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NC-CAV brings together a strong and diverse team of NCAT, NCSU, and  UNCC to 
conduct an innovative, cutting-edge, synergistic, interdisciplinary research on 
connected autonomous vehicles which will prompt revolutionary transformations 
in the transportation systems by providing increased capacity, reliability, 
affordability, and sustainability. 

The NC-CAV Center of Excellence

NC-CAV
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NC-CAV Research Thrusts
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Thrust 1 
CAV Impacts

Thrust 1 investigates the impact of Connected and Autonomous 
Vehicles (CAV) on North Carolina's transportation system, and 
associated revenue.

Thrust2 assessesNorth/ŀǊƻƭƛƴŀΩǎreadinessfor CAVsin terms
of traditional andemergingtransportationinfrastructure.

Thrust 3 explores emerging applications of CAVs and develops and 
deploys CAVs and Unmanned Aerial Vehicles (UAVs) for advancing 
transportation systems.

Thrust 2 
CAV Infrastructure 

Thrust 3 
CAV Applications 



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

ω Progress review: Project 2: Assessing North Carolina Readiness for CAVs in Traditional 
and Emerging Infrastructure Needs

ω Progress review: Project 3: Developing and Implementing CAV-UAV Collaboration for 
Advancing the Transportation Systems 

ωNC-CAV Integration and Demonstration 

ωNC-CAV Education and Outreach

ωNC-CAV Research Dissemination Activities

ωNC-CAV Sustainability Activities

ωQuestions
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Outline



NC Transportation Center of Excellence on Connected and Autonomous Vehicle Technology
(NC-CAV)

Project 1
CAV Impacts on Traffic Intersection Capacity and Transportation Revenue

Principal Investigator: 
Wei (David) Fan (UNCC-CAMMSE) Email: wfan7@uncc.edu

Other Investigators:
Ali Hajbabaie (NCSU-ITRE) Email: ahajbab@ncsu.edu

Daniel Findley (NCSU- ITRE) Email: daniel_findley@ncsu.edu
Steve Bert (NCSU- ITRE) Email: sabert@ncsu.edu

Steven Jiang (NCAT) Email: xjiang@ncat.edu
Nicolas D. Norboge (NCSU- ITRE) Email: ndnorbog@ncsu.edu

Li Song (UNCC-CAMMSE) Email: lsong1@uncc.edu

mailto:wfan7@uncc.edu
mailto:ahajbab@ncsu.edu
mailto:daniel_findley@ncsu.edu
mailto:sabert@ncsu.edu
mailto:xjiang@ncat.edu
mailto:ndnorbog@ncsu.edu
mailto:lsong1@uncc.edu


Ẇ The emergenceof CAVsin North Carolinawill have a profound influence on the
performanceof our current transportationsystem.

Ẇ CurrentHighwayCapacityManual(HCM)methodsdo not considerthe role of CAVs-
evaluatingthe capacityof intersectionsisbecominga critical issueto be resolvedfor
traffic engineersandtransportationplanners.

Ẇ CAVsare also expectedto have significant impacts on the economicoutlook of
North Carolina(e.g., motor fuel taxes, salesand use taxes, toll receipts, moving
violationfines,DMVfees,parkingrevenue,andother revenuesources)that needto
beevaluated.
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Research Background



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

Principal Investigator: W. Fan (UNCC) 

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

Scope: Thrust 1 investigates impacts of CAVs on the ǘǊŀƴǎǇƻǊǘŀǘƛƻƴ ǎȅǎǘŜƳΩǎ ǇŜǊŦƻǊƳŀƴŎŜ, particularly on intersection 

capacity adjustments while accounting for mixed vehicle fleets with different levels of CAV adoption. This project will 

also assess the fiscal revenue ƛƳǇŀŎǘǎ ƻŦ ǘƘŜ ǘǊŀƴǎƛǘƛƻƴ ǘƻ /!±ǎ ƻƴ bƻǊǘƘ /ŀǊƻƭƛƴŀΩǎ ŎƛǘƛŜǎΣ ǘƻǿƴǎΣ ŀƴŘ ƘƻǳǎŜƘƻƭŘǎΦ 
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Objectives: 

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

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

ω Analyze the impacts of the CAV technologies on intersection capacity 
and provide recommendations for future research directions;

ω Analyzing the revenue impacts and opportunities of deployment of 
CAVs at various adoption rates and policy scenarios in NC. 
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Project 1 Research Tasks and Timeline
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Research Task 1: Literature Review

Ẇ ConceptsandPotentialBenefits
Ẇ Deploymentof andMarketForecastfor AVs
Ẇ TrafficFlowControlsof CAVs
Ẇ IntersectionCapacityAnalysisMethods
Ẇ IntersectionModelingScenariosandParameters

Recent Progress on the Literature Review



NC Transportation Center of Excellence on Connected and Autonomous Vehicle Technology (NC-CAV) 10

Research Task 1: Literature Review
ConceptsandPotentialBenefits
Accordingto the NHTSA,CVtechnologieshavethe potential to decrease
about80%of non-injury vehiclecrashes(USDOT,2020).

Table 1 Safety benefits and maturity of CV technologies 
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Research Task 1: Literature Review

Table 2 Benefits and maturity of autonomous vehicle technologies 

ConceptsandPotentialBenefits
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Research Task 1: Literature Review

Å Connected and Automated Vehicle
As mentioned by Li and Kockelman(2016), CAVsmay

significantly reduce the number of crashes and save

current crashcosts in the U.S. by at least$126 billion per

year.

CAVscanalsoincreasemobility by providingopportunities

to peoplewho cannotafford a vehicle,peoplewho prefer

not to drive,peoplewith disabilities,andelderpeoplewho

cannotdrivesafely(Duncanet al., 2015).

The communication and automation technologies also

enableCAVsto drive more smoothly than humandrivers,

with smaller following gapsand coordinatedspeeds, and

thesewill alsoreducevehicleemissionsby reducingstop-

and-go frequency.

ConceptsandPotentialBenefits
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Research Task 1: Literature Review
Deployment of and Market Forecast for AVs

Thetestbedlocationsaregenerallyisolatedplaces

or low populationdensityareasof the city

Table 3 Volvo autonomous vehicle project

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

Å Market Forecast for Automated Vehicles 

Litman (2020) provided a prediction that !±ǎΩ

beneficialimpactson safety and congestionare likely

to appearbetween2050and 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. By2050, with optimistic predictions,AVsare

supposedto comprise50%of all vehiclesales,40%of

all vehicletravel, and 30%of all vehicles. Meanwhile,

the market penetration rates (MPRs)of the AVsare

expectedto be around50%in 2060.

Deployment of and Market Forecast for AVs
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Research Task 1: Literature Review

Traffic Flow Controls of CAVs

ÅLongitudinal Movement Control of CAVs

ÅLatitudinal Movement Control of CAVs

Table 4 Longitudinal movement control model for AVs and CAVs
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Research Task 1: Literature Review
Intersection Capacity Analysis Methods

Å Empirical Based Methods

Table 5 Summaries of Empirical-based Methods on Intersection
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Research Task 1: Literature Review
Intersection Capacity Analysis Methods

Å Simulation Based Methods

Table 6 Summaries of Capacity Analysis Studies of CAVs under 100% Market Penetration Rate 
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Research Task 1: Literature Review
Intersection Capacity Analysis Methods
Å Simulation Based Methods

Table 7 Summaries of Capacity Analysis Studies of CAVs under Mixed Traffic Environment
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Research Task 1: Literature Review
Intersection Capacity Analysis Methods
Å Simulation Based Methods

Table 8 Summaries of Other Performance Measures of CAVs under Mixed Traffic Environment 
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Research Task 1: Literature Review
Intersection Modeling Scenarios and Parameters

Table9 Summaryof IntersectionModelingScenarioswith CAVs
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Research Task 2: Identify Potential Intersections

Basic intersections  for Simulation

A typical four-leg intersection will be used for basic simulation testing scenario
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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 April 3rd, 2018

Research Task 2: Identify Potential Intersections
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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 7th, 2018.

Table 2-2. Signal schemes during the afternoon peak hours

Candidate intersections for case study

Research Task 2: Identify Potential Intersections
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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 Feb 7th, 2018.

Candidate intersections for case study

Research Task 2: Identify Potential Intersections



NC Transportation Center of Excellence on Connected and Autonomous Vehicle Technology (NC-CAV) 25

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 Feb 7th, 2018.

Research Task 2: Identify Potential Intersections

Candidate intersections for case study
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CAV Revenue Impacts ςScope Snapshot  

Literature Review & CAV Revenue Analysis

ωReviewed 50+ journal articles, reports, news articles, and online documentation
ωKey Sources: NC F1RST Commission Report | NC Moves 2050 
ω Literature and data extract to inform revenue analysis



Literature Review Update
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North Carolina Electric Vehicle Forecast

Å Base: 2020: 25,000 | 2025: 80,000 | 2030: 260,000

Å Low: (-3%): 2020: 25,000  | 2025: 65,000| 2030: 200,000

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

NC F1RST Commission Findings, 2021. 



Literature Review Update
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NC Moves 2050 Plan

Å $75 billion to $88 billion in revenue by 2050

Å $94 billion to $166 billion in transportation needs

Å Use this report to build model CAV model bounds

NC Moves 2050 Plan, 2021. 



Literature Review Update
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2025 2030 2040

Scenario 4: $8.5

No Adoption: $21.0B

Scenario 1: $20.2B

Scenario 2: $19.4B

Scenario 3: $16.8B

Texas Transportation Funding Projections Subject to Four CAV Adoption Scenarios 

S4

S3

S2

S1

No CAVs

ω No CAV Adoption: $21 billion

ω S.1: 0% vehicle reduction; phase in CAVs 
over 30 years (4.0% loss in revenue)

ω S.2: 40% vehicle reduction; phase in CAVs 
over 50 years (7.6% loss in revenue)

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

ω S.4: 50% vehicle reduction; phase in CAVs 
over 15 years (59.5% loss in revenue)

Revenue Change from 2025-2040

Source: ITRE Analysis using Fox (2020) data



Literature Review Findings
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In the 25 largest U.S. cities, nearly $5 billion in revenue collected from: 

ω Parking-related activities
ω Camera and traffic citations
ω Gas taxes
ω Towing
ω Vehicle registration and licensing fees

Equates to $129 per capita for these 25 jurisdictions

These revenue mechanisms will be important variables in our revenue model

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

Progress Update:

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



NC Transportation Center of Excellence on Connected and Autonomous Vehicle Technology
(NC-CAV)

Project 2
Assessing North Carolina Readiness for CAVs in Traditional and 

Emerging Infrastructure Needs

Principal Investigator: 
Thomas Chase (NCSU-ITRE) Email: rtchase@ncsu.edu

Other Investigators:
Shih-Chun Lin (NCSU) Email:slin23@ncsu.edu

John Kelly (NCAT) Email:jck@ncat.edu
Abdollah Eroglu (NCAT) Email:aeroglu@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 Investigator: T. Chase (ITRE) 

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

Scope: Thrust 2 researchers will analyze the readiness of the existing transportation infrastructure and maintenance 

programs to support CAV deployment and will investigate the emerging infrastructure required for the adoption of 

future CAV technologies. 
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Objectives: 

ω Document NCDOT Infrastructure 
Programs Impacted by CAV Needs

ω Develop and test a 5G architecture 
for secure V2I applications

ω Recommend Program 
Enhancements to Advance NC CAV 
Infrastructure Readiness



North Carolina is preparing for Connected and Autonomous Vehicles (CAVs) through 
multiple initiatives:

ǒ NCDOT-ǎǇƻƴǎƻǊŜŘ ǊŜǇƻǊǘ άb/ wŜŀŘƛƴŜǎǎ ŦƻǊ /ƻƴƴŜŎǘŜŘ ŀƴŘ !ǳǘƻƴƻƳƻǳǎ ±ŜƘƛŎƭŜǎ 
ό/!±ύέ 

ǒ Highly Automated Vehicle Committee appointed by the State Legislature

ǒ Connected Automated Shuttle Supporting Innovation (CASSI)

ǒ Multiple ongoing CAV Research Projects

Safe CAV deployment will require significant investment in both traditional and 
emerging infrastructure. 
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Research Background
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Project 2: Research Tasks and Timeline
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Research Task 1: Literature Review
CAV Impacts on Highway Geometry

ÅHighway geometric refers to the physical design of a roadway

o Radii of horizontal curves

o The rates of vertical slope changes for connecting roadway segments with different grades

o Lengths of acceleration and deceleration lanes

ÅHighway geometry design considerations

o Design Vehicle
Å Physical features such as geometrical dimensions

Å Mechanical performance

o Design Driver
Å Knowledge of the system (result of previous experience and training)

Å Skills and attitudes (ability to act upon attained information and/or prior knowledge)

Å Physiological characteristics (e.g., hearing, seeing)
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Research Task 1: Literature Review
Design Vehicle and Design Driver

ÅDesign 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.

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

ÅHow will CAVs change design driver/vehicle?

o Advanced sensors 

o Wireless communications to provide timely situation awareness
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Research Task 1: Literature Review
Current Geometry Design Controlling Criteria 

ÅDesign Speed

ÅLane Width

ÅShoulder Width

ÅHorizontal Curve Radius

ÅSuperelevation Rate

ÅMaximum Grade

ÅStopping Sight Distance

ÅCross Slope

ÅVertical Clearance

ÅDesign Loading Structural Capacity
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Research Task 1: Literature Review
How Will SSD Impact Geometrics?

ÅRoadway

o Crest curves

o Sag curves

o Horizontal curve radius

Å Intersection Sight Distance

ÅObjects Offset Along Road

o Median Barriers

o Crash Walls

o Parapets

o Bridge Abutments

ñé the sight distance at every point along a 

roadway should be at least that needed for a 

below-average driver or vehicle to stop.ò



NC Transportation Center of Excellence on Connected and Autonomous Vehicle Technology (NC-CAV) 40

Research Task 1: Literature Review
How Will CAVs Impact SSD?

ÅPerception-Reaction Time (PRT)

o AASHTO recommends 2.5 seconds as PRT

o PRT increases with
Å Age

Å Fatigue

Å Complexity of the task

Å Physical impairments

Å Presence of alcohol and drugs

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

ÅMaximum Deceleration 

o What happens if CAVs increase deceleration rate from 11.2 ft/s2 to 14.8 ft/s2?
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Research Task 1: Literature Review
How Will CAVs Impact SSD?

ÅSSD on Level Roadway under various Conditions

Design 

Speed 

(mph)

Max Deceleration = 11.2 ft/s2
Max Deceleration 

= 14.8 ft/s2

PRT (s) SSD (ft.) PRT (s) SSD (ft.) PRT (s) SSD (ft.) PRT (s) SSD (ft.)

40 2.5 300 1 210 0.5 185 0.5 145

50 2.5 425 1 315 0.5 275 0.5 220

60 2.5 565 1 435 0.5 390 0.5 305

70 2.5 730 1 575 0.5 520 0.5 410
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Source: FHWA, 2020

Research Task 1: Literature Review
CAV Impacts on Highway Infrastructure
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Research Task 1: Literature Review
CAV Impacts on Highway Infrastructure

ÅPhysical Infrastructure - Pavements

o Lowered threshold for pavement distresses (i.e., 
potholes, edge wear) for AVs.

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

o Increased potential for faster accumulation of 
pavement damage.

ÅPhysical Infrastructure - Bridges

o Heavy vehicles platooning with small headways and 
little lateral offset may increase dynamic loads
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Research Task 1: Literature Review
CAVs Rely on RSUs

o ñInformation exchange must address connectivity between the 
vehicles and the roadside infrastructure. Without the digital 
infrastructure and data, ADS operability that is reliant on information 
from roadside equipment would essentially become non-functionalò

ÅRSU Deployment Considerations

o RSU and OBU systems should follow a national 
standard and the systems must be interoperable with 
the devices on all vehicles. 

o The messages sent and received through Cellular 
V2X should be uniform in all States in the U.S.

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

4
Automatic Emergency 

Braking
None None 14 Traffic Jam Assist Lane marks Low

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

7
Emergency Stopping 

Assistance
None None 17 On-Highway Platooning Lane marks, Traffic sign Moderate

8
Automated Operation for 

Military
None None 18

Automated Assistance in 

Roadwork and Congestion

Lane marks, Beacons, 

Guide walls
High

9 Adaptive Cruise Control
None, possible 

dedicated lane
None/Depends 19 Auto-Valet Parking Parking facilities High

10
Cooperative Adaptive Cruise 

Control

None, possible 

dedicated lane
None/Depends 20 Driverless Car

Lane marks, Traffic 

sign, Lighting
High

Adapted from Kockelman et al., 2017)
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Research Task 1: Literature Review
Traffic Control Devices

ÅConnected Signals

o I2V wireless communications allows 
for the signal controller directly 
sending signal timing information to 
the connected vehicles

ÅSignal-free Intersection

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

Source: Mirheli, 2018.
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Research Task 1: Literature Review
Pavement Markings

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

Å Number of image pixels for machine vision detection is 
critical, especially important under challenging conditions 
(recommend increase to 6-inch wide markings)

Å Daytime appearance is just as important as nighttime

Å Daytime contrast on light colored pavements is 
particularly helpful

Photo Source: ToyotaPhoto Source: FHWA, 2020
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Research Task 1: Literature Review
Signage

Photo Source: FHWA

ÅOptical cameras and machine vision systems have limited 
resolution and range vs. some human drivers ςwill be 
confused by damaged, faded, or noncompliant signs

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

ÅDigital signing may be challenging for in-vehicle camera 
systems (but might not be a problem for CAVs)



NC Transportation Center of Excellence on Connected and Autonomous Vehicle Technology (NC-CAV) 49

Research Task 2: Existing Programs
Analysis of Existing Programs

NCDOT Infrastructure:

ÅConstruction and Capital Investment

ÅStandards and Policies

ÅAsset Management

ÅMaintenance

ÅITS

ÅRoadway Design, Signing and Delineation, Integrated Mobility, etc.

Commercial Cellular and Fiber Networks
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Research Task 2: Existing Programs
Analysis of Existing Programs

Next Steps: NCDOT Survey and Select Interviews
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Research Task 3: Computing CAV
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Research Task 3: Computing CAV


