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1. Introduction

The public transportation system is an economical and
reliable mobility service to the public, particularly for
transportation-disadvantaged people. Accessibility is one
of the most significant barriers to public transportation in
many cities worldwide, especially in areas where fixed-
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The advent of driverless technology and supporting infrastructure has
enabled the implementation of autonomous shuttles for enhancing mobility
and providing first and last-mile (F & LM) connectivity. These shuttles
have been employed to address short-distance travel needs, serve internal
transportation needs, and cater to specific use cases, such as recreational
parks, business parks, and university campuses. Successful deployment of
autonomous shuttles depends on the service location and the target customer
base. Factors such as capacity, speed, incidents/crashes, comfort, and road
characteristics influence their successful integration into the transportation
system. Practitioners can better plan future deployments by learning from
past and current autonomous shuttle deployments and their documented
outcomes. This study compares the operational and policy-related data
from 120 autonomous shuttle deployments worldwide. Additionally, a
review-based analysis was conducted to identify the strengths, weaknesses,
opportunities, and threats associated with autonomous shuttle deployments.
Recommendations for future deployments are made emphasizing the need
for longer trial periods and the development of a comprehensive policy
framework.

route local bus services are inefficient, and the ridership
is unsustainable. For older people, the accessibility of the
network system is a significant factor when choosing the
mode of travel !, Autonomous shuttles are a promising
solution to promote mobility, connectivity, and sustainable
transportation systems and address future transportation
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demands. They offer a speed advantage over walking and
biking, allowing them to expand the transit service area
and enhance overall accessibility levels through first- and
last-mile (F & LM) connections. They also enable people
to travel further by being part of multimodal transporta-
tion system ™.

Autonomous shuttles are Level 3 or Level 4 automated
vehicles with passenger capacities ranging from 6 to 20.
They follow predetermined routes between ~5 to 25 mph,
ensuring reliable and efficient transportation. The sensory
system of autonomous shuttles is categorized into three
parts: navigation and guidance, driving and safety, and ve-
hicle performance . As self-driving electric micro-transit
vehicles, these shuttles rely on advanced sensory mecha-
nisms and artificial intelligence (AI) to navigate without
human intervention. Different sensors of autonomous
shuttles work together to detect and interpret the sur-
roundings efficiently to create safe and compliant routes.
Although Level 4 autonomous shuttles are not expected to
have traditional manual controls like steering wheels and
pedals, a safety operator is still required for safety and se-
curity reasons.

Many companies are part of the global market of au-
tonomous shuttles. Navya, EasyMile, Meridian, Olli, and
Coast are a few examples *”. Navya stands out with its
highest passenger capacity of 15 and a maximum speed of
45 mph. On the other hand, Local Motors’ Olli, which was
shut down in 2022, is a relatively compact sized shuttle
with a passenger capacity of 10 ¥, The autonomous shut-
tles are equipped with advanced onboard technologies,
such as cameras, Light Detection and Ranging (LiDAR),
a global positioning system (GPS), and sensors for nav-
igation and safety purposes. Battery capacity and charge
times also vary among the models. While Navya has the
largest battery capacity at 33.0 kWh, Easymile’s capac-
ity is 20.0 kWh. The Boston-based company, “Optimus
Ride”, is another company that has autonomous shuttles.
Baidu is a dominant company that is primarily doing
business in China. The autonomous shuttles are designed
to operate without a human driver and have different
features and capabilities. Transdev, Keolis, Free2move,
Beep, Oceaneering, etc., are working as operators of au-
tonomous shuttles. Toyota also has its minibus shuttle.
The buses are aimed at the carbon-neutral future of the
automaker’s mobility services .

Four stakeholder organizations, a public organization,
a partner organization, a shuttle manufacturer, and a
private operator, are involved in autonomous shuttle de-
ployments "”. Public organizations are mainly the ones
who look after the legal process and permissions. The
transportation departments of cities, states, and transit

agencies are part of this group. Partner organizations
create the whole plan for deploying shuttles with specific
objectives. This group mainly includes universities, re-
search organizations, and different communities. Shuttle
manufacturers are dealers of the rigid body of shuttles.
Private operators are primarily responsible for the shuttle
operation, software and data collection.

Countries like Australia, Switzerland, France, and the
United States of America (USA) have embraced the de-
ployment of autonomous shuttles, paving the way for a
paradigm shift in urban mobility "'”. The use of autono-
mous shuttles is expected to be more in busier areas. For
example, a study found that though autonomous shuttle
trips were distributed across the county, the downtown
area experienced more trips '),

Despite the widespread utilization of autonomous shut-
tles in diverse environments such as public roads, closed
communities, campuses, parking areas, and airports in
numerous countries, a notable research gap exists regard-
ing a comprehensive global and national comparison.
Previous studies have primarily concentrated on a limited
number of pilot cases. A holistic assessment of the aggre-
gated learning from many such deployments is unreport-
ed. There is a critical need to gather data, compare, assess
and adopt a broader perspective encompassing domestic
and international deployments. A detailed assessment of
past and current deployments would enable practitioners
to gain valuable insights to make well-informed policy
decisions that align with the specific requirements of each
context.

This study explores the transformative potential of au-
tonomous shuttles in revolutionizing public transportation.
Through an in-depth analysis of 120 pilot shuttle deploy-
ments worldwide, this research delves into autonomous
shuttle specifications, lessons learned from past and cur-
rent deployments, and the challenges faced during these
deployments. This study seeks to formulate a robust pol-
icy framework for the future of autonomous shuttle initi-
atives by synthesizing operational and policy-related data
and by conducting a comprehensive review-based analysis
to identify the strengths, weaknesses, opportunities, and
threats associated with autonomous shuttle deployments.
Through this extensive investigation, the study aims to
address the following key questions.

*  What is the current state of autonomous shuttle de-
ployments worldwide?

*  What are the potential challenges for future pilots
and permanent deployments of autonomous shuttles?

*  What are the implications of learnings from past
and current autonomous shuttle deployments for shaping
the future of transportation systems?
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2. Research Design and Methodology

As the first step, an extensive exploration of electronic
research databases, such as Google Scholar, Web of Sci-
ence, and ScienceDirect was conducted to gather informa-
tion on past and current autonomous shuttle deployments.
Various search terms, including “autonomous shuttle”,
“automated bus”, “driverless shuttle”, and “self-driving
shuttle”, were utilized to identify pertinent articles and
academic literature on the subject. Additionally, compli-
mentary searches were conducted, combining terms like
“mobility on demand”, “user experience”, and “intention
to use” with “autonomous shuttle”.

Literature encompassing government or industry re-
ports, non-academic research, and editorial papers were
also reviewed. Furthermore, articles from magazines and
newspapers were reviewed to gain insights into specific
incidents of autonomous shuttle deployments. By drawing
information from these diverse and reliable data sources,
a comprehensive understanding of the current landscape
and operational aspects of autonomous shuttles across dif-
ferent regions was achieved.

The study encompassed two types of analysis. The first
type involved conducting a descriptive analysis of past
and current deployments worldwide. Where appropriate,
data for autonomous shuttle deployments within the USA
were also presented separately. The key focus areas were
safety, operational efficiency, economic implications, and
policy considerations. In the second part, the findings and
challenges encountered in past and current autonomous
shuttle deployments were studied. A comprehensive re-
view-based analysis was performed to provide a holistic
view. Finally, the implications derived from the investiga-
tions and potential areas for future research are summa-
rized.

3. Autonomous Shuttle Deployments Summary

One-hundred-and-twenty autonomous shuttle deploy-
ments from 21 countries were identified for the compre-
hensive analysis; 52.5% are from the USA and 47.5% of
them are from 20 other countries '*. When examining
data from 21 different countries, the term “worldwide”
is utilized when the analysis encompasses data from all
21 countries. Conversely, the term “other countries” is
employed when the analysis excludes data from the USA.
The intent is to offer a visual presentation illustrating the
current status of autonomous shuttle deployments world-
wide, including within the USA.

Figure 1a shows the identified deployments all over the
world. For this research, 57 deployments from the USA,
13 deployments from France, 8 deployments from China,

7 deployments from Australia, 5 deployments each from
Germany and Switzerland, 3 deployments each from Can-
ada and Norway, 2 deployments each from Austria, Japan,
Luxemburg, Sweden, UAE, and the UK and 1 deployment
each from Finland, Greece, Hongkong, Italy, Netherland,
Saudi Arabia, and Singapore were identified.

{7 Austlia

(a) Worldwide deployment of autonomous shuttles

Seriesl

I16

(b) Deployment of autonomous shuttles within the USA
Figure 1. Identified autonomous shuttle deployments.

Per the National Highway Traffic Safety Administra-
tion (NHTSA), autonomous shuttles can be deployed for
a specific time on a fixed route with some regulations.
The United States Department of Transportation (US-
DOT) is trying to increase the successful deployment of
relevant projects, ensure the efficient use of public funds,
improve awareness and consideration of universal design
and accessibility, and inform engagement in this area. The
University of Michigan first launched the autonomous
shuttle pilot project in February 2016 " Since then, au-
tonomous shuttles have been deployed in various places
with different trial periods in the USA. Figure 1b shows
the identified deployments in different states of the USA.
Sixteen autonomous shuttle deployments were observed
in Florida, while 11 autonomous shuttle deployments were
observed in Utah.

Figure 2 shows the autonomous shuttle deployments
worldwide by year. Autonomous shuttle pilot deployments
commenced in 2016 across several countries, including
Australia, Switzerland, France, and the USA. The year
2019 witnessed the highest number (24) of these deploy-
ments. However, the number of deployments experienced
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a decline in 2020, attributed, at least in part, to the impact
of the COVID-19 pandemic on the autonomous shuttle
industry.

Launch Year
Country 2016 2017 2018 2019
Australia 1
Austria
Canada
China 2
Finland
France 1
Germany 2
Hong Kong 1
Italy 1
Japan 1 1
Luxembourg
Netherlands 1
Norway
Saudi Arabia
Singapore
Sweden
Switzerland 1 1
UAE
USA 1 3

Values
2020 2021 —
1 1 24
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Figure 2. Autonomous shuttle deployments by year.

3.1 Comparison of Operational Data

The operational characteristics of autonomous shuttles
differ significantly from traditional public transportation
systems, primarily due to their status as autonomous mi-
cro-transit. Various factors such as cruising speed, track
length, number of stops per mile, and vehicle density per
mile were analyzed and compared among different auton-
omous shuttle deployments. These metrics play a crucial
role in understanding and evaluating the operational as-
pects of these innovative transportation solutions.
Average Cruising Speed

Autonomous shuttles are slow-speed autonomous mi-
cro-transit vehicles with maximum speeds ranging from
25 to 27 mph. However, it is observed that the cruising
speed can range from 3 mph to 25 mph across 63 recorded
deployments worldwide. Figure 3a provides insights into
the average cruising speeds of autonomous shuttle deploy-
ments, showcasing variations in the operational speeds of
autonomous shuttles across the deployments.

Australia has the highest average cruising speed (21
mph), and Hong Kong has the lowest cruising speed (9.3
mph). The variation in the cruising speed could be attrib-
uted to the track length, road geometry, traffic flow, and
other infrastructure-related characteristics. For example,
the cruising speed would be lesser if autonomous shuttles
were deployed on public roads. This could be due to con-
tinuous interactions with other vehicles, pedestrians, and
the presence of intersections.

Figure 3b shows the average cruising speed for dif-
ferent states in the USA. The highest average cruising
speed is 17.7 mph in Florida, whereas the lowest average

cruising speed is 3.0 mph in Maryland. For the USA, the
average cruising speed is 12.42 mph.

:O‘TWTID’ Values
ustralia I 2 1.0 .
Austria I 6.0 9 21

Canada I 20.0
China I 20.0
France I— 1 7.2
Germany I—— 14.0

Hong Kong 9.3
Italy I 16.0
Japan 12.1

Luxembourg I 15.0
Saudi Arabia I 20.0
Singapore I 0.0
Switzerland I 13.5
USA 12.4

0 5 10 15 20 25
Average Cruising Speed (mph) #

(a) Worldwide

Maryland 3.0
Minnesota I (2.0
Nevada I 15.0
North Carolina I 7.5
Texas I 12.0
Utah I 9.0
Virginia I | 5.0

0o 2 4 6 8§ 10 12 14 16 18 20
Average Cruising Speed (mph)

(b) USA
Figure 3. Average cruising speed.

Average Track Length

The design of autonomous shuttles predominantly fo-
cuses on facilitating short route travel paths, particularly
for F & LM connectivity. These shuttles are optimized
for low speeds and serve as connectors between public
transportation systems or parking facilities. Figure 4a
showcases the average track length of identified autono-
mous shuttle deployments, highlighting their suitability
for short-distance transportation.

In China, the highest track length for autonomous shut-
tles is 4.67 miles. In comparison, the overall average track
length for 82 other deployments stands at 1.35 miles. If
the deployments in the USA are excluded, the average
track length for autonomous shuttle deployments is 1.54
miles in other countries.

Figure 4b provides a visual representation of the aver-
age track length in different states of the USA. Within the
USA, track lengths have been measured for 35 deploy-
ments. Among these, the autonomous shuttle deployment
in Virginia had the highest recorded track length (3.5
miles). On the other hand, the lowest track length record-
ed is a mere 0.07 miles in Minnesota, indicating a com-
paratively shorter route for autonomous shuttle operations
in that particular case "'“. The average track length of au-
tonomous shuttle deployments within the USA is about 1.1
miles.
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Country
Australia 1.5
Austria 1.7

Germany 1.1
Hong Kong 0.6
Japan 1.6
Luxembourg 1.2
Netherlands 0.6
Norway 1.4
Singapore 1.0
Sweden 0.9
Switzerland 13
UAE 0.6
UK 1.9
USA 1.2

Average Track Length (mile)
(a) Worldwide

State
Arizona N 3.0
California I 1.2
Colorado I 1.0
Florida 1.1
Georgia I 3.0
Maryland Immmmmm™" 1.1
Michigan I 1.0
Minnesota I 2.5
Nevada 1.0
New York 1 0.1
North Carolina [y 1.0
Ohio I 2.9
Texas N 1.2
Utah 0.6
Virginia I (.8
Wyoming I—— -8
2

0 1 3 4

Average Track Length (mile) #

(b) USA

Figure 4. Average track length.

Average Number of Stops per Mile
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Figure 5a provides an overview of the average num-

Approximately 60% of the identified autonomous
shuttle deployments have 2 or 3 stops. However, there
are exceptions to this trend. One autonomous shuttle de-
ployment in Australia had 36 stops (5.12 stops per mile),
while another one in the UK had nine stops (4.86 stops
per mile) "', Of the 33 autonomous shuttle deployments
with recorded stop numbers in the USA (Figure 5b), 13
deployments had only two stops. Within the USA, one au-
tonomous shuttle deployment in Florida and Georgia had
the highest number (7) of stops.

Average Number of Vehicles Per Mile

The average number of vehicles per mile is a key per-
formance indicator in autonomous shuttle pilot deploy-
ments’ overall decision-making. The number of vehicles
was available for 88 out of the identified 120 autonomous
shuttle deployments. In 63 of these deployments, both the
number of vehicles and track length data were identified.
Out of these, 34 deployments had a track length equal
to or greater than one mile. An analysis of the average
number of vehicles per mile was carried out for these 34
deployments. Figure 6a presents the average number of
vehicles per mile for the identified autonomous shuttle de-
ployments worldwide, providing valuable insights into the

ber of stops per mile for identified autonomous shuttle
deployments, shedding further light on the distribution of

stops in these deployments.

Country
Australia NI 5 |
Canada 2.1
Finland I 5.6
France 3.0
Germany I 3.9
Hong Kong I 4.8
Singapore I 4.0
Switzerland 2.9
UK I— 4.9
USA I 4.6

0 1 2 3 4 5 6 7 8
Average Number of Stops/mile #

(a) Worldwide

State
Arizona 13
Colorado I 4.0
Florida s 2.8
Georgia 23
Maryland IR 4.0
Michigan 2.0
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Figure 5. Average number of stops per mile.

fleet size.
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(a) Worldwide
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California 1.7
Colorado 1.0 1 7
Florida I .8
Georgia 13
Maryland 1.4
Michigan 2.0
Nevada
North Carolina
Ohio 0.
Texas
Virginia 0.

Values
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Average Number of Vehicles/mile #

(b) USA
Figure 6. Average number of vehicles/mile.

In China, the maximum number of vehicles used in the
deployment was 22 in 2019. In general, only one vehicle
was used in 47% of the autonomous shuttle deployments,
while two vehicles were used in 33% of the autonomous
shuttle deployments. Figure 6b shows the average number
of vehicles per mile used in each deployment in the USA.
The highest number of autonomous shuttles used in a de-

5
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ployment was 8 in Florida. Hence, the average number of
vehicles/mile is highest in Florida. The average number of
autonomous shuttles used in deployments is 3 in the USA.
Average Passenger Capacity

Figure 7a provides an overview of the average passen-
ger capacity of autonomous shuttle deployments world-
wide, highlighting the variations in passenger capacity
across different regions. According to the design specifi-
cations, the passenger capacity of an autonomous shuttle
can range from 6 to 20 people per vehicle. However, the
average passenger capacity is approximately 13 people
per vehicle based on data from 65 recorded deployments
worldwide. Notably, many deployments reduced the num-
ber of passengers riding the shuttle during the COVID-19
pandemic by half for safety reasons.

Coul_m"y Values
Australia I (3.0 T
Austria 9.0 s 20
Canada I, 13.5
China 12.0
Finland 8.0
France . 15.0
Germany I 15.0
Greece 10.0
Hong Kong 11.0
Ttaly 12.0
Japan I 20.0
Luxembourg I, 14.0
Saudi Arabia 10.0
Singapore I 15.0
Switzerland [— 13.0
UAE 11.5

Average Passenger Capacity
(a) Worldwide
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Arizona I 10.0
California 9.3
Colorado I | 3.5
Florida I 4.2
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Maryland I 1.3
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Nevada 8.0
New York I (4.0
Ohio I 2.0
Texas I 12.0
Virginia I (3.7
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|
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(b) USA
Figure 7. Average passenger capacity.

The maximum passenger capacity was 20 people per
vehicle in an autonomous shuttle deployment in Japan. Fin-
land had the lowest average passenger capacity (8 people/
vehicle). Figure 7b shows the average passenger capacity
of autonomous shuttles for different states of the USA. The
highest average passenger capacity is in Florida.

3.2 Comparison of Policy-related Data

Policy-related data includes the riding fee structure and
the specific environment or land use where the autono-

mous shuttles were deployed. Furthermore, in the latter
part of this section, the operational data is examined and
compared accounting for the diverse environments in
which the autonomous shuttles operate.

Riding Fee

The majority of autonomous shuttle rides were pro-
vided free of charge, with some instances where a small
fee was imposed to observe passenger behavior '”. In the
USA, no paid services were reported, and the distribution
of selected pilot deployments is as follows: 84% offered
free rides, 2% are free for residents, 7% operated on an
on-demand basis, and 7% required pre-registration for
shuttle usage !'”. As per the selected pilot deployment of
other countries, approximately 90% of deployments of-
fered free rides to passengers, while 2% operated on an
on-demand basis, 4% required payment for the service,
and another 4% necessitated pre-registration to use the au-
tonomous shuttle.

Environments of Routes

The environment of the identified autonomous shut-
tle deployments are classified into four groups- campus,
closed area, pedestrian area, and public road. The campus
is defined as routes with limited interactions with other
modes of transportation, not a public road, i.e., college
campus, office park, or stadium. The closed area is mainly
routes inside a closed community, where the autonomous
shuttle hardly interacts with other vehicles. The pedes-
trian area is defined as low-speed routes where frequent
autonomous shuttle-pedestrian interaction is possible. The
public road is mainly open, where the autonomous shuttle
interacts frequently with other vehicles.

Across different countries, the deployment of autono-
mous shuttles varied in terms of their locations. From the
selected pilot deployments, in 20 other countries exclud-
ing the USA, 68% of these deployments are on public
roads, 14% are in pedestrian areas, 5% operate within
closed areas, and 13% are deployed on various campuses,
such as universities or corporate premises. In the USA, the
distribution is slightly different, with 42% of deployments
on public roads, 5% in pedestrian areas, 26% in closed
areas, and 27% serving campuses. These distributions
reflect the target customer base and the diverse strategies
adopted in different regions for integrating autonomous
shuttles into their transportation systems.

The geographical location of an autonomous shuttle de-
ployment significantly influences the operational environ-
ment. Autonomous shuttle deployments may be relatively
more feasible and practical in countries where many pub-
lic roads are characterized by slower speeds and narrower
dimensions. The design and capabilities of autonomous
shuttles are well-suited to navigate and operate effectively
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on these types of roads, making them a practical choice
for transportation solutions in such environments.

3.3 Comparison in Terms of the Environment of
Autonomous Shuttle Deployments

The operational characteristics of the autonomous shut-
tle deployment vary with the type of environment. Figure
8 shows the average cruising speed, the number of stops,
track length, and trial time for road environments in other
countries and the USA.

Environment of Route
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Figure 8. Characteristics by the route environment.

Several comparisons can be drawn regarding different
aspects of autonomous shuttle deployments from Figure 8.
In other countries, the average cruising speed is highest in
closed areas. At the same time, the highest average cruis-
ing speed is on campuses in the USA. For pedestrian are-
as, the cruising speed is lower than the other areas for both
the USA and other countries. As expected, the cruising
speed is lower in areas with higher interaction between
autonomous shuttles and pedestrians. Moreover, the USA
has the lowest average cruising speed in pedestrian areas.
However, the speed in other countries is more than double
that of the USA. The average number of stops is highest
in closed areas for other countries, driven by an Australian
deployment with 36 stops. However, the average number
of stops in the USA does not significantly vary based on
the route environment. Other countries exhibit the highest
average track length on public roads. At the same time,
the USA shows the highest average track length is in
closed areas, with public roads being the second highest.
Additionally, public roads have a longer average trial time
in both cases. However, for other countries, the trial time
on public roads is more than three times higher compared
to the USA.

4. Learnings and Challenges

Autonomous shuttles are different from long-route bus-
es in capacity and route length. The purpose of the autono-
mous shuttles is to supplement the long route transit, main-
ly from the F & LM connectivity perspective. The main
motto of these deployments is to test the technology under
real-world scenarios and develop them accordingly ",
As this is a new technology, many challenges await in line
before permanent deployment.

Autonomous shuttles can (i) provide service from pre-
determined bus stops to public transportation routes for
daily commuters (regular or on-demand), (ii) provide ser-
vice to a particular center for tourists (during daytime),
and (iii) deliver goods and services ""*. Primarily the
deployment offers three main functions: fleet manage-
ment, system monitoring, and customer experience """
The previous section presents a macroscopic analysis of
the operation-related and policy-related data for the iden-
tified autonomous shuttle deployments. In this section,
a microscopic analysis is conducted by examining the
autonomous shuttle deployments in eight different do-
mains. They are (a) vehicle performance, (b) safety and
security, (c¢) traffic management, (d) weather condition,
(e) infrastructure, (f) social justice and equity, (g) legal
considerations, and (h) user acceptance. The learnings
from the autonomous shuttle deployments are discussed
next.
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4.1 Vehicle Performance

In New South Wales, Australia, an autonomous shuttle
was deployed in three phases to check the performance
of this new addition in different scenarios. BusBot went
through trials starting with a nine-week trial at a high-pro-
file and controlled environment for residents and tourists.
The second phase at the Toormina Marian Grove Retire-
ment Village in 2019 was a home for 68 to 98-year-olds.
This trial provided a valuable test case to understand the
mobility needs of an older community. In the third phase
at the North Coast Regional Botanic Garden through the
beginning of 2020, an autonomous shuttle was deployed
in a closed public place """,

One frequently recorded issue was that the shuttle
would halt even if no detectable obstacles were on the
road. In the case of Austria, the anticipated reason for such
incidents could be roadside branches or bushes and unre-
liable network data transfer, which led to improper signal
transmission ""*. Another issue was blind spot detection,
which can be prevented with the correct positioning of
360-degree LiDAR sensors '*. The sensors detect objects
in the front or the back of the shuttle. Any object moving
over ~18.6 mph cannot be reliably detected. However, this
can be improved using higher resolution LiDAR sensors
or some extra sensor installation "/

All autonomous shuttles in the identified deployments
are mainly Society of Automotive Engineers (SAE) Inter-
national defined Level 3 and Level 4 automated vehicles.
These shuttles can maneuver on pre-defined simple routes.
However, the designed autonomous shuttles can still not
cope with the complicated public route, and the operator
needs to act to pass any obstacle or turn left '

An additional challenge encountered with autonomous
shuttles pertains to their battery life. For example, in the
case of Utah 1950 West deployment, service had to be cur-
tailed at 5:30 p.m. instead of the intended 6:00 p.m. due to
a battery power shortage ''”. The operation of autonomous
shuttles is impacted by cold weather conditions, resulting
in prolonged charging times. Colder temperatures cause a
significant drop in the battery core temperature, negative-
ly affecting the shuttle’s operations. The charging process
also takes longer in cold weather than in warmer temper-
"1 This highlights the importance of battery ca-
pacity and management in ensuring uninterrupted service

atures

and meeting the operational requirements of autonomous
shuttle deployments.

The operational capabilities of some autonomous shut-
tles seem to be limited to specific weather conditions.

They are designed to operate under certain weather param-
eters, including the absence of heavy or medium snowfall,
no water accumulation or flow on the ground, no snowy or
frozen road conditions, no heavy rains or storms, humidity
levels below 95%, and stabilized wind speeds below 31.1
mph (with peak speeds below 40.4 mph . Additionally,
the vehicle requires a clear track without dust, fog, or va-
por. These weather conditions are essential for ensuring
the safe and reliable operation of some autonomous shut-
tles . Understanding and operating per these limitations
is critical until technological advancements help address
the problem.

4.2 Safety and Security

Drivers of any conventional vehicle must maintain un-
interrupted control over the vehicle and adapt the speed
as per the speed limit requirement. However, the opera-
tor need not have direct control over the steering wheel
in Level 4 autonomous shuttles. For safety purposes, an
operator is always present in the autonomous shuttle who
can manually operate the vehicle when in need. Training
of the safety operator includes familiarity with the tech-
nical specifications of the shuttle, manual control of the
shuttle, autonomous driving procedure, monitoring and
reporting, and management of emergencies "',

One of the biggest challenges for autonomous shuttles
is interacting with the road user on public roads 'Y, For
increasing safety, additional acoustic signals and visual in-
dicators are employed in some of the shuttles "', In Japan,
a visually impaired athlete got injured by an autonomous
shuttle while crossing the road "*. On July 18, 2019, a
minor crash occurred in Wien, Austria. A pedestrian did
not see the ~7.5 mph autonomous shuttle approaching
her. The shuttle’s reaction time was 1.6 seconds, exactly
how it should be *”’. If the shuttle stops by any obstacle, it
shows visual information "*. However, pedestrians were
not used to the new technology. Furthermore, there is no
scientific evidence or rules on what signalizations will

lead to what behavior of road users ..

4.3 Traffic Management

Autonomous shuttles can improve public transportation
through F & LM connectivity "*. However, people prefer
private vehicles if the distance is too far ""*. Some deploy-
ments tried to reduce the number of vehicles on busy roads
to reduce congestion. In Sweden, the parking fee near an
autonomous shuttle station was reduced by half so that peo-
ple could park their vehicles and take the shuttle *'.
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According to legal regulations, autonomous shuttles are
limited to a maximum speed of 12.4 mph "¥. However, to
make a left turn without stopping, the shuttle must have a
visibility clearance of 150 to 200 feet **. As a slow-mov-
ing vehicle, an autonomous shuttle performs better with a
1 In response to its inability to recognize

colors, modifications to traffic signals are required and
22]

dedicated lane

have been implemented at some locations
4.4 Weather Conditions

Autonomous technology is sensor-based and cam-
era-based. Therefore, autonomous shuttles cannot move
in heavy snow or rainfall. The dust can stop autonomous
shuttles from the gravel’s reaction with the sensors ',
In the case of the Calgary Zoo, the autonomous shuttle
slowed down while snowing, but once the snow stopped,
the autonomous shuttle resumed at normal speed ™', Light
rain did not affect the movement of the autonomous shut-
tle, and the vehicle operated perfectly with snow on the
ground. However, the vehicle stopped when it drove into
a puddle ',

With the current technology, autonomous shuttles
cannot run in extreme weather conditions. Especially the
technology should be tested to check how it operates dur-
ing heavy snowfall, rain, sleet, and smoky conditions **.
Also, the ventilation system or air-drying system was
insufficient to prevent windscreen in the case of damp
weather. As a result, the onboard operator could not see
the road from inside.

Autonomous shuttles operated well, maintaining a safe
distance from other vehicles, pedestrians, and obstructions
on the track under dry pavement conditions with no pre-
cipitation ', According to the City of Calgary report, the
sensor must be improved to handle all weather conditions

before it can be operated without any safety operator /.

4.5 Infrastructure

A solid infrastructure with a good network is essential
for the safe and smooth operation of autonomous shuttles.
They best fit paved environments with well-maintained
roadways . Road furniture was installed for LIDAR
sensors to correctly map out the Candiac area ™. In the
rural area of Koppl, the pilot project was not so prompt
due to the limited ability of LiDAR sensors, GPS, poor
road infrastructure with irregulated intersections, and high
" In Calgary Zoo, a portable ramp was brought
as the roadway gravel impacted the existing ramp **'. The
road functional class is also an important factor for route

elevation

selection. Installing localization infrastructure was neces-
sary due to the rural nature of one site *'".

Different kinds of modifications were required in al-
most all the examined deployments. The deployment of
Candiac needed to install a stop sign to allow the shuttle

1221 If the route is not circular, the au-

to make a left turn
tonomous shuttle needs some extra path for a U-turn. The
municipality of Koppl constructed a side road at the end
of the route for turning the shuttle "', For safety reasons,
a dry garage is required for the shuttle to store and charge
in need. In the hillside area of Koppl, an overlooking
place was needed for correct signal passing between the

base station and the shuttle ™.

4.6 Social Justice and Equity

The micro-transit system improves the quality of the
public transportation system, especially in the rural area.
Autonomous shuttles encourage people to use the public
transportation system with F & LM connectivity as one of
the primary objectives **. In 2018, fleets of autonomous
minibuses were used for full-scale demonstrations in
low to medium-demand areas of four European cities .
However, the expense was observed to be too high to run
a micro-transit, which could be a major reason for the un-
popularity of micro-transit systems on public roads "*'.

In the case of Austria, the municipality of Koppl pre-
sumes that autonomous shuttles can fill the gaps of infre-
quent bus links in the village area "*. The National Feder-
ation for the Blind indicated that this technology has much
potential for increased mobility of disabled passengers .
However, commuters registering for autonomous shuttles
may experience a lack of next/previous vehicles after mid-
night. Hence, it may increase the travel time during night
hours "',

Autonomous shuttles on public roads were aimed at
becoming an enduring, long-lasting service for the city *.
Parking is always a problem in the entertainment area or
busy downtown. Some deployments were in busy down-
town areas with a vision to solve this issue !\,

In Peoria, the elderly community was served by Robo-
Ride and RoboRide Medical **”. Although this new tech-
nology came with the vision of a slow-moving safe transit
motto, shuttles would be better at high speed and on long
routes ). There is a chance of potential loss of driving
jobs with autonomous technology in transportation sys-

13 However, with Level 4 autonomous vehicles, an

tems
operator on board must be in the vehicle. Therefore, the

potential loss of driving jobs may not be severe until au-
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tonomous shuttles are fully automated (Level 5).

4.7 Legal Considerations

Currently, there are no instances of permanent deploy-
ment of autonomous shuttles worldwide. Consequently,
policies and regular costs associated with autonomous
shuttle deployment remain uncertain. For an autonomous
shuttle operating at SAE International Level 3 and higher,
a driver or operator’s continuous oversight of the road or
traffic situation is not required **. However, legal require-
ments are crucial in facilitating shuttle deployments on
public roads. One primary requirement is the definition
of stakeholder roles. Additionally, obtaining a test license
plate for public road testing is necessary for autonomous
shuttle deployments. In Austria, a shuttle deployment
included vehicle liability insurance coverage of 20 mil-
lion Euros """, These legal considerations and insurance
provisions are vital aspects that must be addressed for the
successful and regulated operation of autonomous shuttles
on public roads.

4.8 User Acceptance

User acceptance is highly crucial for F & LM connec-
tivity. The user experience survey from the pilot program
of Calgary Zoo shows that people are comfortable with
the autonomous shuttle on a separate right-of-way .
People will prefer to take a car if the distance from home
is very far, but they may prefer to walk if it is too short "/
With the deployments on public roads, people realized
that driverless vehicles are no longer a futuristic dream.

Autonomous shuttles perform best when not interacting
with other motor vehicles ™). However, passengers real-
ized that regular service would not be available too soon
with the current technology and present infrastructure. A
survey from Austria asked the riders if they could imagine
autonomous shuttle service as a replacement for private
cars, and only 39.9% responded positively "', According
to the survey report of Calgary Zoo, 39% of the respond-
ents were comfortable with the autonomous shuttle on nor-
mal roadways, and 25% of the respondents were comfort-
able using the autonomous shuttle on the freeway . With
the Estonian shuttle, a passenger survey showed that peo-
ple are ready to accept the technology with its safety and
comfort ', Similarly, 90% of passengers were satisfied
with the autonomous shuttle service, and 69% found the

autonomous shuttle valuable and effective in Sweden "

10

About 80% of users in Switzerland were positive about
autonomous shuttle safety .

According to survey findings from Utah, most respond-
ents (94%) expressed a sense of safety while utilizing the
autonomous shuttle service ', Furthermore, a notable
proportion (14%) utilized the shuttle to connect with pre-
vailing transit options, demonstrating its effectiveness in
facilitating seamless multimodal transportation. The suita-
bility of autonomous shuttles for catering to the transpor-
tation needs of the elderly community was exemplified in
Florida, specifically in the case of Move Nona, where cus-
tomers with wheelchairs required assistance during their
autonomous shuttle commutes >,

Most of the past and current autonomous shuttle de-
ployments are for a short time. Therefore, the passenger
surveys reflect the initial excitement scenario **. Long-
term experiences may differ from initial perceptions. Giv-
ing a unique name to any shuttle seemed to help people get
more thrilled and familiar with the autonomous shuttle .
For example, 72% of the respondents came to Calgary to
experience the shuttle ride only .

4.9 Review-based Analysis to Identify Strengths,
Weaknesses, Opportunities, and Threats

The rapid advancements in autonomous vehicle
technology have brought about significant changes
in transportation. Among these innovations, auton-
omous shuttles have emerged as a promising solu-
tion to address transportation challenges and improve
mobility in various urban and suburban settings.
Autonomous shuttles have the potential to revolu-
tionize public transportation by filling the gaps in
existing transit systems and providing seamless F &
LM connectivity. As with any new technology, autono-
mous shuttles come with their own set of challenges. Un-
derstanding these factors is crucial to assess the feasibility
and effectiveness of deploying autonomous shuttles in
real-world scenarios.

By conducting a review-based analysis, this study aims
to gain valuable insights into the benefits and challenges
of incorporating this cutting-edge technology into trans-
portation networks. Through a comprehensive evaluation
of these factors, stakeholders can make informed deci-
sions, devise effective strategies, and overcome obstacles
to ensure the successful integration of autonomous shut-
tles in the future of public transportation. Table 1 summa-
rizes findings from analysis based on the literature review.
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Table 1. Review-based analysis—summary.

Strength

Weakness

* The autonomous shuttle is mainly designed to supplement the
prevailing transit system by closing gaps in transportation services (F
& LM connectivity) .

+ As the autonomous shuttle will contribute to F & LM
connectivity, it may increase the number of public transportation
passengers.

* As there is an accessibility ramp on the autonomous shuttle, it
will allow elderly and disabled people to commute independently.
Hence, an increase in the mobility of disabled passengers can be
expected !

» Autonomous shuttles could reduce the travel time and delay of
public transportation system users.

*  Mayo Clinic used autonomous shuttles for collecting COVID
samples for tests. Hence, autonomous shuttles can be helpful in
emergencies ™.

* Autonomous shuttles can efficiently deliver goods and services
within short routes.

» The average operational hours of an autonomous shuttle range
from 10 to 12 hours. Consequently, as the use of autonomous
shuttles increases, gas trips could be reduced due to increased
reliance on public transportation. With fewer gas trips, emissions are
expected to be less as well.

* Autonomous shuttles are slow-moving Level 3 and Level 4 autonomous
vehicles . Hence, low speed can be a concern for other road users.

* In mixed traffic, without an exclusive lane, the operation of autonomous
shuttles may affect other vehicles’ travel time and delay.

* The main purpose of an autonomous shuttle is to supplement public
transportation. Hence, the target customer base could be only those
commuting using public transportation systems.

e In the USA, public transportation systems are often not fully utilized,
raising the possibility of underutilizing autonomous shuttles.

* After midnight, users of autonomous shuttles may experience a lack of
next/previous vehicle to complete their trip .

* Autonomous shuttles are still in the testing period. Hence, the license and
data security policies are not clear yet.

¢ Autonomous shuttles cannot change lanes automatically, which can be a
barrier for travelers.

+  Users are less willing to commute autonomous shuttles with fees .

» The passenger capacity of an autonomous shuttle is 8 to 15, limiting its
applicability to lower travel demand scenarios.

¢ Demand-supply analysis from real-time data is not possible yet due to the
pandemic.

* The autonomous shuttle cannot operate in bad weather.

Opportunities

Threats

* In the long run, autonomous shuttle service can increase the use
of public transportation and decrease the number of personal vehicle
trips.

» It could be a solution for improving the viability of low-ridership
corridors and areas that cannot support the high cost of fixed-route
service.

* It could be a perfect addition to the autonomous future and for
enhancing “equity”.

*  Successfully deploying the autonomous shuttle and autonomous
bus may help complete the travel trip chain for many transportation-
disadvantaged people.

* In the long run, this technology can reduce the minimum physical activity
of adults.

¢ One of the most challenging aspects is the uncertain reasons for stops and
incidents.

» Uncertainty concerning public acceptance and adoption of autonomous
shuttles could be a barrier.

5. Implications

5.1 Industry and Managerial Implications

From the review of all the shuttles, it is evident that

5.2 Policy-level Implications

A noteworthy limitation of the current design is that
the autonomous shuttle cannot change lanes. Practitioners
should carefully choose the deployment areas, consid-
ering this constraint. Moreover, deploying the shuttles

upgrading the sensors of autonomous shuttles is essential
to improve object detection and reduce false detections
that lead to sudden stops. This can be achieved by revis-
ing the position of LiDAR sensors to enhance blind spot
detection. Additionally, industry experts and practitioners
should focus on improving the battery life to mitigate the
impact of weather conditions on the autonomous shuttle’s
performance. Manufacturers and operators should pri-
oritize technological advancements to enhance vehicles’
overall performance and safety. Operator training is also
crucial to ensure the competency and aptly handling of the
autonomous shuttle during its operation.

in mixed-traffic areas to observe their performance in
complex environments is essential. To enhance road user
awareness, practitioners should inform them before the
autonomous shuttle’s presence on the road, as unfamiliar-
ity can lead to uncertain interactions with the vehicle. Of-
fering reduced parking fees can be an effective technique
to incentivize users to ride autonomous shuttles, increas-
ing their willingness to adopt this mode of transportation.
Necessary changes must be made to the infrastructure.
It is crucial to check the LiDAR sensor requirements to
map out the autonomous shuttle’s operating area. More-

11
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over, ensuring the availability of dry garage space is es-
sential to protect the autonomous shuttles from adverse
weather conditions and ensure their readiness for opera-
tion. Establishing a comprehensive legal framework is a
priority as it will facilitate a smoother and more regulated
integration of autonomous shuttles into the transportation
ecosystem.

Practitioners must prioritize safety, technological
advancements, public awareness, and social and legal
considerations to unlock the full potential of autonomous
shuttles in transforming transportation and urban mobil-
ity. Collaborative efforts among stakeholders are crucial
to overcoming challenges and ensuring that autonomous
shuttles become a reliable, efficient, and equitable mode
of transportation.

5.3 Future Research Implications

The prospects for autonomous vehicles in the transpor-
tation industry are promising, with technology showing
readiness in examined cases. However, achieving fully
driverless transportation and adapting to mixed traffic
conditions presents a lengthy and challenging journey.
To ensure successful deployment, aligning technology
improvements with infrastructure, connectivity, safety,
regulations, and human factors is crucial. Analyzing the
perceptions of practitioners and industry experts will
provide insights into areas for improvement and make
the autonomous shuttle more appealing and powerful. Al-
though users have a positive attitude towards autonomous
shuttles, understanding transportation system users’ will-
ingness to adopt and pay for autonomous shuttles is vital.
Further research on advancements in vehicle technology,
infrastructure enhancements, and public acceptance is
essential for the widespread and successful deployment of
autonomous shuttles.

6. Conclusions

Autonomous shuttles as automated micro-transit can
have significant implications in enhancing accessibility
and usage of public transportation systems. This study
summarizes past and current autonomous shuttle de-
ployments regarding their operational and policy-related
aspects. Moreover, learnings from past and current de-
ployments are also presented by examining eight do-
mains. The study highlights operational and policy-related
characteristics, emphasizing a research gap in comparing
deployments worldwide.

Variations in operational metrics and the impact of
environmental factors, weather, infrastructure, and user
acceptance were identified. The review-based analysis
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indicates that autonomous shuttles can supplement public
transportation systems, but improvements are needed prior
to large-scale permanent deployments. The synthesis, with
its insights, can be helpful to stakeholders.

The long-term goal of achieving completely driverless
autonomous shuttles without onboard operators is a sig-
nificant aim for specific deployments °". However, urban
planners and transportation managers are poised to face
numerous challenges in the coming years as they work to
provide travel options that support autonomous vehicles,
encompassing economic, technological, institutional, and
societal hurdles "'”. While autonomous shuttles are still
in the research and development stage, it is evident that
further progress is required before large-scale permanent
deployments become a reality .
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