and Autonomous Vehicle TechnoleGQAWNC 43




CAVs Rely on RSUs

oAl nformation exchange must addre
vehicles and the roadside infrastructure. Without the digital

infrastructure and data, ADS operability that is reliant on information
'S
\I/Z4
———

2cti vity

from roadside equipment would essentially become non-f unct i o

A RSU Deployment Considerations

o RSU and OBU systems should follow a national B el | i
standard and the systems must be interoperable with l- .Ilf 5!

the devices on all vehicles. <

0 The messages sent and received through Cellular /

V2X should be uniform in all States in the U.S. . «
<5

o The deployment of RSUs should take into account T
the roadway and traffic features of the sparse, rural . . L
areas in the U.S. w

Vo .
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_- | Research Task 1: Literature Review

Infrastructure Needs Evaluation for Different Vehicle Technologies

# Vehicle Technology Infrastructure Need Infrastructure Cost # Vehicle Technology Infrastructure Need Infrastructure Cost
1 Forward Collision Warning None None 11 Lane Departure Warning Lane marks Low
2 Blind Spot Monitoring None None 12 Left Turn Assist Lane marks Low
3 Adaptive Headlight None None 13 Lane Keeping Lane marks Low
A ic E
4 uto_matlc mergency None None 14 Traffic Jam Assist Lane marks Low
Braking
5 Electric Stability Control None None 15 Traffic Sign Recognition Traffic sign Moderate
6 Parental Control None None 16 High Speed Automation Lane marks, Traffic sign | Moderate
Emergency Stoppin . . L
7 . gency pping None None 17 On-Highway Platooning Lane marks, Traffic sign | Moderate
Assistance
Automated Operation for Automated Assistance in Lane marks, Beacons, .
8 o None None 18 . . High
Military Roadwork and Congestion Guide walls
. . None, possible . . - .
9 Adaptive Cruise Control . None/Depends 19 Auto-Valet Parking Parking facilities High
dedicated lane
Cooperative Adaptive Cruise | None, possible . Lane marks, Traffic .
10 P P P None/Depends 20 Driverless Car High

Control

dedicated lane

sign, Lighting

Adapted from Kockelman et al., 2017)

NC Transportation Center of Excellence on Connected and Autonomous Vehicle TechnoleGQAWNC
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': '\ Research Task 1: Literature Review

Traffic Control Devices

AConnected Signals ASignadfree Intersection

o Is there any needs of physical signal heads at
intersections in a fully automated future?

o0 12V wireless communications allows
for the signal controller directly
sending signal timing information to
the connected vehicles

\eration/
'ﬂ Z‘;i:\emﬁon (( I
o= ¢

I

Source: Mirhgli, 2018/

afety
M“Sﬂge \
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Research Task 1: Literature Review

Pavement Markings

A Generally, human vision needs more retroreflectivity than machine vision systems

A Number of image pixels for machine vision detection is
critical, especially important under challenging conditions
(recommend increase to-Bich wide markings)

Width of Longitudinal Markings

A Daytime appearance is just as important as nighttime

A Daytime contrast on light colored pavements is
particularly helpful

Photo Source: FHWA, 2020
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.- | Research Task 1: Literature Review

resolution and range vs. some human driversill be
confused by damaged, faded, or noncompliant signs

« | Sighage
A Optical cameras and machine vision systems have limited

A standardization of traffic signs, in terms of content design and
mounting location, can improve reliability of detection by
reducing complexity of machine vision processing

A Digital signing may be challenging fowehicle camera
systems (but might not be a problem for CAVS)

PIMINSF
12-14#INS

Photo Source: FHWA
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.- | Research Task 2: Existing Programs

Analysis of Existing Programs

NCDOT Infrastructure:

A Construction and Capital Investment

A Standards and Policies

A Asset Management

A Maintenance

A ITS

A Roadway Design, Signing and Delineation, Integrated Mobility, etc.

Commercial Cellular and Fiber Networks

NC Transportation Center of Excellence on Connected and Autonomous Vehicle TechnoleGQAWNC
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Analysis of Existing Programs
Next Steps: NCDOT Survey and Select Interviews

e
,’.4" v =
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SURVEY

-
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Research Task 3: Computing CAV

Next-Generation Wireless Networking Architecture

From Softwarization to Intelligence
PHASE I: Bring software-defined infrastructure into wireless

Reduces CAPEX, OPEX,
space and power
consumplion

Creates network
abstractions to enable
faster innovation

WIRELESS
SOFTWARE NETWORK
DEFINED FUNCTION

NETWORKS VIRTUALIZATION

(W-SDN) (NFV) I. F. Akyildiz, S.-C. Lin, and P. Wang, “Wireless Software-Defined

 Abisewction -peontis - Networks (W-SDNs) and Network Function Virtualization (NFV) for 5G
g i OPEN ” Agile innovation Cellular Systems: An Overview and Qualitative Evaluation,” Computer
IN&‘-’&;‘;L?‘N Networks (Elsevier) Journal, vol. 93, part 1, pp. 66-79, December 2015.

VIRTUALIZATION

= Slicing

- Sharing & isolation

= Dynamic operations
platform & supply -Optimized resouree utilization

of innovative applications - Serviee guarantecs

Creates competitive

PHASE II: Incorporate Al/ML/DL into wireless: Computation-based wireless edge networks

S.-C. Lin, K.-C. Chen, and A. Karimoddini, “SD-VEC: Software-Defined Vehicular Edge Computing with Ultra-Low Latency,”

under review, 2020.
K.-C. Chen, S.-C. Lin, C.-H. Liu, A. Molisch, and G. Fettweis, “Wireless Networked Multirobot Systems in Smart Factories,”

Proceedings of the IEEE, 2020.

NC Transportation Center of Excellence on Connected and Autonomous Vehicle TechnoleGQAWNC 51



N

Research Task 3: Computing CAV
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