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Before shared automated vehicles (SAVs) can be widely adopted, they are anticipated to be implemented commercially in confined
regions or fixed routes where the benefits of automation can be realized. SAVs have the potential to operate in a traditional transit
corridor, replacing conventional transit vehicles, and have frequent interactions with riders and other vehicles sharing the same
right of way. This paper microsimulates SAVs’ operation on a 6.5-mile corridor to understand how vehicle size and attributes of
such SAV-based transit affect traffic, transit riders, and system costs. The SUMO (Simulation of Urban MObility) platform is
employed to model microscopic interactions among SAVs, transit passengers, and other traffic. Results show that the use of
smaller, but more frequent, SAVs leads to reduced passenger waiting times but increased vehicle travel times. More frequent
services of smaller SAVs do not, in general, significantly affect general traffic due to shorter dwell times. Overall, using smaller
SAVs instead of the large 40-seat SAV's can reduce system costs by up to 4% while also reducing passenger waiting times, under
various demand levels and passenger loading factors. However, the use of 5-seat SAVs does not always have the lowest

system costs.

1. Introduction

Automated vehicles (AVs) and shared mobility will funda-
mentally change the future traffic pattern, by providing cost,
environmental, and safety benefits [1-4]. Shared AVs (SAVs)
offer more potential benefits through a lower-cost on-demand
service that can be flexible in both schedules and routes [5].
Currently, SAV tests are being performed worldwide, as
people try to envision the emerging service format that SAVs
can offer in both the near and far future [6]. Over 40 cor-
porations are making an effort to bring AVs [7] into the
automobile market. For example, Waymo [8] has tested its
AVs in Arizona and Texas and achieved 4 million self-driven
miles by November 2017. NAVYA [9] had over 130 automated
shuttles running worldwide in 2019 in 7 types of places (city,
airport, campus, hospital, resort, theme park, and industry),
including Mcity in Michigan and Lake Nona in Orlando.
As seen from existing pilot AV tests, SAVs are antici-
pated to be implemented commercially in a confined region

where full-automation benefits can be realized first, before
they can run everywhere. University campuses and central
business areas are candidate locations for early SAV
implementation [10], and SAVs are also likely to provide
first-mile last-mile service near transit stations [11]. This
paper investigates another potential service that SAVs can
provide, which is replacing the role of 40-seater buses in a
traditional transit corridor. Attention to such service
transformations will grow as the automation technology
matures, enabling SAVs to manage frequent and complex
interactions with riders and other vehicles.

SAVs can serve as transit vehicles, with fixed or variable
routes, stop locations, and frequencies. They can be a mixture
of different sizes, depending on demand, from a 4-seater
(much like the common sedan, with ridesharing en route) to
10-passenger vehicles (an automated van), 20-passenger ve-
hicles (an automated shuttle or minibus), and vehicles that
can carry 40 or more passengers (an automated full-size bus).
Smaller SAVs (like 4- or 6-seat vehicles) are nimbler and
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easier to park, can accelerate faster, and may cause less
congestion and sightline issues. They are capable of running
flexible routes for point-to-point on-demand service and are
able to provide fixed-route service, where they often skip stops
because of fewer boardings and alightings. A large fleet size of
small-size SAVs, however, may be required to maintain a
high-frequency service compared to large-size SAVs. On the
contrary, large SAVs usually run fixed routes with a relatively
small fleet size and can be more space-efficient (per person-
mile traveled) but will have to stop more often at stations,
causing delays along the corridor.

Extensive ongoing studies are investigating what changes
SAVs would bring to the environment, urban congestion,
and shared economy [12-14], mostly through door-to-door
service; however, there is a lack of research about the impact
of various vehicle sizes on SAV-transit service under dif-
ferent travel demand levels, considering discrepancies in
stop-skipping behavior, SAVs’ interactions between riders
and other vehicles, and the network performance (e.g.,
riders’ wait time, vehicle delay, etc.). Seeking the best SAV
size for a transit corridor not only relates to the riders but is
also important to the service provider. Riders would like to
experience less waiting time and onboard time with fewer
stops and rerouting, while SAV operators would like to
maximize profit or social welfare. Therefore, the objective of
this study is to understand how traffic reacts to and how
riders and system costs are affected by vehicle sizes and
performance attributes for SAV-based “transit,” with hy-
pothesis tests on whether smaller AVs offer better overall
service to corridor travelers. Various scenarios are set up to
microsimulate SAVs’ operation in a 6.5-mile corridor, in-
cluding different road congestion status, adding traffic
signals for the corridor and adding parking bays for SAVs’
stops.

The paper is arranged as follows. The next section re-
views current studies about leveraging SAV simulations to
understand the service performance of the fleet, followed by
methodologies about the detailed proposed simulation
model for the SAV-transit service. After introducing the
setups of the scenario, results and analysis are presented. The
last section concludes this study and proposes future work.

2. Literature Review

SAV simulation efforts are usually made for door-to-door
service, around fleet sizing decisions [13-15], ridesharing
mechanisms [16], electric vehicles involving charging de-
cisions [17, 18], and environmental effects [2, 12]. Spieser
et al. [14] investigated the proper fleet size in Singapore that
could serve the travel demand while ensuring a desired level
of service. Their results showed that an SAV fleet size of
about one-third of the total number of passengers was
desired in Singapore. A one SAV per 9.3 conventional ve-
hicles replacement was shown in Fagnant et al.’s [15] sim-
ulation in the Austin area. Recent fleet sizing decision studies
mostly assume that an SAV has a maximum occupancy of 4
passengers; however, current SAVs used for the tests can
usually hold more than 4 passengers and are expected to
accommodate 20 or more passengers at maximum [19].
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Microsimulation noted in this paper refers to the mi-
croscopic model in traffic flow, where individual driving
behavior is tracked, like detailed car-following and lane-
changing maneuvers. This is different from many meso-
scopic simulations, where vehicles’ performance attributes
(e.g., acceleration, deceleration, and headway) are not
usually tracked and vehicles” lane changing is also ignored
when vehicles are traveling on a link (or roadway). Meso-
scopic simulations provide valuable results in regional fleet
sizing decisions, mechanisms of ridesharing or even dy-
namic ridesharing, and traffic patterns under dynamic traffic
assignment, but they are not able to capture multimodal
interactions at the microscopic level between SAVs and
conventional vehicles, such as at stations. While this is easier
for microscopic simulations, SAV microsimulation studies
are not often seen.

Alozi and Hamad [20] used VISSIM to microsimulate
connected AVs (CAVs) on a 7-kilometer freeway segment in
Dubai. Results from various CAV market penetrations were
compared, in terms of vehicle delay, speed, and travel time.
Since VISSIM provides adjusted car-following and lane-
changing models to accommodate CAV features [20], these
models were applied directly. Authors observed an 86%
decrease in delay under a 100% CAV penetration scenario
and results showed that the greatest benefits of CAVs are
obtained when market penetration of CAVs ranges from 0%
to 20% and from 70% to 80%. However, this is a simulation
study that investigates the impacts of personally owned
CAVs only, as SAVs (shared ride) are not considered. Also
through VISSIM software, Guo et al. [21] investigated how
information-based managed lane choice decisions would
impact the traffic performance, under a mixture of CAVs
and human-driven vehicles. Zhu et al. [10] quantified the
mobility and energy benefits of SAVs running a fixed route
in a small network. By leveraging the Simulation of Urban
Mobility (SUMO) platform that is capable of real-time
microsimulation control of passengers and vehicles, SAVs
can take ridesharing requests and pick up and drop off
passengers through a dispatching pattern. Huang et al. [11]
further microsimulated a 3mix6mi central Austin area
with SAVs providing first-mile last-mile service to Austin’s
Red Line commuter rail stations. VMT was predicted to rise
3.7% in central Austin with average vehicle occupancy
falling 30% (from 1 to 0.74 people per vehicle), due to empty
SAV driving (between riders).

Some other studies investigate the integration of SAV
and transit use [22-25], but they are not at the microscopic
level. Shen et al. [24] simulated an integrated AV and public
transportation system based on Singapore’s transit structure
and demand characteristics. An agent-based supply-side
simulation was built to assess the performance of the pro-
posed service with different fleet sizes and ridesharing
preferences in Singapore’s 12 km? area during morning peak
hours from 7 am to 9 am. Authors showed that the inte-
grated system has the potential of enhancing service quality,
occupying fewer road resources, being financially sustain-
able, and utilizing bus services more efficiently. Wen et al.
[25] investigated the opportunities of AVs and public transit
in a major European city using static-travel-time agent-
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based simulation. They simulated scenarios with various fleet
sizes, vehicle capacities (up to 4 passengers), fare schemes, and
hailing strategies only for the connections to the transit
station. A nested logit mode choice model was presented,
considering 4 modes (bus, rail, park-and-ride, and AV-and-
ride) nested under transit mode. It was reported that 560
vehicles can accommodate the travel demand in the city if
sharing is not available, but the fleet size can be reduced to
fewer than 200 vehicles if an SAV can be shared by 4 people.

Overall, there has been extensive research dedicated to
understanding the future travel pattern with automation
technology. The focus of mesoscopic simulation is unilat-
erally on the desired vehicle fleet size to meet door-to-door
travel demand, or the integrated system of SAV and transit,
with a simple car-following model and no lane changing
behavior. At the microscopic level, efforts have been dedi-
cated to the interaction between AVs and human-driven
vehicles, lacking other interactions that may exist (e.g.,
riders’ boarding and alighting, parking on the road, etc.).
Planning for the emerging transformation of public trans-
portation is via evaluating SAV-transit service requests for
the integration of passenger and vehicle behavior at the
microscopic level and an investigation of all the service levels
that SAVs can provide through different vehicle attributes.
Filling the gaps of existing studies, this study contributes by
(1) envisioning a future transit corridor affected by SAV-
based “transit,” (2) microsimulating the detailed behavior of
passengers and vehicles, and (3) conducting cost analysis of
such a transit service to provide insights on future transit
planning under emerging technologies.

3. Microsimulation Description

3.1. SUMO Simulation Setup. This study uses SUMO soft-
ware, which can microsimulate interactions among different
travel modes [26]. The detailed manipulations are achieved
through TraClI (Traffic Control Interface), a toolkit in SUMO
that allows for the retrieval of real-time values of simulated
objects, which can conduct user-defined behavior “online”
through Python scripts.

The simulation network setup in this study is a 6.5-mile,
2-lane, straight corridor with no traffic signals. This corridor
has a lane width of 11.6 ft and a speed limit of 30 mph based
on recommended designing practice from the American
Public Transportation Association [27]. As also suggested in
previous studies, SAV stops are evenly placed (every quarter
mile) along the corridor [28] at the middle point of a road
segment. Two types of vehicles, namely SAVs and con-
ventional vehicles (referred to as background flow in the
following context), can travel in both lanes. SAVs are
inserted into the corridor to serve riders with a fixed
schedule (i.e., a fixed frequency) and run a fixed route to the
end of the corridor, with stops at the stations if necessary. A
Poisson distributed background flow of conventional cars
with a mean departure rate is assumed. The base case sce-
nario will test a departure rate of 0.7 vehicles per second,
which is approximately 1260 vphpl (vehicle per hour per
lane), to reflect a common flow rate on a 30-mph corridor
[27]. Due to curbside stops, SAVs obstruct the vehicles

behind when serving passengers at stops. Scenarios that have
parking bays and added traffic signals for SAVs are also
tested in a later context. With a high dispatching rate
(frequency) of SAVs, “bus bunching” can be observed, as
SAVs can overtake previously dispatched SAVs.

Travel demand in this study refers to SAV riders/pas-
sengers, who walk on the road (access or egress the SAV
stops), wait for SAVs, and ride in SAVs. Other active modes
are ignored here because they hardly affect the operations of
SAVs or conventional vehicles, although there may be taxis,
which will stop and pick-up/drop-oft passengers, and
scooters/bicycles, which could potentially slow down the
traffic. Passengers are uniformly generated at random along
the corridor, arriving with a uniform distribution in a 3 hour
period of peak time. Since the distance between two con-
secutive stations is 1/4 miles, passengers who have origins
and destinations between two consecutive stations probably
give up taking transit. Therefore, only those passengers who
have a trip distance longer than 1/3 miles are considered
rational SAV users and randomly generated along the
corridor. These riders walk to the nearest stop, get on the
next available SAV, and get off at the stop closest to his/her
destination. An SAV that has not reached its capacity will
stop at a stop where new riders are waiting or where current
riders want to alight. Further, an SAV waits for passengers
approaching the stop if this SAV has stopped at the station
and the passenger can walk to catch this SAV in 10 seconds.
After a rider gets off the SAV, he/she walks to the destination
location and then disappears from the simulator. Figure 1 is
an illustration of the SAV bus line corridor. One passenger is
shown to be waiting at the stop, while the SAV has just
arrived at that stop, causing the following vehicles to brake.

3.2. Simulation Framework. Figure 2 shows the simulation
design details, by demonstrating the whole simulation flow
of how vehicles and riders interact in the simulator. Road
network and bus stop information are read first, including
the edge lengths as well as the length and position of the SAV
stops. Travel demand is then processed to obtain the start
location of the journey, departure station, arrival station, and
destination location of the itinerary. After that, the simu-
lation starts, and the itinerary of riders is processed by the
simulator at time 0. Beginning at the first step of the sim-
ulation, background flow comes into the corridor and SAVs
depart from the start point of the corridor based on a fixed
headway. During every step of the simulation, which is every
0.5 seconds, the status of riders and SAVs is tracked and
updated. Riders’ status is tracked to inform SAVs (e.g.,
whether riders are catching the SAV, waiting at the bus
station, or already on board) so that SAVs can react ac-
cordingly. The status and locations of SAVs are also tracked,
to determine whether the SAVs need to stop at the next
station. The designed simulation also checks whether riders
need to get off at the next station. If no one is getting off, it
then checks whether passengers are waiting at the next
station and if there are available seats on board. When the
SAV is dwelling at a stop, it keeps checking whether a rider
can catch the SAV in 10 seconds before its departure and will
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FIGURE 2: Simulation design.

then let those people get on the SAV. After the SAV leaves
the station, it sets future stops for all new riders’ destination
stations. SAVs’ and riders’ status and locations are checked
every timestep until the simulation reaches the time horizon.
The output includes both passenger and vehicle information,
such as vehicles’ and riders’ travel time and waiting time,
background vehicle speed, and average vehicle occupancy.

3.3. Simulation Parameters. Stocker and Shaheen [19] have
envisioned four types of potential SAV and service models:
microvehicles (1 or 2 passengers), small vehicles (3-7 pas-
sengers), mid-sized vehicles (7-20 passengers), and large
vehicles (20+ passengers). However, one can imagine that the
future world may also have a large capacity SAV—an auto-
mated bus to serve a heavy demand transit corridor, but such

a corridor probably does not allow microvehicles to travel.
Therefore, for the simplicity of vehicle sizes, four types of
vehicles are simulated, from a normal sedan size of 5 seats (no
driver due to full automation) to an automated bus of 40 seats.

As shown in Table 1, background flow uses the SUMO
default value for “passenger” vehicle types [26]. Although
there would be differences in the lane-changing model
between conventional vehicles, this study focuses on
longitudinal effects instead of lateral effects. Therefore, the
lane-changing model is assumed to be LC2013, the default
from SUMO [29]. The dimensions of different SAV sizes
are determined by referring to existing vehicle sizes (Table
1), although one may expect a different interior design for
SAVs. Without a driver’s seat, space in SAVs can be better
utilized and standing may even be allowed in smaller size
SAVs.
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TaBLE 1: Vehicle configurations and other simulation parameters.
Other vehicles in traffic  SAV5 SAV10 SAV20 SAV40  Sources
Capacity (number of seats) 4 5 10 20 40 [19]
Length (m) 4.3 4.3 5.5 7.7 12
Vehicle dimension Width (m) 1.8 1.8 2.5 2.5 2.5 [26, 30, 31]
Height (m) 1.5 1.5 2.8 2.8 34
Lane-changing model LC2013 [29]
MinGap (m) 2.5 0.5 1 1.5 2 (3]
Acceleration rate (m/s) 2.6 1.47 1.28 1.09 0.9
Car-following model Deceleration rate (m/s?) 4.5 2 1.63 1.27 0.9 [31]
Emergency deceleration rate (m/s?) 9 7.5 [26]
Other parameters Krauss [33]
Boarding duration N/A 35 4 [34]

(second per rider)

Automated bus or shuttle tests may proceed with caution
at early implementation stages due to the unreliable and
unstable camera recognition and slow data processing;
however, in the future, automated buses will probably have
faster speeds than human-driven vehicles [35]. In terms of
transit operations, comfort is also key to the design of ve-
hicles, based on the study from Bae et al. [32], who did a
summary of the possible range for acceleration and decel-
eration rates of a comfort transit vehicle. Since small AVs are
nimble and can have faster acceleration and deceleration
rates, due to the use of the safety belt, the acceleration was set
as the highest value in the range, at 1.47 m/s’. The 40-seat
SAV bus would have the lowest acceleration in the range, at
0.9 m/s>. The other types of vehicles are assumed to have
rates in between the small AV and the SAV bus with linear
interpolation. Further, the emergency deceleration rate is
assumed to align with the normal bus configurations to
ensure the comfort of the riders, based on the default
SUMO value. Length, width, height, and maximum speed
were obtained from the existing sedan, van, and bus size
parameters [26, 30, 31]. Compared to conventional ve-
hicles, SAVs are capable of maintaining a closer distance
with other vehicles while driving, and connected tech-
nology may lead to shorter following distances [36].
Smaller SAVs are nimbler than large-size SAVs, thereby
using the road space more efliciently. Adopted from the
range that was used in Morando et al.’s [3] simulation, 2
meters is used for the 40-seat SAV bus and 0.5 meters for
the 5-seat SAV, with interpolated numbers for 20-seat and
10-seat SAVs.

A model from Jara-Diaz and Tirachini [34] showed that
the average boarding and alighting time is 3.3 seconds/
passenger using a contactless card or 4 seconds/passenger
using the magnetic strip when only the front door is used for
boarding and both doors are used for alighting. The current
tested automated shuttles have one door for both boarding
and alighting, but the door is wider than the mid-sized bus.
Here, 3.5 seconds (considering 0.5-second simulation
timestep) is used for the average boarding and alighting
time, although there could be variations due to the vehicle
design and payment method.

3.4. Scenario Design. This paper tests a base case scenario
that has riders’ demand varying from 100 riders per hour to
900 riders per hour. Background flow is set to 1260 vphpl,
without SAV parking bays at the stop or traffic signals. In
terms of the travel demand, the simulated average trip
distance is 2.37 miles with a standard deviation of 1.40 miles.
Based on the demand and capacity, the headway of SAVs is
set for each level of demand such that the total demand can
be met considering the total available seats of dispatched
SAVs, the average assumed load factor of SAVs, and the
average trip length, recognizing riders’ potential waiting
time at the stops. Table 2 gives an example of SAV dispatching
headway settings when assuming that SAVs seats are always
full (load factor = 1). Assuming one seat can potentially serve 2
person-trips on average along the 6.5-mile corridor, a 2 min
headway of 5-seat SAVs (i.e., 30 SAVs per hour) is required to
meet the demand, which equals number of SAVs x vehicle
size x load factor x trips =30 x 5 x 1 x 2= 300 riders per hr. A
high load factor indicates a low SAV dispatching frequency.
For the base case scenario, a load factor of 0.7 for all types of
SAVs is assumed, while a sensitivity analysis of load factor
variations is conducted later. Many headway settings here are
less than 5 minutes (especially for small-size vehicles), which is
uncommonly seen, but this simulation mimics a transit cor-
ridor that is often shared by more than one bus route and thus a
more frequent service.

Other than the base case scenario, a few scenarios have
been designed for comparison, as shown in Table 3. These
scenarios include varying the background flow (varying
from 0.5 to 0.8 vehicles per second by Poisson distribution),
adding station bay and traffic signals, and changing the SAV
dispatching headways (via various assumed load factors).

For the station bay scenario, the simulation sets up an
extra lane for SAVs to stop only, to mimic the case when
there is a parking bay at the station for SAVs. Capacity at the
station bay is unlimited (or large enough to hold many
SAVs, because of the extra lane), but the SAVs follow the
principle of first-come first-leave. For the traffic signal
scenario, a 90-second cycle is assumed, with 3 seconds of
yellow time and 10 seconds of red time. The signal locations
are set every 1/8 miles, which is about 2 signals per station.
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TaBLE 2: Example of SAV headway (min) settings for load factor =1 assumption.

Demand (SAV users per hour)

Capacity (seats per SAV)

5 seats per SAV 10 seats 20 seats 40 seats
100 people/hr 6 min headway 12 min 24 min 48 min
200 3 6 12 24
300 2 4 8 16

TaBLE 3: Tested scenarios.

Background flow (vphpl)

Load factor Traffic signal Station bay

Base case 1260 0.7 — —

Background flow 900, 1080, 1260, 1440 0.7 — —

Sensitivity analysis Station bay 1260 0.7 - v
Traffic signal 1260 0.7 v —

Load factor 1260 0.5, 0.6, 0.7, 0.8 — —

Since this transit corridor focuses on the investigations
about SAV size and frequency under different travel de-
mands, the locations of traffic lights and the signal timing are
arbitrary. Optimization techniques could be involved in a
real-world application.

3.5. Evaluation Metrics. The average background vehicle
travel speed, average rider waiting time, total vehicle travel
time, total rider travel time, and total system cost per traveler
will be evaluated for each scenario. The background vehicle
travel speed (vehicles) can evaluate how congested the traffic
is, while the average person waiting time shows the efficiency
of the transit system. The total travel times of background
vehicles and SAVs can show the overall system performance,
and the total system cost per traveler will evaluate the cost to
serve travel demand under different types of vehicles and
levels of service. The total system cost per traveler considers
the travel time cost and operating cost of SAVs and back-
ground vehicles. Table 4 shows the detailed components of
the total system cost. When riding in an SAV, riders are
assumed to perceive a value of travel time (VOTT) that is
half that of those human-driven vehicles. However, when
they are walking to and from SAV stop locations or waiting
for an SAV to arrive, their VOTT is assumed to be double
that of a driver [37]. The vehicle cost is calculated using a
per-vehicle mile basis. The per-mile cost is adapted from
Bosch et al. [5], which considered both fixed cost and
variable cost for different sizes of SAVs on a per vehicle-mile
basis. The total system cost is further transformed to cost per
traveler, by assuming an average occupancy of 1.2 in
background vehicles.

4. Results

4.1. Base Case, SAV Station Bay, and Traffic Signal Scenarios.
In this section, the analyses of three scenarios are presented:
the base case scenario, adding SAV station bays, and adding
traffic signals. Each scenario performed five runs and the
average value is shown in the results. Figure 3 shows the
results of the base case scenario. About 7,450 personal ve-
hicles pass through the transit corridor during the 3 hour

simulation time, with the number of dispatched SAVs
varying from 5 to 386, depending on the demand level and
SAV size.

Figure 3(a) presents the relationship between different
levels of demand and the average background vehicle travel
speed for all vehicle sizes. At a very low demand level (i.e.,
100 people/hr), vehicle size hardly affects the average speed
of background vehicles, because vehicles stop less frequently.
However, the speed of the average background vehicles
decreases with increasing passenger demand for all demand
levels. More frequent stops are witnessed at higher demand
levels, to accommodate greater passenger demand, thus
affecting the background traffic. 40-seat SAVs are out-
performed by other sizes of SAVs because these large-size
vehicles accelerate and decelerate slower and are more likely
to dwell frequently at stops to serve riders, while small-size
vehicles are more likely to skip stops due to full capacity.
Interestingly, the downward trend of decreasing background
flow speed in the 5-seat SAV scenario is more prominent
than SAVs of other sizes, and the background vehicle speed
is lower than 10-seat SAVs when demand is greater than 500
people/hr and further lower than 20-seat SAVs when de-
mand is greater than 900 people/hr. This is due to more
dispatched SAVs in the corridor which causes congestion
from SAVs driving instead of dwelling at the stops.

Figure 3(b) shows an expected result: SAVs with more
frequent service reduce people/passenger waiting times at all
passenger demand levels. Average waiting time discrep-
ancies between different SAV sizes shrink under a higher
demand level due to a higher frequency of all types of ve-
hicles and a large demand base. However, the scale does not
change. For example, 40-seat SAVs result in an average
passenger wait time 3 times longer than 5-seat SAVs across
all demand levels.

Total vehicle travel time and total rider travel time
(walk + wait + ride) are shown in Figures 3(c) and 3(d),
respectively. Total vehicle travel time increases with the
travel demand (Figure 3(c)), especially for 5-seat SAVs,
mainly because there are more vehicles dispatched into the
corridor to serve riders that further obstruct more back-
ground vehicles for a longer time. High demand levels
witness a clear trend, where the increasing trend of 5-seat
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TasLE 4: Components of total system cost (drivers’ VOTT =$15/hr).

Cost category

Cost

Driver Background flow VOTT xdriving time
Human cost Walk 2x VOTT xtravel time
Rider Ride 1/2x VOTT X travel time
Wait 2x VOTT xtravel time
SAV5 0.25 per mile
SAV10 0.36 per mile
Vehicle cost SAV20 0.42 per mile
SAV40 1.24 per mile
Background flow 0.6 per mile
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FIGURE 3: Base case scenario. (a) Background vehicle average speed. (b) Average wait time per SAV rider. (c) Total vehicle travel time.
(d) Total rider travel time. (e) Total system cost per traveler. (f) Average vehicle occupancy.

SAVs and 10-seat SAV's keeps going up, but the trend of 20-
seat SAVs and 40-seat SAVs tends to flatten out. Of course,
more rider demand also leads to more total rider time
(Figure 3(d)), but small-size SAVs (with small headways)
tend to decrease wait time, and thus their riders experience
less journey time across all demand levels.

While using smaller SAVs reduces passenger waiting
time, it can increase total vehicle travel time and riders’ total
journey time at high demand levels. Regarding this, the
smallest size of SAV's is not necessarily the preferred vehicle
size, and thus the total system cost per traveler is evaluated.
Figure 3(e) illustrates the result of total system cost per
traveler where all sizes of SAVs enjoy the scale of economy,
as seen from the decreasing trend. The 40-seat SAV's and 20-
seat SAVs are outperformed by smaller SAVs at all demand
levels, respectively. Compared to the 40-seat SAVs, using
smaller SAVs would reduce the system cost by up to 4.0%.
While the 5-seat SAV's have lower total costs with a demand
of 700 people/hr or less, the 10-seat SAVs have lower total
costs with a demand of 700 people/hr or more. The trend
indicates that there is a chance for 20-seat SAVs to be the
optimal vehicle size at a higher demand level, but one would
not expect it to happen in many middle- or large-size cities.

To differentiate the revealed load factor (or simulated
load factor) of the SAVs, the ratio of person-miles to seat-
miles is expressed as the average vehicle occupancy.
Figure 3(f) shows such metrics for each vehicle type, which
turns out to be stable (about half of vehicle space filled up on
average) across vehicle sizes. The reason could be the as-
sumption of SAV dispatching frequency, which is a fixed
relationship with vehicle size and passenger demand, as
illustrated in Table 2. The SAV occupancy of different vehicle
sizes is about 50%, which is lower than the targeted load
factor 0.7, due to fewer alighting at the beginning of the
corridor and fewer boardings at the end of the corridor.
With less dispatch frequency, the average vehicle occupancy

is likely to increase, but the riders will wait longer at the
stops. This will be further analyzed in sensitivity tests.
Figure 4 summarizes the results of the SAV station bay
scenario, showing the new patterns of the average speed of
background vehicles and the total cost per traveler, as well as
their responding changes from the base case scenario. As the
stops are now in bays, the impact of SAVs on background
traffic becomes negligible, especially for large-size SAVs, as
shown in Figure 4(a). This result aligns with the real-world
cases of human-driven vehicles, e.g., Koshy and Arasan [38]
and Zhang et al. [39]. Although there is little difference in
average travel speed for various demand levels, 5-seat SAV's
still show a decreasing trend for a large demand due to
frequent bay entries or exits. Compared with the base case
scenario (Figure 4(b)), bus-bay provision has more benefits
for large-size SAVs across all demand levels, making them
competitive to small vehicles in terms of the corridor’s
average speed. However, 40-seat SA Vs are still outperformed
by smaller sizes of SAVs, for all demand situations, due to
the high cost of large-size SAV operations. Both 5-seat and
10-seat SAVs tend to be more cost-efficient under different
levels of travel demand. Using smaller-size SAV's instead of
40-seat SAVs can reduce the system cost by up to 3.2%,
which is consistent with the base case scenario, although the
benefit shrinks by 0.8% due to the use of bays. This is because
the bays mitigate the situation where SAVs previously
obstructed the following vehicles and such benefits become
more prominent when the riding demand is large (i.e., more
stops at the stations). This can also be observed from the total
system cost saving per traveler (Figure 4(d)), where the
small-size SAVs deliver slightly more benefits across all
demand levels, but more benefits are delivered under cases of
large demand and large-size SAVs. It is worth noting that the
bus-bay provision also adds construction costs and poten-
tially right-of-way acquisition costs. For actual applications,
site-specific details and a more comprehensive cost-benefit
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FIGURE 4: SAV station with the bay scenario. (a) Background vehicle average speed. (b) Increase of background vehicle average speed
(compared to the base case). (c) Total system cost per traveler. (d) Total system cost saving per traveler (compared to the base case).

analysis will be needed, before sizing and scheduling SAV
transit, recognizing factors like more cross-traffic and/or
pedestrians at certain intersections, higher SAV rider-
ship—with longer boarding times and oncoming traffic.

Results of the traffic signal scenario are presented in
Figure 5. Figures 5(a) and 5(b) show that the average speed
of background vehicles is substantially lower compared to
the base case scenario due to the delay at traffic signals,
dropping by about 3.5 miles/hr on average. This speed re-
duction may vary based on intersection type, signal phases,
and average speed, as shown in existing literature [40, 41].
Due to congestion caused by more 5-seat SAVs dispatched to
the corridor and thus more delays caused by the traffic
signals, the average background vehicle speed for the 5-seat
SAYV scenario is lower than the 40-seat SAV scenario when
demand is greater than 800 people/hr.

The heavy external cost by traffic signals for 5-seat ve-
hicles can also be observed in Figure 3(d), where the total
system cost per traveler is greater than that of 20-seat SAV's

and starts to flatten out when the demand is greater than 800
people/hr. Such impacts can also be observed in Figure 5(d),
as the 5-seat SAV's do not enjoy the scale of economy at high
demand, compared to the base case. The general downward
trend of total system cost per traveler for SAV sizes remains
similar, and the 40-seat SAVs still have the highest cost
across all demand levels. The best vehicle choice, however, is
different from the base case scenario. 5-seat SAVs are only
preferred when demand is lower than 300 people/hr, while
the 10-seat SAV's are favored when demand is greater.

4.2. Sensitivity Tests on Service Frequency and Background
Flow. Figure 6 demonstrates the effects of SAV headways
(via changing assumed load factors) on the base case sce-
nario, by showing changes in background vehicle average
speed, total system cost per traveler, and average wait time
per SAV rider. The average speed of the corridor remains
relatively stable across travel demand levels when varying
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FIGURE 6: Sensitivity analysis on varying load factors (SAVs’ dispatching frequency). (a) Background vehicle average speed (vphpl). (b) Total
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SAV dispatching frequency, although the preferred size of
vehicle changes. Small-size SAVs offer faster speeds when
the vehicles are dispatched less frequently, due to less
congestion brought by fewer vehicles and fewer obstructions
to background vehicles when dwelling at the stops. Although
a more frequent service will lead to higher vehicle operating
costs, the total system cost per traveler decreases slightly for
each vehicle size, due to less wait time at the stops for riders
(Figure 6(b)). 5-seat SAVs are cost-efficient across all de-
mand levels when the SAVs are dispatched infrequently
(assuming load factor = 0.8), while 10-seat SAVs are favored
at high demand (greater than 400 people/hr) when service is
frequent (assuming load factor=0.5). However, 40-seat
SAVs are still outperformed at all demand levels in terms of
the total system cost per traveler. The average vehicle oc-
cupancy of the SAVs is stable when there are varying vehicle
sizes but increases with less frequent service, from loading
34% (assuming load factor=0.5) to 55% (assuming load
factor =0.8).

Different background flow rates were also tested for the
base case scenario. Figure 7 shows the background vehicle
travel speed and total system cost with background flow rates
of 900, 1080, 1260 (base case scenario), and 1440 vphpl. Of
course, a high rate of background flow would lead to a more
congested corridor. When increasing the background flow
from 900 vphpl to 1440 vphpl, average background flow
speed for the 5-seat SAV scenario drops by up to 8.0% (at
high demand level = 900 people/hr) and average background
flow speed for the 40-seat SAV scenario drops by up to 11.4%
(at high demand level =900 people/hr). When the back-
ground flow is low, the corridor enjoys a higher speed
provided by large-size vehicles, because there are few of
them to obstruct the background flow. For example, 40-seat
SAVs obstruct background flows the least, at 900 vphpl,
across all demand levels. However, the nimble small-size
SAVs show benefits as the corridor becomes congested. At
the background flow rate of 1440 vphpl, 5-seat SAV's provide
the least obstruction under passenger demand less than 500
people/hr and 10-seat SAV's enable faster speeds for higher
demand levels, while 40-seat SAVs lead to the lowest speed
across all levels of demand. In terms of the total system cost
per traveler by different levels of demand, the decreasing
trend of cost per traveler in sensitivity scenarios follows that
of the base case scenario with 40-seat SAVs still being the
least cost-efficient. Generally, 5-seat and 10-seat SAVs

perform relatively well at total system cost per traveler, with
5-seat SAVs performing slightly better at lower demand
levels and 10-seat SAVs better at high demand levels. Of
course, the congestion caused by a higher rate of background
flow would lead to an increase in the total system cost per
traveler. Such an increment for all sizes of SAVs is small at
low travel demand levels (about a 3.5% increase) compared
to that at high travel demand levels (about a 9.5% increase).
These results suggest that large-size SAVs provide slightly
better corridor average speed under low background traffic,
but small-size SAVs (e.g., 5-seat and 10-seat SAVs) would be
more cost-efficient at all congestion and demand levels.

5. Discussion

5.1. From Human-Driven to Automation. At present, con-
ventional vans have been used to provide mobility in
confined regions like college campuses, military bases, air-
ports, or business parks, where the SAVs are more likely to
be in the early stages of implementation. Of course, SAVs
can provide safety and cost benefits compared to vans, as
SAVs have better control while eliminating the need to hire a
driver. However, the benefits of SAVs are also expected in
the case of serving a busy transit corridor, where 40-seat
conventional buses are still dominating currently. This is
because 40-seat buses, which require a smaller fleet size
compared to using small-size vehicles, allow the fleet op-
erator to efficiently (both in time and cost) manage the
drivers (along with their schedule) and the bus fleet, in terms
of routing and parking. As an emerging technology, SAVs
provide the opportunity of a flexible design of vehicle size as
shown in various global tests that are currently being
conducted [19], while the fleet manager does not have to
worry about the cost and time burden of driver and vehicle
assignment and relocation. One driver is usually assigned to
one or two bus lines he/she is familiar with, but SAVs are
capable and flexible when switching to other lines. In order
to perform complex interactions with humans and other
vehicles, such an SAV service would require a mature au-
tomation technology with a high initial cost, but the cost
savings they bring would be substantial due to their efficient
routing and repositioning without drivers. Although con-
ventional bus transit scenarios, usually with larger vehicles,
are not simulated in this study, their system costs and
passenger waiting times would be higher than the 40-seat
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SAV scenarios, due to SAVS’ reduced driver cost, increased
safety, and less emission from smooth acceleration and de-
celeration. Thus, replacing conventional bus transit vehicles
with SAVs of smaller sizes would offer greater reductions in
costs.

5.2. Insights for Real-World Applications. Different scenarios
have been tested on the impacts of demand, vehicle size,
traffic signals, station bays, load factor, and background
vehicle flow rate, but results may still change in practice due
to the other assumptions made about the corridor. Changing
the speed limit may not change the pattern of preferred SAV
size, but riders’ cost per PMT will increase or decrease with
the speed limit change, due to the travel time change tra-
versing the whole corridor. However, a higher speed limit
means that SAVs may need a longer stopping distance, or
brake early, leading to longer queues at the stops and thus
causing more delay along the corridor. The spacing between
stops may be adjusted in the real world, based on different
land-use patterns. Moreover, a stop location can be a far-side
stop (after buses proceeding through the intersection), near-
side stop (before the intersection), or midblock stop (in
between intersections, usually in a well-defined area), and
choices should also be adjusted based on the road geometry
and the real traffic volume, to minimize conflicts with
turning vehicles and reduce intersection clearance time [42].

Although the bus station bay and traffic signal scenarios
have been tested, the real impacts of background vehicles
entering and exiting the corridors are not considered. The
background vehicle in the real world may not enter and exit
at either end of the corridor, but will enter or exit at any
point along the corridor instead. This causes more delay in
the corridor, the impact of which may even be worse than
SAVs dwelling at the stops. Such delay cost from back-
ground vehicles as well as their potential parking cost may

largely increase the real system cost along the corridor. A
different arrival rate of passenger demand may be witnessed
in the real world, instead of the passengers being uniformly
distributed along the corridor. The arrival rate may change
based on different times of day, as the system will serve more
travel demand during the morning and afternoon peak
hours. Land-use patterns will also impact the passengers’
arrival distribution at the stops, as a stop near a commercial
area or a transfer stop may attract more demand. Change in
land-use pattern is more outstanding when considering a
corridor that is 6.5 miles long, which is likely to go through
the urban core and end at a suburban area in some small-size
cities. More boardings and alightings will be observed at the
urban core, leading to more delays at the SAV stops, es-
pecially during peak hours when the corridor may already be
congested. On the contrary, the suburban area will bear less
travel demand and the vehicle will be less utilized (i.e., low
AVO). Moreover, a real-world transit corridor can be longer
than 6.5 miles with different transit lines often sharing the
same corridor segments. This brings more variations to the
analysis due to more complex interactions among the transit
vehicles and passengers, such as transfers between transit or
other multimodal travel methods (e.g., park-and-ride or
bike-and-ride).

5.3. Planning and Policy Implications. Simulation results
illustrate the total-cost benefits of smaller SAVs (i.e., 5-seat
or 10-seat SAVs), to serve as public transit vehicles along
existing lines or in new locations. Such high-frequency,
smaller-vehicle transit-type systems can better serve travel
demands in many markets while reducing the heavy foot-
print of motorized modes (by encouraging more shared
rides). Travel demand from both existing transit users and
the new users who enjoy the comfort and the low cost of the
new SAV transit service must be considered when planning
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new SAV transit lines. Signals should be involved in the
decision of the service frequency, since the use of signals
decreases the corridor’s average speed and causes more
delays to the whole corridor in addition to the delays caused
by SAVs dwelling at stops. Bays can mitigate the negative
effect of SAVs blocking one lane when dwelling and can be
more effective at minimizing such an effect under the ex-
istence of traffic signals. However, since acquiring the right
of way is usually expensive, bus bays should be constructed
wisely at different locations of the corridor.

Based on a variety of designed SAV sizes, there is a
possibility that smaller SAVs can expand transit service areas
to where large-size bus lines could not previously reach (due
to low AVO, and thus poor profits). SAVs can run longer
transit lines, overlapping existing line segments that large-
size buses use where the demand is high. This could function
similarly to current subway systems across the globe, where
an extra fleet will provide more frequent service at the urban
core area of a transit line [43]. SAVs can help reduce the long
access and egress times of many riders, especially those who
live near the ends of the lines. Moreover, smaller SAVs may
also provide an option for riders who enjoy a more com-
fortable space (i.e., 4-seat SAV) to rest or work, rather than
sharing a bus with 30 or more riders. A higher fare may be
priced for riders who want to take small SAVs, but fares can
be low when services are first introduced to incentivize riders
to use such public transit service.

With the benefit of eliminating driver costs and SAVs’
ability to self-relocate, the transit operators may own a larger
fleet, due to the use of new transit lines and potential service
with mixed-size SAV fleets. A larger parking depot may be
desired for such a large fleet, but the SAVs are also expected
to look for proper social parking sites by themselves so that
they can utilize vacant overnight parking spaces. As the
world is migrating to vehicle electrification, shared auto-
mated electric vehicles (SAEVs) are also expected to drive
themselves to charging stations throughout the day, by
navigating to available stations. It is also worth noting that as
the case of fixed-route SAV service is investigated in this
paper, the demand is still expected to be relatively high and
dense around the stops. When the demand pattern is sparse,
the on-demand service is potentially more efficient [44].

5.4. Limitations. Some other limitations of the micro-
simulation in this study also exist. The relationship between
headway and demand is assumed to be fixed, based on the
assumed load factor of SAVs. Optimization techniques could
be utilized to find the best headway as well as vehicle size for
the most cost-efficient system, but these techniques would not
be easy to integrate. On the other hand, considering the
complex behavior of buses waiting for approaching riders and
skipping stops when the seats are full is much easier to in-
tegrate. Furthermore, it remains uncertain whether future 40-
seat SAVs would be able to provide standing area, in which
case the capacity of the vehicle would be more than 40 riders.
This study assumes that the capacity of a 40-seat SAV is 40
riders, but 40-seat SAVs have the potential to be favored by
operators if standing is allowed on board. Moreover, the
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results are only averaged over five random runs, due to the
computation burden. The trends are generally clear, but in-
creasing the number of runs can help reduce the variations in
the data points.

6. Conclusion

This study investigated the performance of an SAV-based
bus transit corridor, where different sizes of SAVs replace
conventional bus transit vehicles. SUMO was used to
simulate microscopic interactions between SAVs and
background traffic, and between SAVs and transit passen-
gers under various background traffic conditions, SAV sizes
and associated characteristics, passenger demand levels, and
load factors. Different configurations of the 6.5-mile bus
transit corridor were considered, including a nonsignalized
corridor, signalized corridor, and corridor with SAV stops in
bays. Detailed bus behaviors were incorporated, including
waiting for approaching riders and skipping stops when the
vehicle capacity is reached.

Simulation results show that the use of smaller, but more
frequent, SAVs leads to reductions in passenger waiting
times but increases in total vehicle travel times. It is found
that more frequent services of smaller SAVs do not, in
general, significantly affect background traffic given their
shorter dwell times at stops, as seen from the fastest speed
provided by 5-seat SAVs for passenger demand under 400
people/hr, and by 10-seat SAV's for demand higher than 400
people/hr in the base case scenario.

Results highlight that the systems with 5-seat or 10-seat
SAVs have lower total system cost per traveler than those
with 20-seat or 40-seat SAVs, consistently across most
scenarios. While the system with 5-seat SAV's has relatively
low total system cost per traveler at low passenger demand
levels, 10-seat SAVs are favored at higher demand levels.
Whether 5-seat or 10-seat, SAVs are the most cost-efficient
for a certain level of demand based on the background flow
rate and how frequently the SAVs are dispatched to the
corridor. Higher background flow and more frequent service
would make 10-seat SAVs more appealing, mainly due to
efficient vehicle space and fewer vehicles obstructing the
traffic compared to 5-seat SAVs. However, 40-seat SAVs are
outperformed in total system cost per traveler by other
vehicle sizes across all scenarios. Compared to the 40-seat
SAVs, using smaller SAVs would reduce the system cost per
traveler by up to 4.0%, while improving transit passenger
experience with reduced waiting times.

Bus-bay provision helps large-size vehicles offer a higher
corridor speed, due to fewer vehicles dispatched in the
corridor, but the high operating cost allows them to be
outperformed by smaller sizes of SAVs in terms of total
system cost per traveler. The use of traffic signals substan-
tially lowers the corridor speed, especially for 5-seat vehicles
at high passenger demand, making 10-seat SAVs the best
choice for most of the demand levels. Results also suggest
that the smallest SAVs are not always the optimum solu-
tions; right-sized SAVs and associated frequencies should be
considered based on passenger demand, network configu-
ration, and loading factors.



14

It should be acknowledged that, in the microsimulation,
background traffic is simulated with typical driving be-
haviors. Future research could explore the impacts of SAV-
based transit when background traffic is also partly or fully
automated by considering different AV penetration rates.
For a high-frequency bus corridor, platooning of SAV-based
transit vehicles should also be considered, particularly when
the flow of small-size SAV's would be high. Future work may
also examine the impacts of SAVs’ vehicle size on the
system’s energy consumption.
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