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EXECUTIVE SUMMARY

North Carolina has distinctive transportation challenges and needs. Conventional fixed-route
transit may not effectively meet sporadic transportation demands over laorge geographic areas
with low population densities. Microtransit service can address this challenge in low-demand
rural areas by providing more efficient and customer-focused transportation services via flexible
routing and scheduling while reducing the transportation cost due to smaller sizes of vehicles
and the adoption of ridesharing strategies. Several communities in North Carolina have started
microtransit pilot programs such as the GoWake SmartRide NE, Wilson RIDE, and RideMICRO
in the Wilmington area. In parallel, the North Carolina Department of Transportation (NCDOT)
has piloted automated vehicles in transit applications through the Connected Autonomous Shuttle
Supporting Innovation (CASSI) program. Along with these efforts, NCDOT has sponsored the
research project, “Developing and Operationalizing a Testbed of Connected Self-driving Shuttles
to Test and Develop CAV applications in North Carolina” (NCDOT RP 2022-16). The developed
Connected Autonomous Vehicle (CAV) testbed consists of three Polaris GEM E6 low-speed
vehicles that are outfitted with automated vehicle technology and are being tested individually
on a test track at NC A&T State University (NC A&T)’s Gateway Research Park. Leveraging the
efforts under NCDOT RP 2022-16, this project investigates the feasibility of automated shuttles
for deployment in urban and suburban transportation, by piloting the Automated Driving System
(ADS)-equipped Polaris GEM E6 vehicles in a microtransit service on a route that connects
NC A&T’s campus to downtown Greensboro. The project delved into the shuttles’ design,
particularly their sensor suite, which is crucial for navigating complex suburban landscapes. The
research team performed extensive testing in a controlled environment that mimicked real-world
driving conditions expected during public road demonstrations with passenger service. These
tests assessed key functionalities such as mapping, localization, object recognition, and motion
planning and tracking. The research team then explored the deployment of the shuttles on
public streets through a one-month pilot project, analyzing the results using both objective and
subjective methods, and highlighting the challenges and opportunities encountered. By comparing
outcomes from both controlled and real-world settings, this project evaluated the feasibility of
integrating automated shuttles into public transportation systems, thereby contributing to the
ongoing discussion about the practicality and limitations of automated vehicles in urban and

suburban areas.

The field test evaluation demonstrated that the Aggie Autonomous Shuttles performed well in
predefined, structured routes, successfully following the desired paths and responding to basic

traffic scenarios. However, challenges arose in handling complex urban environments, particularly



when dealing with signalized and non signalized intersections or lane sharing scenarios. Beyond its
technical contributions, this project played a crucial role in increasing public awareness and trust in
automated vehicle technology. By allowing community members to experience automated shuttles
firsthand, it fostered a greater understanding of the technology’s capabilities, limitations, and safety
measures. Public engagement through this pilot project, surveys, and outreach initiatives helped
build confidence in the viability of automated microtransit solutions as an effective transportation

option.

This research assists NCDOT in assessing automated shuttles as an emerging technology and
supports innovation programs, particularly under the Integrated Mobility Division of NCDOT and
initiatives such as the Connected Autonomous Shuttle Supporting Innovation (CASSI). Findings
from this research suggest that while automated shuttles can navigate controlled environments
effectively, challenges remain in real-world deployment, particularly in handling unpredictable
traffic conditions and ensuring seamless interactions with other road users. Given these insights,
NCDOT should consider continuing to support research and refinement of automated shuttle
technology before transitioning to full-scale deployment in regular revenue service. Further pilot
programs focusing on sensor fusion improvements, Vehicle to Infrastructure (V2I) communication,
and enhanced route planning could help address these challenges and support the future expansion

of automated microtransit solutions.
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1 Introduction

This project investigated the feasibility of automated shuttles for deployment in urban and suburban
transportation, focusing on the Aggie Auto Shuttles pilot project conducted by researchers at
North Carolina A&T State University in Greensboro, North Carolina, USA. It delved into
the shuttles’ design, particularly their sensor suite, which is crucial for navigating complex
suburban landscapes. The research team performed extensive testing in a controlled environment
that mimicked real-world driving conditions expected during public road demonstrations with
passenger service. These tests assessed key functionalities such as mapping, localization, object
recognition, and motion planning and tracking. The research then explored the deployment of the
shuttles on public streets, analyzing the results using both objective and subjective methods, and
highlighting the challenges and opportunities encountered. By comparing outcomes from both
controlled and real-world settings, the project evaluated the feasibility of integrating automated
shuttles into public transportation systems, thereby contributing to the ongoing discussion about

the practicality and limitations of automated vehicles in urban and suburban areas.

2 Research Objectives
The goal of this project was to pilot Automated Driving System (ADS)-equipped, low-speed

vehicles in a microtransit service to connect NC A&T State University and downtown Greensboro.

This was achieved through the following objectives:

* Objective 1: Identifying the appropriate route and safe stops in coordination with stakehold-

ers,

* Objective 2: Developing the in-vehicle data collection systems and surveys to assess public

perception and acceptance of the AVs,

* Objective 3: Building a map and addressing the technical challenges for deployment of

vehicles on the identified route,

* Objective 4: Actual deployment of the autonomated vehicles between the NC A&T campus

and downtown Greensboro, and

* Objective 5: Analyzing and reporting the collected data and the deployment process.

The funding for this project supported a range of critical activities necessary for the successful

evaluation and deployment of automated shuttles. It covered the acquisition and modification of
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Polaris GEM E6 low-speed vehicles with advanced automated driving system (ADS) technology,
including LiDAR, cameras, radar, and computing hardware. Additionally, the funds facilitated
software development for localization, mapping, and route planning, as well as testing in both

controlled environments and real-world conditions.

The project also supported pilot program operations, including vehicle maintenance, data col-
lection, and performance evaluation. Beyond technical development, funding was allocated for
public outreach efforts such as stakeholder engagement, passenger surveys, and educational events

to increase awareness and trust in autonomous vehicle technology.

The piloted project helped NCDOT assess this emerging technology of automated shuttles
by evaluating their operational efficiency, safety performance, and integration within existing
transportation systems. This included examining real-world deployment challenges, regulatory
considerations, and public perception to determine the feasibility of broader adoption. Addi-
tionally, funding supported workforce development efforts, equipping faculty, graduate students,
and engineers with expertise in system integration, safety assessments, and data analysis. This
investment enables the research team to refine, customize, and deploy this testbed of automated
shuttles for future pilot projects, further advancing the adoption of autonomous vehicle technology

in public transportation.

3 Literature Review and Gap Analysis

Low-Speed Automated Vehicles (LSAVs) [1] represent a novel form of public transportation that
aims to enhance mobility and accessibility, particularly for the first and last mile of a journey.
Unlike traditional shuttle buses, these vehicles operate without a human driver and with a high level
of automation enabled by Automated Driving System (ADS) capabilities, relying on advanced
sensors and software to navigate (predefined) routes. Also, these vehicles are smaller and have
lower passenger capacity, which allows for more flexible and responsive service in suburban and
rural areas characterized by a dispersed and low ridership. However, the feasibility and impact
of LSAVs require thorough evaluation through pilot projects, which can provide valuable insights
into their real-world performance, safety, efficiency, and economic viability under varied traffic

and operating conditions [2].

Demonstrations conducted in controlled environments have yielded significant insights into the
operational efficiency of LSAVs within transportation frameworks. This allows the identification
of driving scenarios with a high level of abstraction in the concept phase that can be con-
cretized throughout the development process [3]. This approach safely addresses representative

driving scenarios to prepare for mixed-traffic environments that include pedestrians, cyclists,
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and other road occupants [4]. Real-world pilot programs have been meticulously executed in
semi-controlled, yet realistic settings to handle these situations, but often with low speeds and
limited passenger capacities [5]. Some studies have proposed methodologies for first-and-last-mile
operations with LSAVs, including context understanding, key factors definition, stakeholder
surveying, and operational scenario formulation [6]. The choice of predefined routes allows
for deploying advanced navigation systems, enabling the simulation of passenger pick-up and
drop-off scenarios [7]. Likewise, researchers have explored utilizing cloud brain approaches to
tackle challenges associated with large-scale LSAV implementations [8]. However, the complexity
of real-world scenarios makes it challenging to design computer systems that can anticipate and
handle all possible situations [9]. Hence, it is crucial to recognize that investigations conducted in

semi-controlled driving environments can serve only as valuable initial assessments [10].

Validating the operational capability of LSAVs under authentic traffic conditions is crucial for
their continued progress and successful integration into broader transportation systems. LSAVs
have been typically deployed in dense urban areas, like university campuses, stadiums, office
parks, transit stations, entertainment areas, and downtown areas [11]. Some demonstrations
have highlighted the need for precise mapping or alternative localization mechanisms to mitigate
potential disruptions from satellite signal loss [12]. Outcomes from some demonstrations
further support for integrating sensor data to foster a holistic understanding of the surrounding
environment [13], enhancing compliance with traffic regulations, particularly concerning yielding
to vulnerable road users [14], and mitigating instances of overly cautious driving that could impede

traffic flow and lead to confusion among fellow road occupants [15].

In this study, through the Aggie Auto Shuttles pilot project, the research team investigated the
deployment of automated shuttles in urban and suburban environments. This study details the
technical aspects of the Aggie Auto Shuttles, including their sensor suite, hardware architecture,
and software stack, and describes the testing procedures and results obtained from operation in
a controlled environment before deployment on public streets. This study also documents the
preparations for public road demonstration with passenger service under mixed-traffic scenarios.
This study also discusses the results obtained from the pilot in downtown Greensboro, where
the shuttles operated from September 18 through Oct 13, 2023 on a 1.49 mile (2.4 km) route
conneecting the neighborhood of N.C. A&T campus to the Greensboro’s Children’s Museum. In

summary, the contributions of this project include:

* Development of a fleet of automated shuttles capable of operating in urban and suburban

environments, with a focus on serving underserved communities,
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* Successful test and deployment of the Aggie Auto Shuttles in a real-world public road
demonstration, gaining valuable insights into the challenges and opportunities of automated

shuttle services,

* Evaluation of the ADS of the shuttles and root-cause analysis of instances of disengagement

of driving automation of the vehicles

* Collaboration with local and state transportation agencies, demonstrating the importance
of interagency cooperation and public involvement in the development and deployment of
automated vehicle technologies.

Figure 1. Sensor suite consisting of: 1) Velodyne VLP-32C, 2) 3x Velodyne VLP-16, 3) Dual
Antenna + Novatel PwrPak7D-E2, 4) 2x Lucid Triton Camera IMX265, 5) RaDAR Delphi ESR,
and 6) MAKO 5G Dome Antenna + Cradlepoint R1900.
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4 The Aggie Auto Shuttles

The Aggie Auto Shuttles are automated vehicles designed for developing, testing, and demon-
strating different ADS functionalities, aiming to ultimately enhance transportation options in rural
areas and facilitate connectivity in regions lacking robust public transit infrastructure. The Aggie
Auto Shuttles use a Polaris GEM e6, a six-passenger electric vehicle capable of achieving a top
speed of 25 mph (40 km/h), as the base vehicle and integrate state-of-the-art hardware and software
technologies. A sensor suite was designed and integrated to address semi-urban driving scenarios

as depicted in Fig. 1.

The VLP-32C LiDAR was positioned in an elevated manner using aluminum frames at the top
center of the vehicle to facilitate environmental perception within medium and long ranges.
Conversely, three VLP-16 LiDARs were situated in the roof rack above the windshield on the
right, left, and center, aiming to mitigate blind spots within shorter-range areas. Furthermore, a
Novatel PwrPak7D-E2, equipped with an Inertial Navigation System (INS), served as a localization
source, capable of receiving signals from the Global Navigation Satellite System (GNSS), along
with Real Time Kinematic (RTK) corrections provided by public ground stations. Two antennas
were integrated into the GNSS+INS receiver and installed on the rear section of the roof rack
at each side to enhance orientation accuracy. To increase the perception redundancy, two Lucid
Triton IMX265 cameras were installed on the frontal side of the roof rack, each one with different
focal lenses of 0.47 in (12 mm) and 0.63 in (16 mm), to capture wider and narrower fields of view,
respectively. Also, one Delphi ESR RaDAR with a mid-long measurement range was installed
in the frontal bumper. Finally, a Cradlepoint R1900 router with an MAKO Dome Antenna was

integrated to enable 5G connectivity and Wi-Fi.

4.1 Developing a User-Friendly App for Vehicle Tracking

The shuttles were able to connect to the riders via a cloud-based application software. This was
made feasible by connecting the shuttles to the cloud through 5G internet communications, sharing
their real-time location. Initially, the research team planned to include features such as booking a
ride, barcode scanning at pickup time, and sharing seat occupancy data. However, due to highly
unpredictable travel demands, the research team decided to disable these features and consider
them for future pilot programs. The application software, therefore, was limited to tracking the
location of the vehicles so that the riders could estimate the arrival time. Fig. 2 shows a snapshot

of the live tracking of the vehicles during the pilot project.
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Aggie Auto Tracker

Figure 2. A snapshot of the application software for live tracking of the Aggie Auto Shuttles, where
the orange circle and the associated numbers were showing the live location of shuttles.

5 Closed Course Test of Aggie Auto Shuttles
The developed Aggie Auto Shuttles consisted of three Polaris GEM E6 low-speed vehicles that

were outfitted with automated vehicle technology and were tested individually. The performance
assessment was conducted in a realistic driving environment, testing several driving scenarios
under controlled conditions. In this section, the testing setup related to the closed course test

track and the verification of systems before the public road demonstration are described.

5.1 Testing Setup
The Gateway Research Park - North Campus (Greensboro, NC), hosts a 1.36 mile (2.2 km) long

test track, a controlled driving environment for research and development of ADS technologies.
This test track, shown in Fig. 3, provides a versatile setting for testing and validation tasks before
automated vehicles are deployed on public roads, offering a diverse range of challenging driving
scenarios, including roundabouts, intersections, crossings, traffic signs, and road markings, which

replicate suburban driving conditions.
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Figure 3. The closed course test track at NC A&T Gateway Research Park for testing LSAVs under
different driving scenarios, including roundabouts, intersections, crossings, and traffic signs.

5.2 Systems Verification

A rigorous verification procedure was conducted at the NC A&T test track to evaluate each system.
This process allowed the research team to identify potential issues considering the driving scenarios
expected in the public road demonstration, guaranteeing the safe and reliable operation of the

Aggie Auto Shuttles. The verification process involved the following key components:
5.2.1 Mapping Process

Fig. 4.a depicts the mapping process consisting of a detailed high-definition 3D point cloud
representation of the test track. The procedure involved a single pass along the route (i.e., the
white dots represent the driven trajectory) to build a complete point cloud of the surrounding
environment, including static elements such as buildings, trees, and road infrastructure [16].
Fig. 4.b shows the Lanelet2 map that the research team manually created to include relevant
information for the ADS, like geometric details, routing information, and semantics of the driving
environment [17]. These detailed maps served as the primary references for downstream systems

during the testing and deployment phases.
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5.2.2 Localization Process

Fig. 4.c illustrates the LiDAR localization system that relies on an EKF combined with NDT
as its core approach. The EKF+NDT approach is the foundation of the ‘ndt_scan_matcher’
algorithm [18, 19]. The performance of this EKF+NDT localization is compared to that of the
available GNSS-based approach. As shown, the GNSS accuracy is compromised by environmental
factors, such as multipath errors caused by the forested areas, resulting in a cross-track trajectory
difference (Ay) of over 13.1 ft (4 m) compared to the LIDAR-based localization. Consequently, the
LiDAR-based localization proved to be the most robust alternative, and hence, it was selected as

the primary localization source in this research [20].
5.2.3 Object Recognition

Fig. 5 depicts the process of object recognition using pure LiDAR data. The RGB image on the left
shows a color image of the current environment ahead of the vehicle, while the LiDAR point cloud
representation is displayed on the right. The LiDAR data is segmented into clusters, represented
by the bright white dots, which group points that likely belong to the same object, allowing the
system to classify these detected object proposals into categories such as buses, cars, pedestrians,
or bicycles [21,22]. In the example shown, three different cars ahead of the vehicle are recognized,

and relevant information like ID, type, and velocity is displayed.

Due to the early development stage, object recognition from cameras and RaDAR is not
employed, and the system relies solely on processing and visualizing the pure LiDAR data as
the primary means of identifying surrounding objects on the test track and during the public road

demonstration, allowing the research team to first optimize the core perception capabilities of the

Aggie Auto Shuttles before potentially incorporating additional sensor modalities in the future.

RGB Image i Euclidean Clustering Multi object Tracking

Figure 5. The process for 3D object recognition: LiDAR data is used to cluster points into smaller
parts to classify objects. Subsequently, the detections are processed over a time series, assigning
each object an identification number and estimating its velocity.

5.2.4 Planning and Control

Fig. 6 shows the planning and control performance while navigating through a set of test cases,

which represent driving scenarios available in the controlled test environment [23,24] and expected
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to be encountered during the public road demonstration, including pull-over, adaptive cruise

control, curve deceleration, crosswalk, intersection, and stop line management.

Pull-Over: Fig. 6.a depicts the pull-over maneuver execution. As the vehicle approaches the
pull-over location, the path is dynamically replanned to execute a smooth and safe maneuver,

allowing the vehicle to park at the road shoulder.

Adaptive Cruise Control: Fig. 6.b demonstrates the adaptive cruise control functionality. A
safe following distance from the lead vehicle is maintained, adjusting its speed accordingly to
ensure a comfortable and efficient driving experience. The range of speed from 0-25 mph (40

km/h) is evaluated considering static and dynamic objects ahead on the road.

Curve Deceleration: Fig. 6.c shows the curve deceleration test case. As the vehicle approaches
a sharp curve, the planning and control module reduces the speed to ensure a safe and stable turning

mancuver.

Crosswalks: Fig. 6.d illustrates the behavior when approaching a crosswalk. The behavior
planning system considers the presence of pedestrians in the vicinity of a crosswalk and adjusts

the speed and trajectory to yield the right-of-way and ensure the safety of vulnerable road users.

Intersections: Fig. 6.e depicts the handling of intersections. The behavior planning module
considers the prediction of moving objects participating in the intersection (e.g., a vehicle moving
and crossing the intersection), and planning the velocity for turning right or left at the intersection

to avoid risk with other oncoming objects.

Stop Line: Fig. 6.f shows the behavior when approaching a stop line. The system considers the
existence of stop lines, and the planning and tracking modules bring the vehicle to a complete stop

at a 1 m distance.

obstacle stop

Figure 6. Use case driving scenarios considered for testing in the controlled environment
and expected in public road demonstration: a) pull-over, b) adaptive cruise control, c) curve
deceleration, d) crosswalk, e) intersections, and f) stop lines.
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6 The Pilot Deployment of the Aggie Auto Shuttles

Conventional fixed-route transit may not effectively meet sporadic transportation demands over
large geographic areas with low population densities. Microtransit services can address this chal-
lenge in low-demand urban or suburban areas by providing more efficient and customer-focused
transportation services via flexible routing and scheduling while reducing costs due to smaller sizes
of vehicles and the adoption of ridesharing strategies. The N.C. Department of Transportation’s
Integrated Mobility Division has made significant efforts to improve mobility options, including
on-demand microtransit [25]. A comprehensive report on on-demand microtransit has been
developed by the NCDOT Integrated Mobility Division and is available at [26].

Aggie Auto Shuttles have been developed to ultimately provide better transportation choices in
rural and underserved communities that have little to no access to public transportation as well
as connecting disconnected communities. After rigorous testing of the Aggie Auto Shuttles by
researchers at North Carolina A&T State University (NC A&T), the team aimed to pilot the
deployment of automated shuttles in Greensboro and connect the underserved communities around
NC A&T to establishments in downtown Greensboro. The website developed for the pilot project

is available at https://www.aggieauto.com/.

6.1 The Pilot Program Objectives

The ADS-equipped Polaris GEM E6 were piloted to provide microtransit service on a route that
connects the neighboring area of NC A&T’s campus to downtown Greensboro. This was achieved
through (1) Identifying the appropriate route and safe stops in coordination with stakeholders, (2)
Developing the in-vehicle data collection systems and surveys to assess the acceptability and public
perception of LSAVs, (3) Developing communication systems to connect LSAV's to a control room,
to the cloud, and the users, (4) Developing a user-friendly application for users to request a ride and
track the vehicles, (5) Building a map and addressing the technical challenges for deployment of
vehicles throughout the identified route, (6) Actual deployment of the automated vehicles between
NC A&T’s campus and downtown Greensboro, and (7) Analyzing and reporting data collected

from the deployment process.

6.2 Legal, Policy, and Regulatory Requirements

The legal, policy, and regulatory requirements for the vehicles were thoroughly considered for
deployment on public roads in North Carolina. Specifically, all vehicles comply with Federal
Motor Vehicle Safety Standards (FMVSS). In collaboration with the North Carolina Division of
Motor Vehicles (NCDMYV), the inspection, titling, and registration of the vehicles were completed.
Also, the North Carolina streets and highways G.S. 20-4.01(h) was complied with, requiring the
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vehicles to:

6.3

Comply with Articles 3, 3A, 7, 11, and 13 of Chapter 20; comply with applicable federal law
and regulations; and be certified by federal regulations in 49 C.E.R. Part 567 as complying
with Federal Motor Vehicle Safety Standards (FMVSS) and bears the required certification
label or labels. [The vehicles conform to FMVSS and have been registered with DMV.]

Meet the requirements set in G.S. 20-401(g) for stopping in the event of a crash. Also, the
vehicle can achieve a minimal risk condition (a term defined in S. 20-400(4)). [The vehicles
always had a backup driver behind the steering wheel. The automated driving functionalities
were tested. In particular, tests were conducted by the research team under different driving

scenarios to attest that the backup driver could safely take over control.]

Register the vehicles following Part 3 of Article 3 of Chapter 20. [The vehicles were
registered with DMYV.]

Put in place a liability policy meeting the requirements of G.S. 20-279.21. [The research
team coordinated with an insurance company and attested that there is always a backup
driver behind the steering wheel that can take over the control of the vehicle, so all parties
agreed to treat the vehicles as regular human-driven vehicles, and liability insurance was

acquired accordingly.]

Stakeholder Engagement

A considerable amount of time was required for planning and preparation before the Aggie Auto

Shuttles were deployed on public roads and offered passenger service, engaging with different

stakeholder groups, including:

Public Agencies and Local Government: North Carolina DoT, Greensboro DoT, City of

Greensboro, Greensboro Police, Greensboro Fire Department
Industrial Partners: Verizon, Volvo, Google, Waymo
Local Community: Downtown Greensboro Inc., Local businesses

Different Divisions Across NCA&T University: College of Engineering, University
Relations, University Police, University Community Outreach, University Advancement,

University External Affairs, University Parking Services
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Through these meetings different topics were discussed including:

Selecting the route to operate on

Identifying the bus stops
» Assessing the challenging driving scenarios and the associated risks

* Developing and implementing an incident management plan

Liability insurance coverage plan

As part of this stakeholder engagement effort, the research team collaborated with NCDOT to
organize a workshop for first responders on Sep 13, 2023 to discuss the incident management plan
for Aggie Autonomous Shuttles prior to their public deployment. The workshop was well attended
by over 25 first responders from Several units from University Police Dept, the Greensboro Fire

Department, and the Greensboro Police Dept.

The attendees were engaged with the researchers at NCA&T with an inspiring willingness to make
the best of the workshop and filled with curiosity, questions and excitement about the opportunities
and challenges that Aggie Auto project and similar efforts may bring to the community, particularly

in terms of incident management.

The workshop consisted of two parts, an overview of the project and a hands-on demonstration

where key points were highlighted and discussed with the focus on:

1. Sources of Hazard

2. Emergency Main Battery Cut-Off

The format of workshop was interactive, incorporating the feedback from first responders into
the developed incident management plan. The discussion also included topics such as incident
categorization, emergency contacts and responsibilities, incident response flow, training needs,

and communications plan.

The research team also was able to collect useful feedback from first responders regarding the
Incident Response Flow and ways to better identify and access the most important components of

the vehicles such as electrical parts in case of an emergency.
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Figure 7. The research team collaborated with NCDOT to organize a workshop for first responders
on Sep 13, 2023 to discuss the incident management plan for Aggie Autonomous Shuttles prior to
their public deployment.
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6.4 Selection of the Route of the Aggie Auto Shuttles

Considering several factors, the route was selected in collaboration with the City of Greensboro.
Most of the route was either multi-lane or the speed limit was less than 25 mph (40 km/h) (the
maximum speed of the Polaris GEM). The selected route ensured that the low speed of the shuttles
did not significantly impact traffic. In addition, two safe stops were identified for picking up and
dropping off passengers: one was in front of the Harold L. Martin Sr. Engineering Research and
Innovation Complex at N.C. A&T University and the other one was in front of the Greensboro
Children’s Museum, giving riders access to the Greensboro Public Library, Greensboro History
Museum, Greensboro Cultural Center, LeBauer Park, Governors Court, and downtown businesses

and restaurants.

Fig. 8 depicts the route of the pilot project, which consists of a mix of urban and suburban roads,
each presenting unique challenges under different driving scenarios. The urban roads, depicted in
blue, consisted of one-way roads with multiple lanes merging and diverging. The suburban roads,
shown in red, consisted of reversible roads with a single lane, which are sections that have only

one lane but allow traffic to flow in both directions.

Figure 8. The selected route consisted of a round trip of 1.49 mile (2.4 km) within a mix of urban
and suburban driving environments, with one-way (blue) and reversible (red) lanes, respectively.
Two stops were located near the NC A&T campus (202 Beech St) and downtown Greensboro, NC
(222 N Church St).
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Fig. 9 shows instances of the urban part of the route requiring different driving maneuvers, such
as small intersections with pedestrian crossings, big intersections with traffic lights, merging and
diverging lanes, and multiple lanes with parking areas near the second shuttle stop. On the other
hand, Fig. 10 presents instances of the suburban part of the route, including reversible road
scenarios, narrow roads with parked cars on both sides, two-way intersections with unmarked
pedestrian crossings, and curved roads with parking areas near the first shuttle stop. A classification

of the Operational Design Domain (ODD) of the entire driving scenario is described in Tab. 1.

In this pilot, a traffic light recognition approach (e.g., vehicle-to-infrastructure (V2I) communica-
tion) was not available for intersections. Hence, to ensure a safe maneuver, the backup driver was

responsible for performing the task of stopping the vehicle at red lights at signalized intersections.
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(d) Straight roads of one or multiple lanes with parking areas near te second shuttle stop

Figure 9. Instances of the urban part of the route include (a) small intersections with marked
pedestrian crossings, (b) big intersections with traffic lights and marked pedestrian crossings, (c)
straight roads with lane merging or divergence, and (d) straight roads of one or multiple lanes
with parking areas on the right side near the second shuttle stop.
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(d) Curved roads with parking areas on the right side near the first shuttle stop

Figure 10. Instances of the suburban part of the route include (a) transitions from a one-way road
potentially encroaching on oncoming vehicles, (b) narrow roads with parked cars on both sides, (c)
two-way stop intersections with unmarked pedestrian crossings, and (d) curved roads with parking
areas on the right side near the first shuttle stop.
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Table 1. ODD classification of the pilot project.

Top-level Second-level Third-level
Urban and suburban
Roadway Single and multiple
Type lanes (up to 4) .
One-way and reversible
lanes
Physical .Intersections: Signal-
Infrastructure ized, crosswalk, and
2-way stop
Asphalt road
Roadway Asphalt and  brick
Surface
crosswalks
Potholes (only in re-
verse lanes)
Roadway Lane markings
Edges Curb (concrete)
Straightaways
Roadway Curvis fronz 19.6 ft (6
Geometry .
m) radius
Lane width from 9.8 ft
to 12.1 ft 3m to 3.7m
Operational Speed From 20 mph (32 km/h)
Constraints Limit to 35 mph (56 km/h)
Traffic Normal from 11:00 to
Condition 13:00
Stop, yield, and pedes-
Signage trian crqssing
Traffic lights
Objects Construction signage
Roadway Stopped and moving
Users vehicles,
pedestrians, and
cyclists
Non-roadway Pedestrians and cyclists
Connectivity C-V2X 5G (Verizon)
Environmental Weather Rain (from light to
Conditions heavy)
[Nlumination Daylight with overhead
sun
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Figure 11. Fleet of Aggie Auto Shuttles used in the pilot project. A minimum of two shuttles
were deployed to provide passenger services. Positioned at designated areas, the shuttles departed
synchronously, maintaining a continuous presence to promptly serve new passengers. A third
vehicle was used as a backup or when there was a higher demand.

6.5 Schedule of the Pilot Project

The Aggie Auto Shuttles provided service to the public, on weekdays between 11:00 and 13:00,
covering the period from Sep. 18, 2023 through Oct. 13, 2023. The route connected the NC A&T
campus to downtown Greensboro. These two areas are about 0.75 mile (1.2 km) apart, and a trip
from NC A&T’s campus to downtown Greensboro takes about 8 min. An image of the fleet of
Aggie Auto Shuttles driving over a section of the route (E Friendly Ave) is shown in Fig. 11. A
video demonstration of the Aggie Auto Shuttles is available at https://www.youtube.com/watch?

v=vPznZwcn1Us.

7 Technical Assessment of the Pilot Project

The research team used objective and subjective approaches to conduct experiments and collect
data to assess the public road demonstration of the Aggie Auto Shuttles. A detailed analysis of
disengagements from automated driving mode is presented, considering the number and location

of this kind of event along the route as well as root-cause analysis of the disengagement events.
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Further, a discussion is given to capture the lessons learned during the public road demonstration
from the point of view of the safety drivers, considering the challenges for automated vehicle
operation on public roads, such as interaction with other road users, localization improvements,

digital infrastructure, comfort and safety experience, charging, and vehicle maintenance.

7.1 Handover vs Takeover Analysis

The handover (HO) vs. takeover (TKO) analysis refers to the instances where the safety driver
releases the steering wheel to give control to the ADS to perform the Dynamic Driving Task (DDT),
i.e., all real-time operational and tactical functions required to operate a vehicle in traffic, or grabs
the steering wheel to control the vehicle to perform the DDT, respectively. This analysis is based
on data obtained from each Aggie Auto Shuttle during the period. The research team recorded
relevant variables describing transition events (i.e., HO or TKO) in a CSV file, including event
date, event time, x-coordinate location, y-coordinate location, current speed, driven distance, and

driven time.

Fig. 12 illustrates the number and locations of HO (i.e., transitions to automated mode) and TKO
(i.e., transitions to manual mode) that occurred during the public road demonstration along the
driving route. A heatmap visualization is utilized to illustrate the spatial patterns and smoothed
distribution of transition events along the route. Events under some driving scenarios were not
considered to help isolate the analysis from potential confounding factors, including transitions:
1) below 6.2 mph (10 km/h), to provide a more conservative assessment and focus on more
safety-critical scenarios and 2) driving areas before reaching big intersections, due to the lack

of traffic light detection and recognition feature as described in Sec. 6.4.
7.1.1 Handover Transitions

Fig. 12.a shows the number and location of HO transitions (i.e., from manual to automated driving
mode) that occurred along the route, depicting the areas where the safety driver was confident that
the ADS was able to operate in automated driving mode. A total of 35 HO transitions occurred
in 13.7 mile (22.1 km) driven in manual mode, having a rate of 2.5 HO/mile (1.5 HO/km) during
the public road period. Statistical results about the total manual driving performance, including on

urban and suburban roads, are depicted in Table 2.

In urban scenarios, HO transitions occurred frequently after crossing major intersections with
traffic lights, indicated by the cyan circles. When the traffic light turned green, the safety driver
opted to navigate through the intersections manually. Once the intersection was cleared, the driver
would execute the HO transition back to automated mode. This pattern emerged due to an ‘Overly

Gradual Acceleration’ in automated mode, which disrupted the normal flow of traffic. Accordingly,
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Figure 12. Location of handovers (transitions to automated mode) and takeovers (transitions
to manual mode) along the driving route. The frequency of transitions is defined by the color
bar placed vertically on the right, having minimum (purple) and maximum (yellow) values. The
transitions were obtained from real driving tests using vehicles I (red dots), 2 (cyan triangles), and
3 (yellow crosses). The transitions at intersections with traffic lights (cyan circles), as well as the
transitions at speeds lower than 3m/s, were not considered.
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Table 2. Handover transitions for each Aggie Auto Shuttle. The total (¥) and mean (u) estimations
for the metrics are denoted with the superscripts + and x, respectively.

Shuttle
RoadMetric 1 2 3 Y/u* Unit
Time 301.2 329 3183 65247 min
= Distance 310 155 3.29 7.957 mile
fn: Handovers (ho) 16 1 8 257 ho
= Distance perho 0.19 155 041 0.31* mile/ho
ho per distance 5.16 0.64 2.43 3.14* ho/mile
Time 400.7 979 504.8 1003.47 min
_czs Distance 143 1.68 261 5717  mile
5 Handovers (ho) 5 1 4 10" ho
= Distance perho 028 1.68 0.65 0.57* mile/ho
“ ho per distance 349 059 1.53 1.75* ho/mile
Time 701.9 130.8 823.1 1655.7" min
_Distance 456 327 588 13737 mile
£ Handovers (ho) 21 2 12 35* ho

Distance perho 021 1.63 049 0.39* mile/ho
ho per distance 4.60 0.61 2.04 2.54* ho/mile

the safety driver chose to take over manual control temporarily while crossing the intersections.

In suburban areas, HO transitions were infrequent. However, the safety driver often took control
when encountering situations related to limitations in the behavioral planning system, mostly
caused by requiring manual overtaking maneuvers due to ‘Road Obstructions,” and in a minor
proportion in other driving scenarios (e.g., ‘Objects Near Stop Signs,” ‘Oncoming Traffic,” and

‘Collision Avoidance’), necessitating manual driving interventions for smoother navigation.
7.1.2 Takeover Transitions

Fig. 12 shows the number and location of TKO transitions (i.e., from automated to manual driving
mode) that occurred along the route, illustrating the areas where the safety driver was concerned
about the ADS capability to operate safely. A total of 71 TKO transitions occurred in 140 mile
(225.1 km) driven in automated mode, having a rate of 0.5 TKO/mile (0.35 TKO/km) during
the public road demonstration. Statistical results about the total automated driving performance,

including urban and suburban roads, are depicted in Tab. 3.

In both urban and suburban environments, TKO transitions from automated to manual mode
predominantly occurred before reaching bus stop zones. In these scenarios, the behavioral planning
system assessed potential objects that could conflict with the original path before initiating a

‘Pull-Over.” However, if any object was detected close to the planned path, the pull-over maneuver
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Table 3. Takeover transitions for each Aggie Auto Shuttle. The total (¥) and mean (u) estimations
for the metrics are denoted with the superscripts + and x, respectively.

Shuttle
RoadMetric 1 2 3 Y/u* Unit
Time 1727 353 5184 24157 min
= Distance 2777 696 46.23 80.90" mile
fé Takeovers (tko) 19 5 19 437 tko
= Distance pertko 147 140 243 1.88* mile/tko
tko per distance 0.68 0.71 0.4l 0.53* tko/mile
Time 127.9 28.1 183.4 339.47 min
_‘E Distance 2193 497 31.93 5897 km
5 Takeovers (tko) 11 3 14 28"  tko
= Distance pertko 199 165 2.28 2.1*  mile/tko
“ tko per distance 050 0.60 043 0.47* tko/mile
Time 300.6 63.4 4937 857.8"7 min
_Distance 4971 1199 78.17 139.87" mile
£ Takeovers (tko) 30 8 33 71*  tko

Distance per tko 1.65 149 2.36 1.97* mile/tko
tko per distance 0.60 0.67 0.42 0.50* tko/mile

was aborted without replanning for an alternative route to the bus stop. Hence, the goal remained
on the original path, causing the vehicle to stop and obstruct traffic flow. This issue provoked a
necessary intervention of the safety driver through TKO transitions to navigate these situations

safely and without disrupting traffic flow.
7.1.3 Takeover Root-cause Analysis

Table 4 summarizes the relevant events that led to takeover (TKO) transitions during the public road
demonstration period. The safety drivers gathered this information and documented the relevant
events immediately after their occurrence. Subsequently, each TKO transition was analyzed, and

the underlying causes were attributed to specific modules within the ADS.

Most takeovers, accounting for 74.9% of the total, were caused by two primary events: ‘Pull-Over
Maneuver’ (55.8%) and ‘Road Obstructions’ (19.1%). Each one of the remaining 13 identified
relevant events played a relatively smaller role, however, contributing to a total of 25% of the
takeover events. It can be seen that Shuttle 3 encountered more events and a greater variety of
events than Shuttles 1 and 2. This can be attributed to the fact that Shuttle 3 operated in automated
mode for a longer duration and covered a greater distance during the pilot period, as evidenced in
Tab. 3. A detailed description of each of the relevant events that were encountered during the pilot

period is provided next.
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Table 4. Relevant events leading to takeovers.

Urban Suburban Total
Shuttle Total Shuttle Total Shuttle Total
Module Relevant Event 1 2 3 # % 1 2 3 # % 1 2 3 # %
Perception  Object Boundary 1 1 2.3 1 1 36 1 1 2 2.9
Pull-Over Maneuver 7 5 12 24 558 7 5 12 24 353
Oncoming Traffic 2 1 1 4 1432 1 1 4 59
Collision Avoidance 2 2 4.7 2 2 71 2 2 4 59
Decision Road Obstruction 1 3 4 9.3 31 5 9 32114 1 8 13 19.1
Object Near Stop Sign 3 2 5 179 | 3 2 5 7.4
Unexpected Lane Change 1 1 2.3 1 1 1.5
Emergency Vehicle Interaction 1 1 2.3 1 1 1.5
Inadequate Speed Reduction 3 1 4 9.3 3 1 4 59
Control Overly Gradual Acceleration 3 3 7.0 3 3 44
Oversteering Issue 2 2 4.7 2 2 2.9
Actuation Sudden Deactivation 1 1 36 1 1 1.5
HMI Control Loss 1 1 2.3 1 1 1.5
Strategy Passenger Drop-Off 2 2 171 2 2 29
Unexpected Door Opening 1 1 36 1 1 1.5

Object Boundary: This event likely occurred when the ADS encountered difficulties in
accurately detecting objects near the boundaries of the travel path, potentially leading to unsafe

situations that required the safety driver’s intervention.

Pull-Over Maneuver: The ADS sometimes struggled to execute safe and appropriate pull-over
maneuvers, such as when attempting to pull over to the side of the road. This is mostly due to issues

with behavioral planning and object detection, necessitating the safety driver to take control.

Oncoming Trafficc The ADS sometimes was not prepared to respond to vehicles approaching
from the opposite driving direction in suburban areas, prompting the safety driver to take over for

safer navigation.

Collision Avoidance: The ADS sometimes performed lane departures to avoid potential colli-

sions with vehicles parked too far from the curb, requiring human intervention to prevent crashes.

Road Obstruction: The ADS sometimes was not prepared to respond to obstructions on the
road, such as other vehicles parked too far from the curb, leading the safety driver to take control

to navigate around these obstacles safely.

Object Near Stop Sign: The ADS sometimes had trouble reacting appropriately when objects
were near stop signs, thereby not respecting the stop line to prioritize avoiding a collision with the

object, posing a risk of running through the stop sign.

Unexpected Lane Change: The ADS sometimes executed an unexpected lane change to avoid
a frontal collision with a vehicle parked on the street, prompting the safety driver to take over to

prevent potential crashes or maintain proper lane positioning.

Inadequate Speed Reduction: Sometimes at speeds higher than 30 km/h, the ADS failed to

reduce speed adequately, posing a risk of frontal collision or other safety issues, requiring the
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safety driver to take control and adjust the speed of the vehicle appropriately.

Overly Gradual Acceleration: At intersections, the ADS sometimes accelerated too gradually
after handovers due to green lights, potentially disrupting the flow of traffic or causing other safety

concerns, leading the safety driver to take over and accelerate more appropriately.

Oversteering Issue: The ADS sometimes experienced oversteering issues, causing the vehicle
to veer off course or become unstable, necessitating human intervention to regain control and

maintain a safe trajectory.

Sudden Deactivation: The ADS sometimes unexpectedly deactivated or disengaged, requiring

the safety driver to take immediate control of the vehicle to ensure safe operation.

Human Machine Interface (HMI) Control Loss: The ADS sometimes experienced issues with
the HMI while the vehicle was in motion, potentially causing loss of control or functionality,

prompting the safety driver to take over manual control.

Passenger Drop-Off: In certain situations, some passengers asked suddenly to be dropped off at
stops other than planned drop-off points, leading the safety driver to intervene and take control to

complete the drop-off process.

Unexpected Door Opening: Sometimes, a passenger unexpectedly opened a door while the
vehicle was in motion, posing a safety risk and requiring the safety driver to take immediate control

to prevent potential crashes.

Most of these technical issues can be resolved with reasonable effort on fine-tuning and calibrating
the sensing and control systems of the shuttles with the exception of “Oncoming Traffic” or “Road
Obstruction”. This indeed requires lane sharing in suburban roads which is a very complex driving
behavior and is difficult to be handled by AVs in a mix AV-HDV setting.

7.2 Other Technical Insights and Experiences

7.2.1 Mapping

The Aggie Auto Shuttles deployment required the creation of a digital model of the driving
scenario. This process involved mapping the open roads. However, mapping open roads is a
manual process requiring a more complex and time-consuming practice compared to controlled

environments.

The initial data collection involved a manual drive, occasionally reaching the top speed of 25 mph
(40 km/h) to avoid significantly disrupting normal traffic flow on urban roads with speed limits

of 35 mph (56 km/h) in some areas. The resulting 3D point cloud data (PCD) map required
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extensive manual editing using CloudCompare' to remove dynamic objects like vehicles, bicycles,
and pedestrians. Including driving rules like posted speed limits, crosswalks, road shoulders, and
stop lines necessitated the inclusion of semantic information in the Lanelet2 map format. With
the PCD and Lanelet2 maps prepared, the shuttles were ready for their first automated driving
ride. However, the manual adaptation process of the virtual scenario model continued iteratively,

whereby the research team refined the maps until their quality was appropriate for deployment.

The deployment of vehicles on new routes is currently a complex and resource-intensive process.
There is a pressing need for automated processes to create virtual driving environments by
seamlessly integrating algorithms that can: 1) detect and remove dynamic objects from PCD
maps, 2) accurately map lane boundaries and other road markings, and 3) generate Lanelet2
maps incorporating driving rules, traffic signs, and semantic information. Automating these
interconnected tasks would streamline the creation of virtual environments, reducing manual effort
and resources, and thereby improving the efficiency and scalability of ADS for rapid expansion into

new areas.
7.2.2 Localization

The shuttles primarily relied on LiDAR sensors for geolocalization. The positions of fixed objects
within the line of sight were compared with their recorded positions, enabling the vehicles to
maintain their intended trajectories across various driving scenarios. Moreover, even in rural
forested environments with fewer large static structures, accurate localization could be achieved by
using the trunks of trees as reference points for the LiDAR sensors and disregarding continuously
changing foliage density across different seasons. No significant deviations from the center of the

lane were observed in any of the driving scenarios by the safety drivers.
7.2.3 Object Recognition

The shuttles primarily relied on LiDAR sensors for object recognition, an approach that generally
performed well in detecting both dynamic and static objects. However, certain deficiencies were
observed by the safety drivers. Firstly, although VLP-16 LiDAR sensors were strategically
positioned to cover blind spots, their low spatial resolution hindered the recognition of distant
objects, becoming particularly problematic when driving above 19 mph (30 km/h). Secondly, the
LiDAR sensors struggled to detect dark objects due to the absorption of the laser signal, potentially
leading to missed detection of obstacles and rear-end collisions. Additionally, the size of parked
vehicles on the street was sometimes overestimated, causing them to be misinterpreted as obstacles
in the travel lane of the shuttle. To address these limitations, the research team proposed the

replacement of existing LiDAR sensors with higher-resolution alternatives and with camera and

'Source: https://www.danielgm.net/cc/
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RaDAR sensors integration into the object recognition system, leveraging the strengths of each
sensor type to enhance overall accuracy and reliability. Accurate extrinsic calibration between the
LiDAR, camera, and RaDAR sensors is crucial to ensure proper sensor fusion and reliable object

detection and tracking across all sensor modalities.
7.2.4 Motion Planning

The shuttles demonstrated reliable performance in handling driving maneuvers at low speeds,
aligning with the partial driving automation expectations set for the pilot program. However, the
shuttles exhibited some limitations at moderate speeds. The shuttles could stop reliably in front
of static and dynamic obstacles when traveling at low speeds but struggled to handle obstacles
at speeds exceeding 19 mph (30 km/h) due to the previously described limitations in object
recognition. Furthermore, the ADS had difficulty appropriately reacting to road obstructions, such
as vehicles parked too far from the sidewalks, or avoiding oncoming traffic, a common scenario on
suburban reversible roads. In such cases, the safety driver had to take control of the driving task to

ensure safe operation.

During the pilot period, several unanticipated operational scenarios emerged that were not
accounted for in the controlled driving environment validation procedures, thereby constituting
edge cases. For example, the presence of parked vehicles preceding the designated pull-over area
impacted the behavioral system, resulting in the abortion of the pull-over maneuver execution,
which requires improvement of the pull-over behavior of the vehicles for future pilot programs.
Analogously, an unexpected and unnecessary lane change occurred on an urban thoroughfare to
avoid collision with a parked vehicle, necessitating the intervention of the safety driver to take
control of the shuttle, requiring more testing and validation on events triggering lane change
maneuvers. These issues could be ameliorated by modifying the behavioral parameters that trigger
and govern such actions. Additionally, the presence of emergency vehicles, such as ambulances
and fire trucks, in the proximal environment prompted the safety driver to assume control of the
driving task to yield the right of way, as this behavior exceeded the scope of the functionalities

expected in the public road demonstration.
7.2.5 Motion Tracking

Similar to the motion planning aspect, the shuttles demonstrated reliable performance in handling
driving maneuvers at low speeds. However, their performance under moderate speeds sometimes
necessitated intervention from safety drivers. One such scenario arose at intersections with traffic
lights, where a handover maneuver was required after the traffic light changed from red to green.
In these situations, the overly gradual acceleration designed for the shuttles to prioritize passenger

comfort conflicted with the traffic flow, prompting the safety driver to accelerate manually. This
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behavior could be improved by employing a less conservative parameter for accelerations, while
still adhering to safety values for longitudinal accelerations. Furthermore, the performance of
takeovers at moderate speeds required a delicate procedure of positioning the vehicle near the
center of the planned path to avoid aggressive steering actions during the transition from manual

to automated driving.

7.3 Intersection Handling

The research team has invested significant effort in solving the problem of handling intersections
using onboard sensors, particularly cameras. However, their approach did not provide reliable
traffic light detection due to sensitivity to environmental noise, such as glare and varying lighting
conditions. A more reliable approach would be to use V2I communication. The research team
will continue working with City of Greensboro to upgrade the traffic light signals to enable V2I

communication for potential future pilot projects.

8 User’s Feedback

Dr. Marada McBride assisted with designing and instrumenting questionnaires and obtaining
IRB approvals to survey passengers and capture their opinions on the deployment of Aggie Auto

Shuttles including:

* Pre-ride (before riding with the Aggie Auto Shuttles.)

* Post-ride survey (an email was sent to registered participants who completed the pre-ride

survey)

A QR code was provided at stops and inside the vehicles. While an in-depth analysis of the survey

results is underway, the preliminary results are presented in Figures 13 and 14.
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Figure 13. Pre-ride survey results for Aggie Auto Shuttles pilot program.

POST-RIDE FEEDBACK

ANSWERED BY 60 PARTICIPANTS Could be a mobility solution
- for people who are Unable to drive
90% N 73% ( 58% like disabled persons or the
HAD A GOOD Were able to get to their Feel that oty
EXPERIENCE destination on time driverless a @
vehicles are
35, 57.1%%, 2.4%
£\ 78% 28% sate, after
Think SAS can Will give priority to SAS over riding the
reduce the stress of Using a car shuttle
driving Positive Meutral Megative

After riding the shuttle, | feel that driverless

vehicles are safe
| would be happy to ride in an SAS
@ee Strongly

25 Participants

Positive Impression

9 Participants
8 Participants 71.4% 11.9% 16.7%

Negative Impression

0% 0% 2% 30% 4% 50

Figure 14. Post-ride survey results for Aggie Auto Shuttles pilot program.

9 Conclusion

The Aggie Auto Shuttles pilot project served as a critical exploration of the feasibility and
effectiveness of automated shuttles in public transportation. The project successfully demonstrated
that automated shuttles equipped with advanced sensing technologies can navigate both urban and
suburban environments, providing valuable insights into their operational capabilities, challenges,

and user experience. The deployment of these shuttles on public roads provided crucial real-world
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data that helped assess the strengths and limitations of current automated driving systems.

The funding for this project played a crucial role in supporting a wide range of activities
necessary for the successful evaluation and deployment of automated shuttles. It enabled the
modification of Aggie Auto Shuttles to equip them with advanced automated driving system
(ADS) technology, integrating LiDAR, cameras, radar, and computing hardware. Additionally,
through this project, the research team enhanced the software components of Aggie Auto Shuttles,
including localization, mapping, and route planning to allow their deployment on public roads. The
project benefited from extensive testing in both controlled environments and real-world conditions,

ensuring a comprehensive assessment of the shuttles’ capabilities and limitations.

Beyond technical development, the funding facilitated pilot program operations such as vehicle
maintenance, data collection, and performance evaluation. Public outreach efforts—including
stakeholder engagement, passenger surveys, and educational events—were also supported to
increase awareness and build public trust in automated vehicle technology. Furthermore, the
project contributed to workforce development, equipping faculty, graduate students, and engineers
with expertise in system integration, safety assessments, and data analysis. This investment
has positioned the research team to refine and expand their automated shuttle testbed for future
pilot projects, further advancing the adoption of autonomous vehicle technology in public

transportation.

The pilot also highlighted challenges associated with automated shuttle deployment, including
handling unpredictable traffic conditions, navigating shared roadways, and responding to complex
urban scenarios such as signalized intersections and oncoming traffic within a single lane.
Additionally, while pedestrian detection was well-integrated, future implementations must improve
interactions with other vulnerable road users such as cyclists and e-scooter riders. These
insights underscore the importance of continued research into sensor fusion improvements,
Vehicle-to-Infrastructure (V2I) communication, and more advanced route optimization to further

enhance shuttle performance.

Beyond the technical findings, the project played a significant role in increasing public awareness
and acceptance of automated vehicle technology. By allowing community members to experi-
ence automated shuttles firsthand, the pilot fostered greater understanding of the technology’s
capabilities, limitations, and safety measures. Public engagement through surveys and outreach
efforts provided valuable feedback that can inform future deployments and help build public trust

in autonomous transit solutions.
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Given these findings, it is recommended that NCDOT and other transportation agencies continue
supporting research and pilot expansions before transitioning to full-scale deployment of auto-
mated shuttles in regular transit operations. Future trials should focus on overcoming operational
challenges, refining vehicle response mechanisms, and ensuring seamless multimodal integration
with existing transit networks. Continued collaboration with policymakers, industry partners, and
local communities will be essential in refining the technology and expanding its applications to

serve a wider range of transportation needs.

By implementing these improvements, North Carolina can position itself as a leader in the adoption
of safe, efficient, and inclusive automated transit systems, ultimately enhancing mobility options

across North Carolina.

9.1 Future Plan

Moving forward, the research team aims to build on the insights gained from this project to further
advance automated shuttle technology and its practical applications. The following key initiatives

outline the next steps:

* Enhancing Pilot Programs with V2I Technology: Future pilots will incorporate V2I
communication to improve the automated shuttles’ ability to navigate intersections with
minimal intervention from the safety driver. Conversations have already begun with the
City of Greensboro to upgrade traffic signals to support V21 communication, laying the
groundwork for more advanced automated transit operations for potential future pilot

projects.

* Elevating Automation Levels: The team is actively pursuing the goal of eliminating the
need for an onboard safety driver by exploring remote operation capabilities. A follow-up
Technology Transfer grant has been provided to the team to investigate remote supervision
mechanisms, ensuring that while a safety driver is not physically onboard, a fallback option

remains available through remote operation technology.

* Expanding to Rural Deployment: Recognizing the potential impact of automated shuttles in
rural areas, the research team is exploring future pilot programs to assess the technology’s
robustness across diverse terrains and traffic conditions. A pilot initiative in a rural
North Carolina community is under consideration to evaluate the feasibility and benefits

of automated microtransit solutions in rural regions.
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9.2 Recommendations

To further enhance the success and scalability of automated shuttle services in North Carolina, the

following recommendations are proposed based on the outcomes of this pilot project:

* Improving Traffic Signal Communication: Future pilot programs should collaborate
with local agencies to integrate Vehicle-to-Infrastructure (V2I) communication at traffic
signals. This technology will allow shuttles to receive real-time traffic light data, improving

efficiency and safety at intersections.

* Expanding Services to Rural and Underserved Communities: Given the success of
the Greensboro pilot project, future deployments should focus on providing transportation
options in more diverse scenarios, such as rural and low-density areas where automated
microtransit services could play a significant role in addressing transportation challenges.
These communities often lack access to reliable public transit, and automated shuttles can

offer a flexible and cost-effective solution.

* Enhancing User Experience: To build public trust and encourage ridership, user-friendly
ride-booking apps, real-time vehicle tracking, and accessible passenger feedback channels

should be implemented to facilitate the adoption of these services.

* Strengthening Public Education Campaigns: While the Aggie Auto Shuttle service was a
success, ridership could have been further increased if a public awareness campaign had been
initiated earlier through multiple channels and community partnerships. Such campaigns are
essential for increasing public awareness, engagement, and acceptance of automated shuttle

technology.

* Continuing Pilot Projects for Full Adoption of AV Technologies: Pilot projects should
continue with specific use cases to gradually transition toward full adoption of automated
vehicle technologies. Ongoing testing and phased deployments will help identify limitations,
prepare infrastructure, and increase public awareness and acceptance. These pilots will
also provide critical insights into operational challenges and best practices for broader

implementation.

* Integrating Automated Shuttles with Multimodal Transportation Networks: To maxi-
mize efficiency and expand the reach of public transit, automated shuttles could be integrated
into existing multimodal transportation systems. Pilot project with a focus on multi-modal

integration of automated shuttles will help assess the challenges and opportunities. This
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includes pilot projects connecting shuttles to bus networks, train stations, and airports,
allowing for smooth transfers between different modes of transportation. Such integration
will enhance accessibility, reduce transit gaps, and improve the overall effectiveness of

public transportation services.

By adopting these recommendations, NCDOT can continue leading the way in advancing

automated transit solutions, improving mobility options for communities across North Carolina.
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