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Executive Summary
The present study investigates the potential of automated shuttles that are meant to provide first
and last mile connections to higher-order public transit services. The service is assumed to be
automated, on-demand, and low-speed—up to 40 km/h (25 mph)— and each vehicle is confined
to operate within a round catchment area centered on a high-quality bus stop or transit station,
characterized by a high frequency of buses or trains. The first intent of the study is to simulate and
estimate the impacts of such a transport system in Santa Clara County. The second goal is to
report the experience of conducting research using the beta software BEAM, which allows one to
perform a traffic simulation with MATSim, which is mesoscopic in scale—characterized by an
intermediate level of detail between the classical macro-approach and the recent micro-approach—
and agent-based, in which an artificial population is reproduced, and each agent can autonomously
make their own travel decisions and interact with other agents. The software was developed at
Lawrence Berkeley National Laboratory and a baseline scenario was calibrated by the BEAM
development team to simulate the nine-county San Francisco Bay Area region, 1 which includes
the study area of Santa Clara County.
A literature review provides a starting point for understanding the potential of the automated
shuttles and establishes the range of ideal parameters for the study—mainly regarding maximum
speed, radius of catchment area, positions of catchment areas, and so on.
Next, the report explains the methodology used for achieving the main goals. Attention is
particularly focused on the pros and cons of using the BEAM software, describing what the team
learned by using it and providing suggestions to future users. In the same chapter, the authors
describe the methodology for defining the catchment areas and the sensitivity analysis used to
calibrate certain parameters of the model: radius of the catchment areas, pricing of the automated
shuttle service, time of simulation, initial position of the shuttles inside the catchment areas,
vehicle size, and maximum speed. These parameters were calibrated by running many simulations
of scaled-down scenarios and with the support of the BEAM developers’ group. The last part of
the chapter describes the methodology used for analyzing the outputs of the model. In that section,
the authors explain the processes used in the software R, in case future researchers want to analyze
the BEAM outputs.
The entire nine-county San Francisco Bay Area was simulated, with and without the deployment
of the automated shuttles. The results were processed, filtered for the trips involving Santa Clara
County, and then illustrated in the last chapter. The main findings are:
•

The BEAM model can simulate the automated shuttles in the calibrated model of the
whole Bay Area. The pro and cons are discussed, as are suggestions for future users.
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•

The automated shuttles are used by many travelers, even if the impact of this mode of
transport is eclipsed by the overwhelming presence of cars.

•

Some trips with automated shuttles are registered during the night—mainly between
midnight and 2am—due to the lack of other good options for users, increasing the
accessibility of travel during night hours.

•

The trips with automated shuttles are distributed across the county, with a higher use
in the downtown San José area.

•

The automated shuttles replace mainly ride hail vehicles for point-to-point service
within the catchment areas and ride hail vehicles directed to bus stops but also displace
some walking trips.

•

The availability of automated shuttles leads to more trips on public transport but the
same number of car trips.

•

The average length of all trips on the automated shuttles is 6 km, with an average travel
time of 10 minutes.

•

Public transport trips that include an automated shuttle leg are approximately an hour
long, validating the use of the automated shuttles for short, “first or last mile”
connections to other transit services that the travelers use to complete the remainder
of their trip.

•

The automated electric shuttles reduce the number of gas trips.

The results of this study support the wide-scale adoption of on-demand, flexible-route shuttles to
address the first/last mile problem and improve accessibility to high-quality public transit
throughout Santa Clara County. Communities, particularly those lacking many fixed-route transit
services, can look to on-demand shuttles as an alternative approach. Regional and county
transportation agencies can use these high-level conclusions as a basis to support more robust
scenario testing and planning with their official models. The BEAM model is intriguing. Given
the beta status of the software and user interface limitations, it is not recommended for
practitioners to use “off the shelf,” but owing to its Bay Area calibration, can be applied to other
Bay Area counties for high-level planning of similar scenarios.
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I. Introduction
1.1 Motivation and Scope
The growing interest in automated shuttles as a method for providing first and last mile
connections to public transport services, together with the scarcity of studies and pilot deployments
based on such a transportation mode, led to the idea of using a traffic simulation to model a range
of scenarios with low-speed automated vehicles in Santa Clara County, California. The main scope
of the project is to evaluate the impacts of this mode of transport as well as to test the potential
and the feasibility of using the BEAM software developed by the Lawrence Berkeley National
Laboratory. BEAM is able to simulate the daily traffic in the nine-county San Francisco Bay Area
region, including Santa Clara County, by means of extending the functions of the traffic
microsimulator MATSim. BEAM is mesoscopic in scale, characterized by an intermediate level
of detail between the classical macro-approach and more recent micro-approach, and agent-based,
in which an artificial population is reproduced, and each user can autonomously make their own
travel decisions and interact with other agents.

1.2 Literature Review
The main weakness of a public transport network is clearly represented by its accessibility, mainly
for low-density areas where fixed-route local bus services are inefficient and generate unsustainable
ridership. Hess et al. observed that the accessibility of a transport network greatly affected the
choice of transport mode, especially for older people.2 As described by Farber et al. for the city of
Toronto, the accessibility of transit considerably affects its efficacy.3 Zuo et al. state that transit
service can be greatly extended by improving first and last mile access to transit, and disadvantaged
residents receive better and more equitable transit accessibility to jobs than others. 4 Kanuri et al.
state that first and last mile connectivity is an important factor in enabling greater integration and
accessibility of mass transit networks to the largest number of urban residents. 5 For these reasons,
authorities are addressing the problem of the first and last mile connection for a public transport
network as a method to improve the accessibility of the public transport service and hence its level
of usage. 6
Micro transit, or transit service using smaller on-demand vehicles, represents a valuable alternative
for the first and last mile connection, and in recent years public transit agencies including the Santa
Clara Valley Transportation Authority and the Alameda-Contra Costa Transit Authority, both in
the San Francisco Bay Area, tested this model. 7 For example, the AC Transit Flex pilot program,
that serves the catchment area around two BART stations in Alameda County, provides an
operating example of the flexible-route, on-demand last mile shuttle service contemplated in this
study (except it uses manned, not automated vehicles) that improves service in low density and low
demand areas while demonstrating cost neutrality and higher efficiency compared to the previous
MINETA TRANSPORTATION INSTITUTE
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fixed-route service. 8 A survey in 2013 performed in Santa Clara County reported that 10% of riders
drive or carpool to the local public transport service. 9 This share of users be a reasonable market
segment to capture using new micro transit systems. In fact, through a model of existing public
transit options and a hypothetical level 4 shared autonomous vehicle, Moorthy et al. explored the
possibility of automated vehicles being used to solve the last mile problem, concluding that they
significantly improved transit sustainability by promoting mode shifts to public transit. 10
Ride hail systems are an important competitor to many public transport services, potentially
replacing transit rides. 11 However, Wang et al. analyzed data of Uber ride hail activity in Atlanta,
highlighting that the whole ride hail fleet cannot always guarantee sufficient accessibility in terms
of wait time in opposition to a well-supported public transport service. 12 Chee et al. state that
automated bus service competes with existing last-mile services. 13 Zuo et al. state that transit
accessibility to jobs can be improved with bicycles as the first-and-last mile mode, 14 however, Rupi
et al. (2019), 15 Rupi et al. (2020), 16 and Schweizer et al. 17 found that cyclists try to avoid riding in
the presence of buses because doing so impacts cyclist safety, speed, and waiting times. Therefore
automated shuttles may offer a competitive first and last mile service.
In order to provide support for the current public transport service and not to replace it, automated
shuttles should be bound within a predefined, geographically-bounded “catchment area,” but it is
not clear how to define these; a general methodology to determine catchment area is not yet present
in literature. Biba et al. used a parcel-network method for estimating the population with walking
access to bus stop locations using spatial and aspatial data (i.e. location and demographics) and the
network distances from parcels to bus stop locations in order to deploy the catchment area in a
100-square-mile portion of the Dallas Area Rapid Transit (DART) system covering two Texas
communities. 18 Guerra et al. defined half a mile as the maximum distance from a stop or station
that makes a public transport service desirable to users. 19 El-Geneidy et al. declared that the 85th
percentile walking distance to bus transit service is around 524 m for home-based trip origins. 20
Eom et al. found that about 90% of passengers traveled within 3.6 km from railway stations,
suggesting a catchment area with a radius of less than 4 km. 21 AC Transit recommended service
zones of approximately 5–7 square miles. 22 In any case, as stated by Lin et al., the catchment area
can increase commensurate with changes to first and last mile service: they proved that for a
dockless bike sharing system. 23 However, it is important to take into account, as stated by Roy et
al., that poor first and last mile performance is generally observed in more suburban locations,
where poor sidewalk and bus stop infrastructure combined with the extra cost and time needed to
make longer first and last mile trips using feeder buses contribute to low first and last mile quality. 24
Moreover, Chee et al. declare that frequency of the primary transit routes is critical to the last-mile
automated bus service usage. For this reason, the catchment areas are centered only on highfrequency bus stops in this study.

MINETA TRANSPORTATION INSTITUTE

4

II. Methodology
The following chapters describe the main challenges and benefits encountered using the BEAM
software, the methodology used for determining the catchment areas of the automated shuttles,
the sensitivity analysis of different parameters of the BEAM model, and the methodology used for
analyzing the BEAM output files. The BEAM model was the critical software used to estimate
the transportation impact of introducing automated electric shuttles to the travel network in Santa
Clara County.

2.1 BEAM Model
The major element of the methodology involves applying the travel demand model called BEAM
(Behavior, Energy, Autonomy, and Mobility), which has been under continuous development for
the past two years by the Lawrence Berkeley National Laboratory, sponsored by the U.S.
Department of Energy’s SMART (Systems and Modeling for Accelerated Research in
Transportation) Mobility Consortium. The BEAM model25 adds an important discrete choice
modeling extension to MATSim, a widely used open-source software for large-scale agent-based
and mesoscopic traffic simulations. BEAM also incorporates new transportation modes, most
notably ride hailing, into human choice modeling, and it includes calculators for energy impacts.
BEAM offers the ability to simulate a combination of several features critical for this study:
defining a new vehicle type representing the automated electric shuttle; assigning the ride hail
function to the shuttles; establishing geofenced areas throughout a broad area such as a county;
and assigning fleets of shuttles to operate only within their specified geofenced areas.
BEAM, due to its local development origins, is pre-populated with data and calibrated for the San
Francisco Bay Area. The data and model parameters are scaled to represent 10% of the population.
In order for the 10% sample to generalize to the entire population, the capacity of the road network
and public transit vehicle capacities are also scaled down. Therefore, even though only 10% of the
population is being simulated, the agents encounter realistic levels of congestion and travel times
on the roadways. Agents also encounter realistic levels of crowding on public transit vehicles. The
scaling parameters were tuned and calibrated by the BEAM development team.
The BEAM model was perfectly suitable for the case study. The behavior of users in the simulation
and the overall results are considered robust because the algorithms in the BEAM software, on
which the simulation depends, have been validated by the BEAM working group. But, as with all
beta-level software, there are a few lessons learned about the use of the software that could be
useful for future users:
•

BEAM requires a powerful computer. For this reason, the research team used a
dedicated Linux server from Amazon Web Services (AWS) with 256 GB of random-
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access memory. The computation cost was more than 5 dollars per hour in addition to
storage costs.
•

The process of installing BEAM from the Git repository was quite long and required
precise versions of different packages.

•

BEAM does not have a graphical interface. As a result, it was not always easy to
understand what was wrong when the software didn’t start, how to prepare the input
files, and where the output was located.

•

This research project represents the first application of the BEAM model for the
automated shuttle use case and in fact the BEAM development team created or
updated some functions specifically to aid this study. Thus, the model is still under
development: the online documentation is not always updated (see the BEAM
software documentation 26), and there are still open issues to be fixed. In fact, many
proceedings required the support of the BEAM developers.

•

Many of BEAM’s internal processes—for example, the cost associated with each
alternative during the mode choice process, waiting times, noise pollution and
emissions, and so on—are not currently traceable, and the output files are limited to
standard attributes.

•

The output file is not intuitive, and the analysis required a significant post-processing
phase.

•

There are still some limitations and minor inconsistencies to be fixed. For example,
simulations can currently start only at midnight. Also, if a user uses their private car
for the first part of a round trip, they are unconstrained to choose another means of
transport for the return trip, which is not typical and could skew the results in favor of
non-automobile modes.

•

The calibration of certain parameters for the Bay Area scenario changed from version
to version. The parameters, and changes made to them, are often obscure and not
documented. Moreover, updating the version of BEAM from the Git repository may
yield a version that does not work.

•

The software could clearly be used for different scenarios, but there are not enough
guidelines for easily using it outside of the Bay Area, since a lot of different input files
must be prepared in the right format.

Despite these challenges and drawbacks, the BEAM software produced crucial results for the case
study. The main benefits encountered by using the software have been as follows.
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•

The BEAM development team has been very available and generously provided
support for this research. They fixed some problems that the researchers uncovered,
added new functions to the model, helped with the interpretation of parameters, and
suggested the best values to use. All the communications occurred in the BEAM user
group, 27 and the BEAM developers were very responsive. There is clearly a mutual
interest concerning this study, because it represents one of the first practical
applications of the BEAM model to a case study. It is important for the software
developers to receive outputs resulting from the use of their software, as this aids in
identifying where to improve the software and what issues should be fixed.

•

BEAM is one of the few existing software programs that allows for the preparation of
data for a large-scale simulation with a traffic simulator— MATSim in this case—and
then provides simulation outputs. Moreover, a model defined for the whole Bay Area
has been already calibrated and it is ready for use, even if it is still under development:
calibration often presents a significant challenge.

•

Despite its being a macroscopic model, BEAM takes into consideration a detailed
transport network through OpenStreetMap (OSM), and the full public transport
schedules of all the transportation agencies are pulled from their GTFS files.
Moreover, the vehicle typologies are very detailed and well calibrated for the area of
study, and the model considers many transportation modes (bus, ride hail, bike, car,
walk) as well as multimodal combinations (walk to transit, ride hail to transit, drive to
transit). This means that the model is very flexible for different typologies of
macroscopic studies, even if it currently requires the support of the development team.

The total computational and storage cost using AWS was on the order of several thousands of
dollars, which in addition to the final scenarios included many previous scenario runs for learning
about the model behavior and sensitivity testing.

2.2 Catchment Areas
For the case study, the authors employed a careful process to select and size the catchment areas
based on the literature review. To provide support to the bus network with automated shuttles, the
research team inserted into the transportation network fleets of 20 shuttles. Each fleet was bound
to provide service within a circular area with a fixed radius. The areas were placed in proximity to
high-quality transit stops as a first and last mile supply for the current public transport service.
Automated shuttle operational assumptions were principally derived from the Federal Transit
Administration’s Strategic Transit Automation Research (STAR) Plan, which describes existing
EasyMile, Local Motors, and Navya models. Based on these existing models, the theoretical
automated shuttles that the team created in BEAM have SAE level 4 autonomy (can operate fully
MINETA TRANSPORTATION INSTITUTE
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autonomously within specified operational domains), travel at low speeds (up to 25 mph), and have
a capacity of 12 passengers. The literature review provided additional operational assumptions
including average speed (13 km/h), capacity (5–15 passengers/hour), typical hours of operation
(6:30am–6:30pm), frequency (15–30 minutes), flexible routing, and on-demand boarding.
Both the Caltrain and the Santa Clara Valley Transportation Authority (VTA) GTFS datasets
were used to identify high-quality transit stops. These datasets consist of several text files that
describe the entire public transport service, including details such as hours of activities, bus routes,
frequency, and stop locations.
The high-quality stops were defined as bus stops or transit stations which are visited on average
by at least four buses or trains per hour, except for Caltrain, which has lesser frequency but
represents major transit stations.
Once the high-quality stops were identified, the research team used ArcGIS Network Analyst to
define the size of the catchment areas. The catchment areas were based on 15-minute isochrones
from the high-quality stops, with a speed of 25 mph. The catchment areas were then approximated
by circles, as required by BEAM. Based on this approach, the radius of each catchment area in
Santa Clara County was fixed at 3,900 meters as the maximum reachable distance with these
conditions. The centers of the catchment areas were placed at the center of the individual isochrone
polygons.
Initially, the BEAM software did not allow ride hail vehicles to be confined to operate only within
fixed areas. For this reason, the main intervention of the BEAM developers for this research was
allowing certain ride hail vehicles to travel only inside a fixed round area, described by the
coordinates of the center of the catchment area and its radius.
The 218 locations that were defined as the catchment areas for the automated shuttles are
represented in Figure 1. With 20 vehicles in each catchment area, in all, 4,360 automated vehicles
were deployed to serve these areas in the simulation.
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Figure 1. Catchment Areas for Automated Shuttles in Santa Clara County

2.3 Sensitivity Analysis and Assumed Parameters
Before running the various scenarios, the authors performed a sensitivity analysis of different
parameters of the BEAM model to understand the magnitude of impact of various input
parameters and to minimize computational time: the initial position of the automated shuttles
inside the catchment areas, size of the catchment areas for the automated shuttles, pricing, and
number of hours simulated.
In a scenario in which the radius of the catchment areas was fixed to 3,000 meters and all of the
automated vehicles started at the centers of the catchment areas, 176 trips on the automated shuttle
were registered from midnight to 11am—the reader should keep in mind that this figure was
obtained using a 10% population sample. A second scenario showed that when the initial positions
of the automated vehicles are changed, trips can increase. In particular, when placing the vehicles
randomly inside the relative catchment area rather than the centroid, trips increased by 50% (from
176 to 266).
Increasing the size of the catchment areas led to an exponential increase in the number of trips on
the automated shuttles. This is because the automated shuttles start replacing other modes of
transport for point-to-point trips within the catchment areas: only 40 trips were made with a
catchment area radius of 2,000 meters, 989 trips were made when the radius was increased to 6,000
meters, and 5,879 trips were made when the radius was unbounded.
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The pricing of all vehicles including ride hail vehicles is considered during the mode choice process
in BEAM using utility values per mode. An increase in the utility value of the ride hail vehicles
corresponds to a decrease in price. When the utility was progressively increased, this resulted in a
gradual increase in the use of automated shuttles up to the capacity of the system, as expected.
However, this application of the BEAM model required the automated shuttles to share the same
utility value as the other ride hail vehicles. The authors did not have the opportunity to calibrate
values for the automated shuttles separate from the values previously calibrated for the other ride
hail vehicles. Therefore, the authors devised a method within BEAM to differentiate the fares for
the two modes by assigning travel time cost only to the automated shuttles and travel length cost
only to the other ride hail vehicles, while using the same utility function. Finally, some small-scale
scenarios were simulated to test the computational time required for the simulations. The authors
found that the computational times related linearly with the number of iterations, number of hours
of the simulation, and percentage of simulated population.
After the sensitivity analysis, the following parameters were chosen for the main scenarios.
•

Simulation from midnight to 8pm, in order to take into consideration the daily activity
of users, including morning and afternoon peak hours.

•

Use 10% of the real population, since the whole Bay Area model has been calibrated
with this percentage of population, and using higher values could compromise the
results.

•

Automated shuttles with a capacity of 12 people and a maximum speed of 25 mph.

•

A fixed radius of 3,900 meters for the catchment areas.

•

A supply of 20 automated shuttles per catchment area, intended to represent an
unconstrained supply, as the computational cost limited our ability to optimize the
number of shuttles to match the estimated demand.

•

A random initial position of automated vehicles inside the catchment areas in order to
increase the initial accessibility of the shuttles.

•

A lower average cost for automated shuttle trips compared to ride hail trips, made
possible by the method described above. This reflects an assumed policy of subsidized
automated shuttle fares similar to regular public transit fares and market-rate,
distance-based fares for the classic ride hail services.
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2.4 Analysis of Outputs
Two different main scenarios were simulated: the baseline scenario of the entire San Francisco Bay
Area without automated shuttles and the same scenario with the automated shuttles deployed in
Santa Clara County. Each scenario required 20 iterations and 12 hours of computational time in
order to reach an equilibrium of the outputs.
The main outputs provided by BEAM at the end of the simulation are stored in a table with more
than 11 million event records concerning the simulation.
The main challenge in processing the output data arises due to the fact that the most useful
information is categorized into four types of events that must be correlated back to each other to
discern each person’s whole trip across vehicles, necessary for reporting the transportation statistics
shared in the Findings. The event types are: ModeChoice events, PathTraversal events, and
PersonEntersVehicle and PersonExitsVehicle events.
The ModeChoice event records contain information about the overall trip of each user (with
person ID, time of departure, chosen mode of transport, and total length being the most important
details for this analysis), excluding the paths the user takes throughout their trip. Instead, the
PathTraversal event records contain information about the paths, or portions thereof, of each
vehicle (with type of vehicle and vehicle ID, trip lengths and durations, geographic coordinates of
departure and arrival points, type of fuel, and energy used being the most important). For example,
regarding the buses, there is a PathTraversal event between every pair of bus stops traveled between
by each person on the bus. The PersonEntersVehicle and PersonExitsVehicle events relate the
individual users to specific vehicles by recording the time when each person enters and leaves a
vehicle. Therefore, each mode choice event contains one or more vehicle-path events and has to
be merged with the other event types in order to provide complete trip information for each user
and for each vehicle.
The variables that are available to match the four sets of events are the person ID, vehicle ID,
departure time, and arrival time. First, we merged information about the PathTraversal events
with the PersonEntersVehicle and PersonExitsVehicle events in order to associate the ‘ID person’
attribute to the PathTraversal events. The result of this merger was a VehicleTrips table. This table
was then aggregated in order to have one unique row for each vehicle used by each person.
The aggregated table was moved to the QGIS platform in order to associate each vehicle trip to a
starting and ending county. For this purpose, the team used the shape file from the California
Open Data Portal, 28 which describes the cartographic boundaries of the nine Bay Area counties.
With a tool within QGIS that joins attributes by location, the authors associated a county with
the starting and ending points of each vehicle trip.
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Finally, with the person ID and departure time attributes, the VehicleTrips table was matched
with the ModeChoice events in order to obtain information about the total duration and energy
of each trip, the time at which the automated shuttles were used for ride hail trips, and the starting
and ending county of each trip.
At the end of the aggregation process, two main tables useful for further analysis were built.
•

Trip table: each row represents a full person trip, indicating the total length, time and
energy used, starting and ending county, departure time, and the transportation mode
used. Multimodal trips are included in the model, and the possible modes or modal
combinations available are ‘Bike,’ ‘Car,’ ‘Drive and Transit (meaning a multimodal trip
with driving plus transit),’ ‘Ride Hail,’ ‘Ride Hail AV ,’ ‘Ride Hail Pooled,’ ‘Ride Hail
Pooled AV,’ ‘Ride Hail and Transit (a multimodal trip with ride hail plus transit),’
‘Ride Hail AV and Transit,’ ‘Walk,’ and ‘Walk and Transit (a multimodal trip with
walking and transit).’ The modes with ‘AV’ refer to trips that include a ride hail on the
automated shuttle vehicle fleet. These AV trips are distinguished from the other ride
hail systems (e.g., Lyft and Uber).

•

Vehicle paths table: each row represents a full vehicle trip completed by a person,
indicating the vehicle type used, fuel type, total length, time and energy used, the
starting and ending county, and the departure time. The vehicle types are ‘AVshuttle,’
‘Bike,’ ‘Bus,’ ‘Car,’ ‘Rail,’ ‘Ride Hail,’ ‘Tram,’ and ‘Walk.’

The merging process was fully realized in the R platform and required about 10 hours per scenario.
The QGIS tool required one hour per scenario.
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III. Findings
In the baseline scenario, as well as the scenario with the automated shuttles, about 627,000 trips
were performed by the 10% population sample of the Bay Area (see Table 1). Of these trips, 30%
either started or arrived in Santa Clara County. Figure 2 shows the symmetry of the trips with
respect to noon and the heat map of both the home and work activities of Santa Clara inhabitants.
Moreover, 37% of the trips involving Santa Clara County started or ended in another county (see
Table 2). Alameda County accounted for 48.7% of the cases and San Mateo County for 34.5%.
Figure 3 represents a heat map of the departure point of trips involving Santa Clara County: that
is, trips inside, from, or to Santa Clara County.
Table 1. Statistics of Trips Carried Out in the Baseline Scenario
Bay Area
Number of trips

626,949

Involving
SCC
190,018

Total time [h]

285,661

70,736

Total length [km]
Total energy [GJ]

17,583,796
39,512,627

5,190,390

10,441,505

Inside
SCC
119,800

From SCC to
Other Counties
34,886

From Other
Counties to SCC
35,332

29,567

20,401

20,768

1,951,887
4,179,432

1,611,381
3,108,682

1,627,122
3,153,391

Figure 2. Heat Map of Departures and Arrivals by Time of Day

(a) Morning departures up to 12 pm

(c) Afternoon departures after 12 pm
MINETA TRANSPORTATION INSTITUTE

(b) Morning arrivals up to 12 pm

(d) Afternoon arrivals after 12 pm
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Figure 3. Heat Map of Trips involving Santa Clara County

Table 2. Statistics of Trips Departing from or Arriving to Santa Clara County
From Other
Counties to
SCC

From SCC to
Other Counties
[%]

From Other
Counties to SCC
[%]

Arrival/Departure
County

From SCC to
Other Counties

Alameda

17,054

17,173

48.88

48.60

Contra Costa

3,012

3,179

8.63

9.00

Marin

225

242

0.64

0.68

Napa

61

71

0.17

0.20

San Francisco

1,989

1,937

5.70

5.48

San Mateo

12,039

12,187

34.51

34.49

Solano

313

326

0.90

0.92

Sonoma

193

217

0.55

0.61
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Analyzing the trip mode share, in the baseline scenario the vast majority of trips were performed
with private cars (see Table 3). Trips involving Santa Clara County represent a higher share of car
trips with respect to the whole Bay Area, particularly for exchange trips with the other counties.
Likewise, a lower share of trips involving Santa Clara County were made using sustainable means
of transport: bike, transit, and walk.
The addition of the automated shuttles did not produce a meaningful change of the modal share
(see Table 4). Even though a total of 1,072 95% CI [1,008, 1,136] trips on the shuttles was
registered, that theoretically corresponds to about 10,720 95% CI [10,080, 11,360] trips by
considering the whole population. These trips replaced to a small extent all the other modes, but
particularly the trips inside Santa Clara County performed by the existing ride hail system, some
walking trips, and car trips that were intended to reach bus stops. Trips involving the use of the
automated shuttles represent 0.5% of all the trips involving Santa Clara County.
Table 3. Mode Share of Trips Involving Santa Clara County in the Baseline Scenario
Bay Area
[%]

Involving
SCC [%]

Inside SCC
[%]

From SCC
[%]

To SCC
[%]

Bike

1.99

0.99

1.31

0.45

0.44

Car

77.10

88.79

87.06

91.81

91.68

Drive and Transit

5.79

2.65

3.49

1.12

1.31

Ride Hail

3.34

3.03

3.07

3.00

2.92

Ride Hail Pooled

0.39

0.26

0.13

0.48

0.45

Ride Hail and Transit

0.33

0.20

0.12

0.26

0.39

Walk

2.97

1.07

1.47

0.39

0.39

Walk and Transit

8.07

3.02

3.35

2.49

2.41
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Table 4. Mode Share of Trips Involving Santa Clara County in the Automated Shuttle Scenario
Bay Area
[%]

Involving
SCC [%]

Inside SCC
[%]

From SCC
[%]

To SCC
[%]

Bike

2.05

1.09

1.46

0.45

0.44

Car

77.13

88.79

87.05

91.83

91.69

Drive and Transit

5.77

2.61

3.43

1.09

1.34

Ride Hail

3.09

2.40

2.19

2.79

2.72

Ride Hail AV

0.08

0.27

0.40

0.03

0.03

Ride Hail Pooled

0.46

0.42

0.40

0.49

0.45

Ride Hail Pooled AV

0.01

0.03

0.05

0.01

0.00

Ride Hail and Transit

0.30

0.06

0.03

0.09

0.12

Ride Hail AV and Transit

0.07

0.23

0.20

0.20

0.35

Walk

2.90

0.98

1.34

0.39

0.36

Walk and Transit

8.13

3.13

3.46

2.62

2.5

Note: AV refers to trips that involve the use of the automated shuttles.

Focusing only on the trips involving Santa Clara County that were most affected by the presence
of the automated shuttles, Table 5 presents the total length, duration, and energy for each different
mode in the baseline scenario, and Table 6 reports on the automated shuttle scenario. The insertion
of automated shuttles did not cause a large change in these values. The total length of trips
including the automated shuttles was 15,800 km, for a cumulative trip duration of 347 hours and
32,404 GJ of energy used.
Table 5. Statistics of Trips Involving Santa Clara County in the Baseline Scenario per Transport
Mode Used
Trips

Trips
[%]

Length
[km]

Length
[%]

Time
[h]

Time
[%]

Energy
[GJ]

Energy
[%]

Bike

1,885

0.99

24,344

0.47

1,378

1.95

260

0.00

Car

168,724

88.79

4,775,980 92.02

57,516

81.31

8,557,083 81.95

Drive and Transit

5,030

2.65

69,375

1.34

1,635

2.31

360,754

3.46

Ride Hail

5,756

3.03

132,236

2.55

1,619

2.29

233,767

2.24

Ride Hail Pooled

485

0.26

24,321

0.47

275

0.39

43,138

0.41

Ride Hail and Transit 371

0.20

13,328

0.26

249

0.35

35,677

0.34

Walk

2,035

1.07

18,835

0.36

3,863

5.46

286

0.00

Walk and Transit

5,732

3.02

131,972

2.54

4,200

5.94

1,210,541 11.59
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Table 6. Statistics of Trips Involving Santa Clara County in the Automated Shuttle Scenario per
Transport Mode Used
Trips

Trips
[%]

Length
[km]

Length
[%]

Time
[h]

Time
[%]

Energy
[GJ]

Energy
[%]

Bike

2,066

1.09

25,741

0.50

1,458

2.05

275

0.00

Car

168,837

88.79

4,779,468 92.01

57,787

81.29

8,564,277

81.87

Drive and Transit

4,967

2.61

69,636

1.34

1,627

2.29

357,948

3.42

Ride Hail

4,565

2.40

119,953

2.31

1,490

2.10

211,789

2.02

Ride Hail AV

507

0.27

2,871

0.06

74

0.10

3,854

0.04

Ride Hail Pooled

806

0.42

26,165

0.50

364

0.51

46,129

0.44

Ride Hail Pooled AV

57

0.03

449

0.01

12

0.02

603

0.01

Ride Hail and Transit

108

0.06

4,254

0.08

91

0.13

13,794

0.13

Ride Hail AV and
Transit

435

0.23

12,485

0.24

261

0.37

27,948

0.27

Walk

1,867

0.98

17,426

0.34

3,569

5.02

243

0.00

Walk and Transit

5,947

3.13

136,061

2.62

4,355

6.13

1,233,661

11.79

Note: AV refers to trips that involve the use of the automated shuttles.

By analyzing the same attributes, this time separating out the trips by vehicle type, it is possible to
observe that the use of both bus and tram increased in the automated shuttle scenario (see Table
8) with respect to the baseline scenario (see Table 7). In the automated shuttle scenario, the
automated shuttles traveled for more than 6,000 km in 164 hours, registering an average speed of
39 km/h (24 mph), close to their maximum speed of 40 km/h (25 mph). The average trip distance
on automated shuttles was almost 6 km, and the average trip duration was 10 minutes. For cars,
the most widely used vehicle, the average speed was 84 km/h (52 mph), and the average trip
duration was 20 minutes. Moreover, the multimodal trips consisting of automated shuttle plus
either a bus or a tram were on average almost one hour long, suggesting that people are willing to
accept a transfer between an automated shuttle and the public transport service only if the trip is
long enough.
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Table 7. Statistics of Vehicles Involving Santa Clara County in the
Baseline Scenario per Vehicle
Trips

Trips
[%]

Length
[km]

Length
[%]

Time
[h]

Time
[%]

Bike

1,949

0.92

24,563

0.48

1,385

1.98

Bus

10,328

4.89

78,518

1.52

2,708

3.87

Car

172,956

81.81

4,806,759 93.08

56,896

81.50

Rail

1,803

0.85

55,800

1.08

1,010

1.44

Ride Hail

6,539

3.09

159,357

3.09

1,841

2.63

Tram

1,856

0.88

13,296

0.26

495

0.71

Walk

15,979

7.56

25,601

0.50

5,488

7.85

Table 8. Statistics of Vehicles Involving Santa Clara County in the
Automated Shuttle Scenario per Vehicle
Trips

Trips
[%]

Length
[km]

Length
[%]

Time
[h]

Time
[%]

AV shuttle

1,072

0.51

6,381

0.12

164

0.23

Bike

2,138

1.01

25,987

0.50

1,465

2.08

Bus

10,525

4.97

79,743

1.54

2,772

3.95

Car

173,012

81.63

4,809,713 93.09

57,245

81.52

Rail

1,907

0.90

59,456

1.15

1,076

1.53

Ride Hail

5,310

2.51

146,985

2.84

1,691

2.4

Tram

1,978

0.93

14,052

0.27

523

0.74

Walk

16,008

7.55

24,575

0.48

5,289

7.53

Funded by the U.S. Department of Energy, BEAM produces as one of its core outputs the energy
use of the entire simulated transportation system, given inputs about fuel use by vehicle type. It
reports energy in units of GJ, enabling comparison across fuel types; lower numbers indicate less
energy used. Note the outputs do not compare elements of total lifecycle energy cost such as impact
of vehicle and battery manufacturing, fossil fuel extraction and processing, fuel mix for electricity
generation, etc. A journalistic discussion of recent relevant studies about electric vehicle
contributions to climate change reduction is presented by Carbon Brief29 and an analysis of 59
world regions by Knobloch, et al indicates that emissions related to electric vehicles are less
intensive than fossil fuel alternatives in 53 regions that represent 95% of global transport demand.30
In the United States, the U.S. Department of Energy Alternative Fuels Data Center provides a
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tool to compare well-to-wheel CO2-equivalent emissions across fuel types on a state-by-state
basis, demonstrating that nationally and in all except a handful of states, emissions of all-electric
vehicles are lower than those of other fuel types: plug-in hybrid, hybrid, and gasoline. 31
Table 9 shows the total length, duration, and energy used for each type of fuel for the trips
involving Santa Clara County. Gasoline, diesel, and biodiesel clearly dominate compared to
electricity. The presence of automated shuttles replaced almost 1,000 gasoline trips (8,300 km and
15,600 GJ) by increasing at the same time the usage of diesel vehicles due to the passengers’ shift
to transit. Since the transit vehicles would have operated anyway, this increase pertains to the
accounting only and is not related to an increase of pollutants.
Table 9. Statistics of Trips Involving Santa Clara County in the Baseline Scenario by Fuel Type
Fuel Type

Trips

Length
[km]

Duration Energy
[h]
[GJ]

Trips
[%]

Length
[%]

Duration Energy
[%]
[%]

Biodiesel

8,961

70,440

2,399

1,270,977

4.24

1.36

3.43

12.30

Diesel

5,035

117,109

1,954

231,157

2.38

2.27

2.79

2.24

Electricity

2,191

22,076

599

3,878

1.04

0.43

0.86

0.04

Food

15,979

25,601

5,488

632

7.56

0.50

7.85

0.01

Gasoline

179,244

4,928,668

59,474

8,824,334

84.79

95.44

85.07

85.42

Table 10. Statistics of Trips Involving Santa Clara County in the Automated Shuttle Scenario by
Fuel Type
Fuel type

Trips

Length
[km]

Duration Energy
[h]
[GJ]

Trips
[%]

Length
[%]

Duration Energy
[%]
[%]

Biodiesel

9,142

71,185

2,446

1,284,419

4.31

1.38

3.48

12.41

Diesel

5,155

121,358

2,033

240,929

2.43

2.35

2.89

2.33

Electricity

3,390

29,397

795

12,537

1.60

0.57

1.13

0.12

Food

16,008

24,575

5,289

597

7.55

0.48

7.53

0.01

Gasoline

178,255

4,920,378 59,662

8,808,704

84.10

95.23

84.96

85.13

Figure 4 represents the distribution of departures of the automated shuttles together with cars,
other ride hails, and public transport services. It is evident that the automated shuttle service was
used particularly during the night hours.
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In order to analyze the spatial distribution of the starting points of trips on the automated shuttles,
Figure 5 represents the starting points superimposed on an OpenStreetMap (OSM) map of Santa
Clara County. The figure shows that most trips are concentrated in downtown San José, but they
are also distributed across the whole county.
Regarding vehicle occupancy, there were only a few pooled trips on the automated shuttle. One
limitation of BEAM is that it currently doesn’t allow agents to choose a trip consisting of a pooled
ride hail leg followed by a transit leg. (Agents can choose a trip consisting of a single-passenger
ride hail leg connecting to a transit leg.) If pooled trips to transit were allowed, we might see an
increase in pooled trips and a decrease in single-passenger trips. Allowing pooled trips to transit
would also effectively increase the capacity of the AV system without adding any vehicles.
However, we don’t believe the AV capacity was a limiting factor in the simulation because of the
large number of AVs deployed.
Figure 4. Relative Frequency Distribution of Departure Time of Automated Shuttles during the
Day, Compared with the Usage of Cars, Other Ride Hails, and Public Transport Service
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Figure 5. Spatial Distribution of Departures of Automated Shuttles’ Trips in Santa Clara County
When Using a 10% Population Sample
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IV. Conclusion
The main goal of the present study was to evaluate the impacts of a fleet of automated shuttles in
Santa Clara County providing first and last mile connections to the current public transportation
system. The secondary goal was to use and test the BEAM software developed at Lawrence
Berkeley National Laboratory.
BEAM was selected for use in this study because of its ability to simulate the combination of
several critical features: defining a new vehicle type approximating the automated electric shuttle
form factor and performance; assigning ride hail functions to the new shuttles; establishing
geofenced areas throughout a broad area such as a county; assigning the shuttles to specific
geofenced areas. BEAM demonstrated the capability to simulate the proposed automated shuttle
service, and this report describes the lessons learned from using the model as well as suggestions
for future users.
Regarding the Santa Clara County scenario, the model suggests that automated shuttles would be
chosen by some users for various trip types including first and last mile connections to transit. The
model estimated 1,100 trips in one simulated day carried out by a 10% population sample. The
trips were distributed across the county, though they were particularly concentrated in downtown
San José. The automated shuttles were confined within circular catchment areas centered on major
bus stops and transit stations. The average trip length was 6 km, with an average speed of 35 km/h,
due to the low assumed maximum operating speed of 40 km/h.
Users of the automated shuttles shifted mainly from gas trips—principally from other ride hail
vehicles directed to bus stops—but also walking trips. The usage of public transport services
increased with the presence of the automated shuttles. The choice to use an automated shuttle plus
either a bus or tram was found to happen most frequently for trip durations of approximately one
hour. Moreover, considering the higher usage of the automated shuttles during the night hours—
mainly between midnight and 2am—as well as the increase of the usage of public transport and
replacements of walking trips, it’s possible that automated shuttles serve to increase the accessibility
to users for public transport and offer a good solution in certain contexts.
Some problems encountered in this study and possible solutions are discussed below. Future
research could provide further insight into the potential use of the automated shuttles for
connectivity.
•

The BEAM model currently does not include an option for users to ride a pooled ride
hail vehicle to connect to transit; instead only allowing single-passenger ride hail trips.
The addition of this option could be crucial for the use of the automated shuttles, since
they offer a capacity of 12 people.
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•

The center of each catchment area does not exactly align with the coordinates of the
high-quality transit stops. The centers were placed to best approximate the 15-minute
isochrones around the high-quality transit stops. This might have decreased the
efficiency of the connections between the automated shuttles and the current public
transport network.

•

The coefficients of the utility function related to the automated shuttles could be
adjusted to be different with respect to the already-calibrated coefficients associated
with the standard ride hail system. Treating the automated shuttles as a separate mode
would allow the more flexible use of coefficients to test modal assumptions and policy
interventions of the shuttles, such as different pricing schemes, separately from the
standard ride hail system.

•

The use of a non-fixed radius could improve accuracy, based on the individual
isochrones and tailored to the attractiveness of specific transit stops/stations.

•

BEAM could impose a constraint requiring that both legs of a round trips should use
the same modes. For example, if a user drives their car to a bus stop, they should arrive
at this bus stop and reuse their car on the return trip. Conversely, if a user drives their
car to their end destination, they should also reuse their car on the return trip.
Imposing this constraint would make the individual agent-level modal choices more
realistic.

•

The number of automated shuttles supplied can be weighted based on
sociodemographic attributes of catchment areas around high-quality stops, or
otherwise optimized to match demand, which would give a better indication of fleet
size requirements and cost implications.

•

The model considers just 10% of the population. In future it will be possible to consider
the whole population, since recently the entire Bay Area population has been made
available for use with the model, but some interventions that require the BEAM
developers’ support are needed to change the output files. Considering the whole
population could allow a better estimate of pooled trips as well as reveal meaningful
correlations between trip-making and land use characteristics such as density.
Currently, there are too few simulated automated shuttle trips to draw a conclusion,
and the sampled population changes between model runs. Clearly, simulating the
whole population will require much greater computational resources for both the
simulation and the output analysis.

•

The model is calibrated to the relatively recent year 2015, but even since then, dramatic
changes have occurred in observed travel behavior. These changes have included
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exponential increases in ride hail activity accompanied by modest declines in public
transit use, the sudden introduction of completely new shared micro mobility services
in many cities across the Bay Area, and most recently, in 2020, profound disruption of
various transportation modes (particularly public transit) due to the COVID-19
pandemic. Calibration with sufficient data is a challenge for any model, and it is
particularly important for the purpose of estimating new modes and scenarios.
The main benefit of this work has been demonstrating that the BEAM model, despite its beta
status, limitations, and difficulty to use, allowed for the analysis of a large-scale scenario in a quite
high level of detail. As the BEAM model continues to be developed, it will become more robust
and capable in the future. The BEAM developers have been very open to inserting new tools,
parameters, and functions to adapt BEAM to this case study. Moreover, the BEAM model is very
flexible for analyzing different interventions on the baseline scenario and could clearly be adapted
to a multitude of different studies.
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V. Abbreviations and Acronyms
AV

Automated Vehicle

AWS

Amazon Web Services

BEAM

The Modeling Framework for Behavior, Energy, Autonomy, and Mobility

CI

Confidence Interval

GIS

Geographic Information System

MATSim

Multi-Agent Transport Simulation

OSM

OpenStreetMap

SCC

Santa Clara County

SMART

Systems and Modeling for Accelerated Research in Transportation

STAR

Strategic Transit Automation Research

VTA

Santa Clara Valley Transportation Authority
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