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Abstract: This study assessed the limitations of the EasyMile EZ10 Gen 3 low-speed automated
vehicle (LSAV) while operating on public roadways. The primary interest was to evaluate the
infrastructure elements that posed the greatest challenges for the LSAV. A route was chosen that
would satisfy a legitimate transit need. This route included more operational complexity and higher
traffic volumes than a typical EasyMile LSAV deployment. The results indicate that the LSAV operated
at a lower-than-expected speed (6 to 8 mph), with a high frequency of disengagements, and a regular
need for safety operator intervention. Four-way stop-sign controlled intersections, three-lane roads
with a shared turning lane in the middle, open areas, and areas without clear markings were the most
challenging for the LSAV. Some important considerations include the need to have LSAVs operate
on roadways where other vehicles may pass more safely, or on streets with slower posted speed
limits. Additionally, the low passenger capacity and inability to understand where passengers are
located onboard make it hard for the LSAV to replace bus transits. Currently, the LSAV is best suited
to provide first/last-mile services, short routes within a controlled access area, and fill in gaps in
conventional transits.

Keywords: automated vehicles; safety; naturalistic driving study; performance; transportation
as a service

1. Introduction

Automated shuttles are small, low-speed (generally less than 25 mph) vehicles that
“do not require a human operator, although early demonstrations all have included an
onboard human attendant to observe passengers, record data, answer questions, and serve
as a safety operator if needed” [1]. The Federal Transit Administration has included these
vehicles in their Strategic Transit Automation Research Plan (2018), intending to address
two main service challenges: (1) first/last-mile connections and (2) serving low-demand
corridors and areas [2].

Multiple deployments of these low-speed automated vehicles (LSAVs) have been
carried out across the United States at locations such as Ann Arbor, Michigan, and Arlington,
Texas, as well as in larger cities such as Minneapolis, Minnesota; Denver, Colorado; and Las
Vegas, Nevada [3–5]. In all these deployments, research was conducted to assess the rider
acceptance and operating performance. While the rider acceptance was generally high for
most locations, the northern deployments found that the shuttles did not operate well in
extreme weather conditions (e.g., heavy snowfall and cold temperatures reduced electric
battery life). Additionally, several programs found that the human safety operators were
taking control of the LSAV more frequently over time, perhaps to avoid a hard braking
event, which could potentially result in safety conflicts with other road users and passenger
injury or discomfort, as these events are unexpected and sometimes without apparent
reason. The speeds at which the LSAVs travel are slower than the surrounding traffic,
which may impact the traffic flow and contribute to the unsafe interactions between the
LSAV and other road users (e.g., drivers may try “to beat” the LSAV by passing illegally or
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turning in front of it, which can cause the LSAV to stop suddenly). However, no research
has evaluated how LSAVs interact with existing infrastructure elements under real-world
traffic environments. This study aims to fill this gap by utilizing methods from naturalistic
driving studies.

This study aims to assess the infrastructure-related safety implications of having
a low-speed, autonomous shuttle operating on public roadways in mixed traffic. The
proposed research questions were: (1) Based on the results from the safety analysis, what
are the infrastructure elements and traffic conditions that have negative effects on LSAV
performance? (2) What limitations should be considered while planning for a potential
LSAV or automated transit vehicle deployment? (3) How can transit planners adjust and
improve the deployment program as it unfolds?

The data used for this research come from an LSAV deployment in Fairfax, Virginia.
The shuttle operated between the Dunn Loring-Merrifield Metrorail Station and the corner
of Merrifield Town Center Drive and District Avenue in the Mosaic District, to provide first-
and last-mile transportation for passengers (Figure 1). The route consisted of roads with
two to four travel lanes in an urban business area with a 25-mph speed limit. On this route,
the LSAV traveled through two signal-controlled intersections and multiple intersections
controlled by stop signs. The route that the shuttle followed is shown in Figure 1.
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Figure 1. Fairfax Relay autonomous electric shuttle route.

The deployment utilized an EasyMile EZ10 Gen 3 low-speed autonomous electric shut-
tle, operating at a maximum of 12 mph on a circulator route on public roads in Merrifield,
Virginia, located in Fairfax County. The EZ10 has been used in over 200 deployments, holds
up to 12 passengers, and features a complete set of sensors, including LiDAR, cameras, and
a real-time kinematic-corrected GPS. The EasyMile EZ10 Gen 3 is advertised as being capa-
ble of operating with SAE International Level 4 ADS capability [6] in certain operational
design domains (ODDs). However, a route was chosen for this deployment that would
satisfy a legitimate transit need rather than a restricted ODD. As a result, the route included
more operational complexity and higher traffic volumes than a typical EasyMile LSAV
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deployment. Subsequently, the team approached the deployment with the expectation
that the LSAV would be operated at SAE Level 3 [6] capability, with the human safety
operator being required to intervene in scenarios that were beyond the vehicle’s automated
functional capability.

The LSAV was operated by a third-party mobility company called Transdev, and ran
Monday through Thursday between the hours of 10:00 a.m. and 2:00 p.m. In compliance
with National Highway Traffic Safety Administration regulations, a human safety operator
was onboard at all times to monitor safety while the LSAV was in operation.

2. Materials and Methods
2.1. Instrumentation of the LSAV

As part of this automated shuttle deployment program, the Virginia Tech Transporta-
tion Institute (VTTI) instrumented the shuttle with a data acquisition system (DAS) and
cameras [7]. The analysis in this paper provides results only from the first 7 months of data
collection (21 October 2020, through 18 May 2021).

Five cameras were installed onboard the LSAV, each of which collected continuous
video when the LSAV was in operation. These five cameras recorded (1) the forward
view, (2) inside the shuttle, (3) toward the left side of the shuttle, (4) the rearward view,
and (5) toward the right side of the shuttle. The external cameras provided 360-degree
coverage around the LSAV, allowing the research team adequate visibility of conditions
around the vehicle during the disengagement events. These camera views were selected to
capture traffic interactions with a wide variety of road users, including pedestrians and
pedal-cyclists, as well as the impact of the disengagements on any passengers onboard at
the time of the event. Figure 2 shows the images obtained from each camera view [7].
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2.2. Event-Type Definitions and Video Coding

Data were recorded continuously while the LSAV was operational. Given that it was
not possible to review every second of the continuous video data, specific segments of the
video during which any of the following events were reported were selected for reviewing
by trained data coders. The events were identified through the disengagement report
provided by the LSAV manufacturer. Three types of events were identified: e-stops, soft
stops, and circumventions.

E-stops are events where the LSAV safety system logic initiated a hard brake maneuver
(averaging 0.3 g deceleration), culminating in a complete stop. E-stops were identified
using a monthly disengagement report provided by EasyMile. This deceleration rate was
enough to cause unsecured objects or passengers to slide off seats if not belted in or holding
on. These reports included a universal time-coordinated timestamp for each disengagement
that could be correlated to the DAS timestamp recorded with the video and sensor data.
All of these events were reviewed by trained data coders and further classified as valid or
invalid. Valid events were those where there was a clear obstacle or threat present in the
video. Invalid events were those where it was not possible to determine an apparent reason
why the system performed such a stop or what “obstacle” was detected by the software.

Soft stops were manually initiated by the human operator in response to a situation
where they wanted to bring the vehicle to a less aggressive stop. The soft stop event
resulted in braking to a stop with a 0.05 g rate of deceleration. Over time, operators learned
which situations would likely result in an e-stop or unsafe condition, and would initiate
a soft stop to avoid a more aggressive e-stop for better rider experience. Soft stops were
also documented in the disengagement report provided by EasyMile. Additionally, after
some of these soft stops, the human operator also needed to maneuver around an obstacle
manually (e.g., encountering a double-parked vehicle within the path of the travel defined
for the LSAV). The periods of time where the safety operator was manually controlling the
vehicle were defined as circumventions and are detailed further below.

Circumvention events occurred when the human operator took manual control of the
LSAV and physically maneuvered around an obstacle using controls located onboard the
LSAV. Circumvention events typically occurred after either an e-stop or soft stop disengage-
ment. Circumventions were also reviewed by data coders to look for any safety-critical
situations that may have occurred while the operator was maneuvering the vehicle [7].

2.3. Event Coding Procedures

The cameras and DAS onboard the LSAV allowed trained data coders at the VTTI
to review the video surrounding the event of interest and identify potential contributing
factors, environmental conditions, and the role of other road users in these events. There
were two parts to the data coding procedure: baseline coding and safety-critical event
coding. The first part of the coding protocol was conducted for every disengagement
event identified in the dataset. The variables in the first protocol reported the trigger type
and reason for the trigger, as well as environmental conditions, passenger presence, and
the potential role of other road users in the event. The second part of the data coding
protocol sought to provide a more detailed classification of context if a safety-critical event
or interaction was determined to have occurred. For this protocol, a safety-critical event
was defined as any event where the operators’, passengers’, or other road users’ safety was
compromised, resulting in a crash, near-crash, crash-related conflict, or proximity conflict.
If a safety-critical event also occurred as a result of this triggered event, additional variables
were coded that provided information regarding the sequence of events surrounding the
event and the role of other road users. The variables that were coded as part of this review
are listed in Table 1.

For conflicts related to traffic signals, the coding was further simplified to only record
whether the LSAV was within the bounds of the intersection (defined as between the stop
bar at the entry of the intersection and the crosswalk at the exit of the intersection) at the
time of the signal phase change. Data coders also recorded whether the signal was yellow
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or red. If the signal was red, the LSAV Event Reduction protocol was also completed
(See Table 1).

Table 1. Data elements included in the LSAV data coding protocols for the safety analysis.

Variable Option

Trigger type Type of triggered event that stopped the shuttle

Trigger reason Reason that the vehicle may have come to a stop

Road users present The presence of other road users (i.e., vehicle, pedestrians) when triggered
event occurred

Road user position Position of other road users in relation to the LSAV

Traffic density Level of traffic flow or Level of Service at the time of the triggered event

Weather Weather condition at time of the event

Surface condition Surface condition at the time of the event

Pre-incident maneuver LSAV maneuver just prior to the triggered event

Passenger presence The presence of passengers onboard at time of the triggered event and their
seating location

Passenger seatbelt/seatbelt unknown Any seatbelt location where no seatbelt was worn (due to the camera angle or sun
glare, it was sometimes not possible to detect if a seatbelt was being worn or not)

Passenger age General age group of the passenger(s) onboard the LSAV

Passenger effects Were passengers negatively impacted by the sudden stopping of the vehicle (i.e.,
stumbled, fell, etc.)

Provoked behavior Any illegal, unsafe, or aggressive behaviors provoked in other road users
surrounding the triggered event (e.g., other vehicle takes right of way)

Number of safety-critical incidents that
took place surrounding the event

Any conflicts with the LSAV (direct) or other road users (indirect) surrounding this
triggered event

If a safety-critical event occurred:
Precipitating event Action that started the safety-critical conflict (e.g., LSAV slowed to a stop)

LSAV fault Whether the LSAV was at fault, partial fault, or not at fault for the occurrence of the
safety-critical event

Interaction count Number of conflicts occurring within the triggered event

Direct/Indirect Whether the interaction involved the LSAV (direct) or only involved other road
users (indirect)

Interaction severity If the interaction was a crash, near-crash, or critical incident

Interaction type Similar to the type of crash/near-crash (e.g., road departure, rear-end strike)

Interaction nature Type of conflict (e.g., conflict with lead vehicle)

LSAV evasive maneuver Whether the LSAV performed an evasive maneuver

Other actors Other type of road user(s) involved

Location of other actors Other road user(s)’ position(s) in relation to the LSAV

Pre-incident maneuver of other actors Other actors’ maneuver prior to the triggered event

Other actors’ behavior Other actors’ behavior that may have contributed to the triggered event
(i.e., illegal pass)

Visual obstruction Any visual obstructions as part of the natural environment that may have
contributed (i.e., hillcrest)

Infrastructure contributing factors Any infrastructure contributing factors (i.e., roadway alignment)

Incident notes Text box where the coder could write anything additional that was not captured in
the above coding protocol



Safety 2023, 9, 30 6 of 16

2.4. Segmentation of the Route

In addition to the video data reduction of events, an automated reduction process
relating the baseline triggered events and safety-critical events to different segments on the
route was performed to examine the effect of different infrastructure elements on the LSAV
performance. This reduction was achieved by constructing a GPS map of the deployment
route and using geofences to breakdown the route into small pieces. The whole route
was broken into 54 polygons, and the GPS coordinates for the four corners of each section
were identified and recorded. These coordinates served as a geofence for each of the
route sections. For each of these 54 sections along the route, the research team utilized
video data, Google Earth, and the Virginia Department of Transportation knowledge to
determine the infrastructure elements of interest that were present. The LSAV performance
was measured using kinematics data, rates of triggered events, and safety-critical events.
For each identified triggered event and safety-critical event during the previous reduction
process, the GPS location of the event was coded and localized to different sections of the
route according to the GPS map constructed. The infrastructure elements coded are shown
below in Table 2.

Table 2. Infrastructure variables included in the LSAV data coding protocols for the infrastructure analysis.

Infrastructure
Variable Definition Examples

Route section type Type of route section Road segments/signal-controlled intersections, etc.

Lane configuration Number of lanes, turning lanes, and bike lanes Two-lane road with bike lane, etc.

Clear marking Whether there are clear markings on the
road or not Without clear marking/with clear marking

Special elements
Open areas, parking lot entrances, visual
obstructions, and other special elements

worth noting
Loading area, residential areas, bus terminals, etc.

Using the GPS map and results from the safety analysis, the research team was able to
relate the LSAV performance with different infrastructure elements along the route. After
all the events were coded and assigned to different route sections, the event rates under
different infrastructure elements were calculated using the number of triggered events
and kinematics data gathered for each route section across all the sections with the same
infrastructure element. This provided the ability to compare the LSAV performance under
different infrastructure elements and configurations. The research team identified some
infrastructure elements that can pose a threat to LSAVs and the most complex infrastruc-
ture configuration for the LSAV along the route. The infrastructure configurations were
identified by locating the most problematic route sections and analyzing the infrastructure
elements present in these sections. The research team also identified the three route sections
with the highest rates of triggered events.

3. Results

The following results are organized by the flow of the reduction. First, an overview
of the triggered events and the infrastructure-related distribution of triggered events is
presented, since these events served as a basis for further reductions. The second part
presents the distribution of safety-critical events by infrastructure elements. A total of 852
trigged events were identified by the manufacturer, including 148 e-stops, 449 soft stops,
189 circumventions, and 66 signal phase and timing events (which was not presented in the
results since it is out of the scope of this analysis). Among these events that went through
reduction, 41 safety-critical events were identified. Finally, the results from kinematics data
analysis and the most problematic route sections identified are presented.

Per the defined scope of the research effort, these results were evaluated for data
collected during the first 7 months of data collection (21 October 2020, through 19 May 2021).
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When appropriate, the results are presented in event rates per mile traveled to make for a
standardized comparison.

3.1. Overview of Triggered Events

Figure 3 below presents the total number of events by trigger type. It is clear from the
results that soft stop is the most common trigger type for disengagement.
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Figure 3. Rate of e-stops, soft stops, and circumventions identified by EasyMile and reviewed by
data coders at VTTI.

The total numbers of e-stop, soft stop, and circumvention events per mile traveled
by month of data collection are presented in Figure 4. The events per mile per month
metric provides an indication of how well the LSAV automated control systems were able
to manage the operational requirements and complexities of the route. Higher frequencies
of disengagement suggest that the automated control capabilities could not fully manage
the interactions on the route without abrupt stopping or relying on human intervention.
The rate of soft stops was the highest, followed by circumventions and then e-stops.
Additionally, it appears that the rate of soft stops increased over time, whereas the rate of
e-stops appeared to decrease over time. The rate of circumventions was similar to the soft
stops, in that it appeared to increase over time.

Safety 2022, 8, x FOR PEER REVIEW 8 of 17 
 

 

Figure 4. E-stops, soft stops, and circumventions per mile traveled by month. 

Data coders recorded the reason that the LSAV stopped for each disengagement 

event. Since the DAS was not able to record any system-generated data regarding disen-

gagement causation, the reason classification was determined in this protocol by evaluat-

ing the video and DAS sensor data relative to the context of the event. Figure 5 shows the 

rate per mile traveled for each of these reasons for stopping/circumvention by event type. 

Note that the most frequent reasons for stopping included oncoming traffic, parked vehi-

cles, and pedestrian presence. Additionally, the rates of events per mile traveled that were 

coded as “other” and “unknown reasons” were quite high, which will be further ex-

plained below. 

 

Figure 5. Rates of reasons that an e-stop, soft stop, or circumvention occurred. 

The unknown category accounts for those events where the analyst simply could not 

identify a likely reason for the event to have been triggered based on the available video 

and DAS data sources. Some potential causes of unknown triggers include changes in the 

Figure 4. E-stops, soft stops, and circumventions per mile traveled by month.



Safety 2023, 9, 30 8 of 16

Data coders recorded the reason that the LSAV stopped for each disengagement event.
Since the DAS was not able to record any system-generated data regarding disengagement
causation, the reason classification was determined in this protocol by evaluating the video
and DAS sensor data relative to the context of the event. Figure 5 shows the rate per mile
traveled for each of these reasons for stopping/circumvention by event type. Note that
the most frequent reasons for stopping included oncoming traffic, parked vehicles, and
pedestrian presence. Additionally, the rates of events per mile traveled that were coded as
“other” and “unknown reasons” were quite high, which will be further explained below.
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Figure 5. Rates of reasons that an e-stop, soft stop, or circumvention occurred.

The unknown category accounts for those events where the analyst simply could not
identify a likely reason for the event to have been triggered based on the available video
and DAS data sources. Some potential causes of unknown triggers include changes in
the shape or density of foliage near the roadway, sensor malfunctions, or system defects.
EasyMile support staff were made aware of this issue and communicated their plans to
provide a technology upgrade that they claim will help resolve or reduce the occurrence of
these unnecessary e-stops. The installation of this upgrade did not take place in time for
the VTTI team that was reviewing the data to make any conclusions about its effectiveness.

3.2. Triggered Event Results by Infrastructure Elements

The distribution of the triggered events by the infrastructure element revealed some
of the challenges the LSAV faced in real-world environments. These results further show in
detail the safety limitations of the LSAV automated driving system. Figures 6–8 show the
rates of triggered events under different infrastructure elements.

The research team found that the route sections with stop-sign-controlled four-way
intersections showed the highest rates in circumvention and soft stops, while route sections
with T-intersections showed the highest rate for valid e-stops (see Figure 6).

The results from Figure 7 showed that route sections with three-lane roads (shared
turning lane in the middle) had the highest rate of soft stops and valid e-stops compared to
other types of lane configurations.

It is clear from the results in Figure 8 that route sections with no clear markings on the
pavement showed higher rates of soft stops and circumventions, while route sections with
clear markings had higher rates for valid e-stops.
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3.3. Safety-Critical Event Results

The following results will discuss the e-stops, soft stops, and circumventions that
also resulted in a safety-critical incident. Recall that 41 of these events were further coded
as safety-critical events. These events contain crash-related conflicts, near-crashes, and
crashes. A crash-related conflict is defined as any circumstance that requires an evasive
maneuver on the part of the subject vehicle or any other vehicle, pedestrian, cyclist, or
animal that is less urgent than a rapid evasive maneuver (which is defined as a near- crash),
but greater in urgency than a “normal maneuver” to avoid a crash. A crash avoidance
response can include braking, steering, accelerating, or any combination of control inputs.
There were no crashes observed during the data gathering period.

Figure 9 shows that stop-sign-controlled four-way intersections had a significantly
higher rate of safety-critical events when compared to other route section types.
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Figure 9. Safety-critical event rate by route section type.

The results from Figure 10 show that route sections with three-lane roads (shared
turning lane in the middle) had the highest rate of safety-critical events when compared to
other types of lane configurations.
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Figure 10. Safety-critical event rate by lane configuration.

When designated turning lanes were present in the route section, the LSAV experi-
enced higher rates of safety-critical incidents, as shown in Figure 11. Right-turn lanes were
more problematic than left-turn lanes. Parking lot entrances could be problematic as well,
especially when several parking lot entrance ramps converged into a single route section.
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Figure 11. Safety-critical event rate by special infrastructure elements.

3.4. Most Problematic Locations along the Route

The research team identified a total of three route sections as the most problematic for
the LSAV. Three intersection-type route sections and three road segments were selected
based on the number of triggered events recorded within them. Interestingly, the two
lists matched up perfectly. For each of the road segments identified as problematic, the
intersections following the road segments were also identified as problematic. Thus, the
two lists were combined into one list of the most problematic locations: the intersection in
front of the Dunn Loring-Merrifield Metrorail Station, the intersection of Eskridge Road
and Merrifield Cinema Drive, and the open area on Merrifield Town Center Drive. The
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LSAV movements were labeled to give a more intuitive understanding of the infrastructure
elements at these locations.

1. The intersection in front of the Dunn Loring-Merrifield Metrorail Station. LSAV is
traveling eastbound and turning left (Figure 12).
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Figure 12. Front view of intersection at the Dunn Loring-Merrifield Metrorail Station (from the
LSAV perspective).

2. Intersection of Eskridge Road and Merrifield Cinema Drive. The LSAV is traveling
southbound and turning left (Figure 13).

Safety 2022, 8, x FOR PEER REVIEW 13 of 17 
 

 

Figure 13. Front view of intersection at Eskridge Rd and Merrifield Cinema Dr (from the LSAV 

perspective). 

3. Open area on Merrifield Town Center Drive. The LSAV is following the road, which 

curves significantly to the left (Figure 14). 

 

Figure 14. Front view of open area on Merrifield Town Center Dr (from the LSAV perspective). 

3.5. Kinematics Data Analysis Results 

Kinematics data can serve as a reliable indicator of the LSAV performance on public 

roads. The LSAV operational speed was designed to be 14 mph, and the speed limit along 

the route was 25 mph. This designed operation speed was set to 14 mph according to the 

limitations of the LSAV’s automated systems and conservative automation algorithm. 

However, the actual operating speed calculated using the gathered kinematics data was 

determined to be significantly lower than the proposed 14 mph operational speed. 

As seen in Figures 15 and 16, the LSAV did not reach its planned operational speed 

of 14 mph. For intersections and open areas along the route, the average speed was be-

tween 4 and 8 mph, with T-intersections showing the highest speed distributions, and Y-

intersections showing the lowest speed distributions. The average speed distribution was 

relatively consistent across different types of road segments, at around 6 mph. The lowest 

speed distribution was seen on two-lane roads, and the highest was on multilane roads, 

which is consistent with the trend seen in regular traffic. To evaluate the effect of triggered 

events on the LSAV’s average speed, the research team also conducted the same kinemat-

ics analysis without triggered events, finding no significant change in the results [7]. 

Figure 13. Front view of intersection at Eskridge Rd and Merrifield Cinema Dr (from the
LSAV perspective).

3. Open area on Merrifield Town Center Drive. The LSAV is following the road, which
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3.5. Kinematics Data Analysis Results

Kinematics data can serve as a reliable indicator of the LSAV performance on public
roads. The LSAV operational speed was designed to be 14 mph, and the speed limit along
the route was 25 mph. This designed operation speed was set to 14 mph according to
the limitations of the LSAV’s automated systems and conservative automation algorithm.
However, the actual operating speed calculated using the gathered kinematics data was
determined to be significantly lower than the proposed 14 mph operational speed.

As seen in Figures 15 and 16, the LSAV did not reach its planned operational speed
of 14 mph. For intersections and open areas along the route, the average speed was
between 4 and 8 mph, with T-intersections showing the highest speed distributions, and
Y-intersections showing the lowest speed distributions. The average speed distribution was
relatively consistent across different types of road segments, at around 6 mph. The lowest
speed distribution was seen on two-lane roads, and the highest was on multilane roads,
which is consistent with the trend seen in regular traffic. To evaluate the effect of triggered
events on the LSAV’s average speed, the research team also conducted the same kinematics
analysis without triggered events, finding no significant change in the results [7].
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4. Discussion

This infrastructure-based safety analysis focused on how different infrastructure
elements affect the LSAV performance. Specifically, the effects of different intersection
types, lane configurations, and clear markings were investigated. From the results, stop-
sign-controlled four-way intersections and three-lane roads had the highest rate of safety-
critical events when compared to other segment types/lane configurations. Three-lane
roads (turning lane in the middle) had associated safety concerns due to vehicles passing
the LSAV, potentially into oncoming traffic, and cutting in front of the LSAV, causing the e-
stops. For triggered events, stop-sign-controlled four-way intersections showed the highest
rates of circumventions and soft stops, which can be attributed to the LSAV’s conservative
driving algorithms.

Additionally, the operator was more likely to intervene with the LSAV’s regular
operation when there were no clear lane markings. This is also confirmed by the higher
number of valid e-stops when clear markings were present, which can be counterintuitive.
Turning lanes can be problematic for the LSAV as well. When left-turn lanes, residential
areas, open areas, and curvy roads are present, the rates of soft stops are significantly higher.
The three most problematic locations along the route also confirmed that left-turn lanes
and left-turn movements showed the highest rate of triggered events. However, the rates
were higher for valid e-stops and safety-critical events when a right-turn lane was present.
This could be due to the operator not paying as much attention when the LSAV is turning
right, since it is an easier maneuver compared to turning left.

The LSAV’s low speed is also concerning from a safety perspective. Based on the
collected data, the LSAV was determined to travel at an average of about 6–8 mph on
the route, which has a posted speed limit of 25 mph. This was also confirmed by the
operations report provided by the manufacturer/deployer. The LSAV’s lower speed has
several negative effects on the surrounding traffic environment. First, the LSAV’s lower
speeds can create a shockwave effect and increase traffic congestion on the road segment.
Moreover, the LSAV’s lower speed contributes to illegal and risky passing behavior of
following drivers. After reviewing the results from this study, gathering opinions from
transit experts, and reviewing experiences from other deployments, the research team
recommends limiting the operation of LSAVs in a normal traffic environment.

What is more, the research team saw an increasing rate in soft stops and a decreased
rate in emergency stops during the 7 months of data gathering. A report from the LSAV
deployment in Ann Arbor, Michigan, also confirmed that human operators onboard inter-
vened with the LSAV’s normal operation more frequently as the deployment progressed.
This was not necessarily for safety purposes, but for the comfort of passengers. It also
suggests that human operators adapt to a different intervention behavior during LSAV
deployment, which shows that there is room for improvement of the automation system
itself. The reasons and circumstances for the different operator interventions observed can
serve as valuable feedback for the manufacturer to improve the algorithm as well. Neither
the deployment management company nor the manufacturer provide such a feedback loop
for current deployments.

One of the limitations for LSAVs noted through expert interviews is that LSAVs
currently do not have the ability to understand where riders onboard are located. An
interview with transit experts from the Blacksburg Transit revealed that it is beneficial
for a conventional bus driver to have a general understanding of the position of onboard
passengers. This knowledge is taken into consideration by bus drivers to ensure passenger
safety while they make emergency or evasive maneuvers. Currently, there are no LSAVs on
the market that have the ability to perform this task, which makes some of the maneuvers
abrupt, uncomfortable, and potentially risky for riders.

Another limitation of LSAVs is their lower passenger capacity. The LSAV in this study
did not see many passengers during the data gathering period. This could be due to the
COVID-19 pandemic. However, transit experts at the Blacksburg Transit have pointed
out that the low capacity of the LSAV can be problematic for its practicality, even outside
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of the pandemic, especially paired with its lower speed. The research team suggests that
the current ridership data and current transit routes be examined and studied before the
deployment of the LSAV, to best take advantage of its functionalities. Based on the research
findings, the LSAV is best used to fill the gap of first/last-mile services and should be used
on routes with lower conventional transit ridership, since it interferes with traffic.

It is important to note that the data used for this analysis were collected during the
height of the first wave of the COVID-19 pandemic. Thus, traffic patterns, pedestrian traffic,
and even passenger presence represented in these data may not reflect the type, frequency,
or severity of interactions that may have been seen during non-pandemic times. However,
these data represent the best data available for this analysis. Therefore, while the results
derived from this dataset provide information regarding this pilot deployment, the results
should also be interpreted with that caveat in mind. In addition, the results section provides
descriptive statistics only, as this pilot project is focused on one LSAV vehicle operating on
a limited schedule (Monday through Thursday from 10:00 a.m. until 2:00 p.m.).

Future research on the topic should utilize the growing naturalistic driving dataset
of LSAV deployments. The COVID-19 pandemic significantly affected the number of
road users present, resulting in the small number of safety-critical events observed in
this analysis. Thus, research conducted after the pandemic may see an increased number
of triggered events and safety-critical events, which will vastly increase the power of
the analysis. A more direct comparison between different infrastructure elements with
controlled baseline events may also reveal more relationships between the performance of
LSAVs and the traffic environment they operate in [7].

5. Conclusions

Analysis of video data gathered from the 7-month deployment revealed the following
for LSAV deployments in the real world: four-way stop-sign-controlled intersections and
three-lane roads with a turning lane in the middle were generally problematic for the LSAV.
Three-lane roads also had safety concerns due to vehicles passing the LSAV, potentially into
oncoming traffic, and cutting in front of the LSAV, causing e-stops. Signalized intersections
were not as problematic as the research team predicted. The LSAV was caught operating
in the intersection during the yellow or red phase at least once a week, but the research
team did not observe any safety-critical events and only a few triggered events. Turning
lanes are, however, problematic. Right-turn lanes saw the highest rates of safety-critical
events and e-stops, while left-turn lanes saw more circumventions and soft stops, which
could be due to the operator not paying as much attention when the LSAV is turning
right, since it is an easier maneuver compared to turning left. Residential areas, open
areas, curvy roads, and segments without clear lane markings saw more circumventions
and soft stops. This indicates that the human operator was more likely to intervene with
the normal operation of the LSAV when these infrastructure characteristics were present,
which could be a representation of the LSAV’s safety limitations, since human operators
did not trust the automated system under these scenarios. LSAVs currently do not have
the ability to understand the positions of their passengers, which will make some of the
automated maneuvers abrupt, uncomfortable, and potentially risky for passengers onboard.
These maneuvers can be reduced through more comprehensive training of onboard human
operators. The LSAV’s low passenger capacity can be problematic for its practicality. Due to
these limitations, LSAVs are currently best used to fill in the gap of first/last-mile services,
which normally involve roads with lower speed limits that have the potential to limit the
LSAV’s exposure to normal traffic environments, and routes with adequate ridership (keep
in mind that the LSAV only seats 12 passengers). Until all safety concerns are addressed,
LSAVs should not serve as replacements for current conventional transit buses.
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