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ABSTRACT

Automated bus systems hold the potential to increase vehicle throughput by allowing vehicle
convoying to shorten headways, thereby decreasing costs associated with vehicle operating and
drivers, and reducing the amount of time spent waiting and in transit by system users. Vehicle
automation could also reduce costs associated with system infrastructure, and has the potential to
improve safety. In this study, an automated bus system (ABUS) was compared with more-
conventional light rail and bus-on-dedicated-lane (BDL) alternatives. For the ABUS, buses were
assumed to operate in convoys with a driver only in the lead vehicle, and on a dedicated lane;
buses in the BDL system were also assumed to operate on a dedicated right-of-way, but with a
driver in each bus. The benefits and costs were assessed from a societal perspective. Safety and
environmental costs were not included in the analysis, and demand was assumed to be constant
for all systems. The study concludes that the proposed bus alternatives could have substantially-
lower costs than a functionally-equivalent light rail system for relatively-low passenger volumes,
with the primary cost savings resulting from cost differences between road-based and rail-based
infrastructure. No significant difference was found between the ABUS and BDL options at
existing volumes for a study section, though each system has unique cost advantages. Additional
research is recommended that addresses safety, demand change, and other impacts of the systems
considered in this study.

TRB 2005 Annual Meeting CD-ROM ' Paper revised from original submittal.



Day, Jenniter E. 2
Botha, Jan L.
Adibhatla, Nagabhargavi

INTRODUCTION

Background and Objectives

Vehicle automation holds the potential to aid in increasing vehicle throughput by allowing
vehicle convoying to shorten headways, thereby decreasing costs associated with vehicle
operating and drivers, and reducing the amount of time spent waiting and in transit by system
users. Vehicle automation could also reduce costs associated with system infrastructure, and has
the potential to improve safety. With developing technologies, bus automation may, in the near
future, provide the opportunity to combine the flexibility of bus modes with the convoying
capacities of fixed-route rail transit systems.

The primary goal of the study discussed in this paper was to compare the costs of an
automated bus system with more-conventional bus and rail transit alternatives. An economic
analysis was performed to determine the least-cost alternative among the following options:

e Conventional Light-Rail System
¢ Automated Bus System (ABUS)
¢ Bus-on-Dedicated-Lane (BDL) System

Tt should be noted that determination of economic feasibility was not an objective of the
study. To determine feasibility, the transit alternatives should also be compared to a base
condition featuring no transit alternatives, and an incremental analysis should be undertaken to
determine the best alternative.

For the purposes of brevity, it was often necessary, in this paper, to provide only brief
descriptions of the research methodologies. Detailed procedures are discussed in a previous
report by Botha, Day, and Adibhatla (7).

This paper presents the evaluation and comparison of the aforementioned transit systems
in the following format:

1. Discussion of the base system (i.e. — the system used as a point of departure), and of
the operating concepts for the alternative systems

2. Qutline of the approach to the economic evaluation, including the types of costs
included in the analysis

3. Cost estimations for each alternative system

4. Conclusions based on the results of the analysis, and a discussion of the potential
effects of higher passenger volumes

5. Recommendations for future research.

STUDY SECTION AND SYSTEM OPERATING CONCEPTS
Study Section and Route Location

The basic approach followed in the study was to base the comparisons on existing systems 5o as
to make the comparisons as realistic and consistent as possible. The analyses presented here were
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based on the route and passenger characteristics of a portion of the light rail system of the Santa
Clara Valley Transportation Authority (VTA) in California. It is noteworthy that all costs in this
study were calculated based on local data.

The route location chosen as a basis for the analysis is a 5.19-mile stretch of the 20.8-
mile VTA Guadalupe light-rail line, located north of the downtown area and extending from the
Baypointe station to the Japantown/Ayer station. This portion of the route — shown in Figure 1 -
is located on city streets, features northbound and southbound rails operating side-by-side, and
was chosen as a basis for the analysis because it was considered to have the characteristics of a
main transit route.

VTA light rail system 2002 passenger volumes were assumed to apply to the light rail
study system, and also the ABUS, and BDL systems. It is noteworthy that the passenger
volumes used for the base condition calculations, which are discussed in this paper, are relatively
low compared to some other urban rail systems. Changes in costs and relative costs due to
increased levels of ridership are discussed by Botha, et al (1), and the results of that discussion
are addressed briefly in the conclusions of this paper.

System Operating Concepts and Designs

Operating and design details for each alternative, summarized here, are discussed in detail in two
reports (1,2). All systems are assumed to operate in the median of an existing roadway. For

functional equivalence, the speed of operation for all of the alternatives was assumed to be
equivalent to the current speed of existing light rail operations on the study section. It should be
noted that, in reality, vehicles could operate at different speeds and at different safety standards,
depending on the system. Barriers to divide traffic flowing in opposite directions and to separate
vehicles using the dedicated lanes from the regular traffic stream were not considered in the cost
estimates, but should be considered in future studies, depending on the physical condittons and
desired safety standards.

Light Rail

Trains on this portion of the system operate with minimum headways of 15 minutes (3).
According to VTA personnel, three-, two-, and one-car trains are currently used, depending upon
demand (unpublished data, Joonie Tolosa).

For some of the cost calculations associated with the length of the light rail trackway, it
was necessary to estimate costs based on a figure that accounted for crossover and yard rail
miles, which are not included in the 5.19-mile, double-track section. An “effective system
mileage” of 5.36 was calculated for the study section. For this calculation, it was assumed that
the propostion of crossover and yard track miles to overall system mileage was the same for the
VTA system and for the study section. Crossover and yard miles were provided by VTA
(unpublished data, Tony Galam).

Calculations related to light rail system planning and design, and infrastructure

~ (excluding ROW costs) were based on the effective system mileage, as were costs associated
with tangent and curved track section rehabilitation. All other calculations for the light rail
system were based on the actual mileage. '
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According to VT A personnel, a 28.9-foot minimum width is necessary to operate two
VTA light rail tracks side-by-side at normal speeds (unpublished data, Deborah Tidwell). This
width includes only rail and vehicle operating space, and does not include station platforms,
clectrical facilities, or other space used to support operations.

ABUS

Like a conventional light rail system train, ABUS vehicles would operate in “bus convoys.” The
buses would be electronically linked together using automation technology. It was assumed that
the maximum length of a convoy will be no more than five vehicles and that a train of five buses
would be technologically feasible and safe. The length of five vehicles is somewhat arbitrary, but
was selected so that the capacity of a five-bus train would be approximately the same as that of a
three-car light-rail train.

Like a conventional light rail system, the ABUS design includes a traveled way for
vehicles in each direction, without a breakdown lane, and could be placed in the median of the
roadway. It is noteworthy that, unlike the corresponding light rail calculations, the ABUS
system cost calculations do not account for effective mileage, since the extra mileage required
for light rail crossovers would not be applicable to a paved-road system, and yard miles add
minimal expense. '

Two separate cross-sectional design scenarios were developed for the ABUS system.
The following dimensions, which include travel lanes in both directions, were determined to be
the minimum total required ROW width for the ABUS system:

Design Scenario 1: 26 feet
Design Scenario 2: 19 feet,

Design Scenario 1 follows AASHTO design standards for tangent ramp sections, which
require a 15-foot pavement width to be used in this case to accommodate any design bus in one
direction (4). However, included in this 13-foot width are two feet that account for wandering of
the vehicle within the lane. Because it is assumed that automating technology will guide these
buses without the wandering associated with manual steering, these two feet were subtracted
from the lane width. The resulting requirement is a 13-foot pavement width for each direction of
travel. Additional widths may be required for horizontal curves.

Cross-sectional dimensions for Design Scenario 2 are based on design recommendations
from Dr. Steven Shladover of PATH, which specify that travel lanes for trucks and buses using
automated technologies need be only 30 cm (0.98 feet) wider than the vehicles using them
(unpublished data). The chosen design vehicle, the City Bus, is 8.5 feet wide ().

Bus-On-Dedicated-Lane

The Bus-On-Dedicated-TLane (BDL) system operating concepts are similar to those of the ABUS
except that the buses do not convoy, the buses operate with uniform headways, and a driver is
required in each bus. Also, because the steering is not automated, the full 15-foot AASHTO-
recommended design width would be required (4). Thus, for dedicated bus lanes running in both
directions, a total cross-sectional width of 30 feet was assumed.
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BASIC APPROACH TO THE COMPARISON
Least-Cost Analysis

The ultimate goal of the cost analysis was to compare the total costs of alternative systems that
were, as far as possible, functionally equivalent (this term is discussed later). Total costs to
build and operate the system were calculated. The approach used was to consider real costs,
which requires eliminating taxes and financing costs from the amounts.

The costs were assessed from a societal perspective (i.e. - no differentiation was made as
to whom the costs accrue to). Ideally, projects that employ public funds should all be evaluated
from this point of view before other stakeholder viewpoints are considered.

When conducting a cost analysis, all values have to be brought to a common basis. The
comparisons were based on equivalent uniform annual costs (EUACSs), with a Gross Domestic
Product (GDP) deflator used to convert all costs to 2001-equivalent U.S. dollars (6). The project
life assumed for the analysis was 30 years. The discount rate used was six percent, which is a
discount rate used by the California Department of Transportation (7).

Functional Equivalence

Every effort was made to assure that the transit systems being compared were functionally
equivalent (i.e. - that they convey the same passenger volume in the same amount of time
between any two points in the study section).

In order to achieve functional similarity, the light rail study section length and location,
placement of stations, and passenger volume data were also applied to the ABUS and BDL
systems. Ideally, the comparison should be made among optimally-configured systems that arc
functionally equivalent at a specified traffic volume level. Determining the optimal
configuration for each alternative was outside the scope of this project. The configurations that
were used were considered to be reasonable because they were based on current VTA light rail
operations.

Cost Categories
The following costs categories were identified for the analysis.

Agency Costs

System Planning and Design Costs

Construction, Rehabilitation, and Other Infrastructure Costs
Vehicle Operations Costs

Vehicle Maintenance Costs

System {Non-Vehicle) Maintenance Costs

System Administration Costs

User Costs
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s Passenger Wait Time
¢ Passenger On-Board Travel Time

Vehicle operations costs include costs associated with driver wages and fringe benefits,
fuel, tires, and other materials, supplies, wages, fringe benefits, and miscellaneous expenses.
Vehicle operating costs will be fundamentally different for all of the systems because of the
difference in the vehicle types and capacity, the number of vehicle-miles and vehicle-hours
operated, and the number of operators needed.

The only user costs considered here were those associated with travel time, since
counting the fare as a cost would actually amount to double-counting. Travel time, in this study,
consisted of user on-board travel time and passenger wait time. Egress time was not included in
the analysis because it was assumed to be equal for all systems. The system boundaries were
chosen such that only users and vehicles operating along the specified trunkline are considered to
be within the project domain. Consequently, the feeder and distribution system, and the user
costs associated with buses operating on them, was excluded.

Basis of the Analysis

System planning, design, construction, rehabilitation and other infrastructure costs for the three
systems were based on recent construction projects and historic rehabilitation data from VTA
and the City of San Jose. The costs associated with vehicle operations, vehicle maintenance,
system (non-vehicle) maintenance, system administration, and user costs were considered to be a
function of the number of operating hours and/or operating miles each system uses annually, and
of the unit cost for each expense incurred in terms of operating hours and operating miles.
Determination of these costs are discussed in subsequent sections of this paper, and in detail in
Botha, et al (1).

Costs and Considerations Not Addressed in the Analysis

The analyses were undertaken using the existing passenger volumes as a starting point. A zero
growth rate was assumed for the passenger volumes because assuming a nonzero growth rate
would have added complexity to the analysis, and would not have added more insight or clarity

to the study.
Also, in this analysis, several potential sources of cost differences were not considered

because they lie outside the scope of the study. These are:

Effects on surrounding transportation systems
Differences in demand among the systems
Quality of service

Air quality impacts

Comfort

Accident costs

Salvage values
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It is also noteworthy that the cost comparison does not account for the cost differentials
associated with buses moving in and out of convoys, passenger transfers on the system, or driver
transfers between buses on the system.

COST CALCULATIONS

Table 1 summarizes the final cost calculations for all of the system alternatives. Details of the
cost calculations appear below.

Light Rail Costs
Light-Rail System Planning, Design, and Infrastructure Costs

The costs for the VTA Tasman West light-rail project were used as a basis for estimating
planning, design, and infrastructure costs for the study section, with the exception of ROW costs,
which were estimated based on a 28.9-foot minimum width necessary to operate two VTA light
rail tracks side-by-side at normal speeds. The 7.6-mile double-track Tasman West line was
completed in 1999. The costs associated with the construction of this line were chosen as a basis
for the analysis because the recency of its completion. Costs associated with the original
construction of the study section could also have been used, but are more dated.

The unit costs shown in Table 2 were found by extrapolating from the Tasman project
cost data and adjusted for inflation. Tasman project costs data were supplied by VT A personnel
(unpublished data, Scott Ritter). The unit costs were multiplied by effective study section length
to obtain the total 2001-equivalent costs for the proposed light rail study section.

Right-of-way (ROW) costs were calculated at a rate of $23.65 per square foot. For the
purposes of this project, it was assumed that the full project-area ROW would be acquired, either
through a fee acquisition or through an easement agreement. This unit cost was derived from
Tasman West ROW-acquisition figures, provided by VTA personnel (unpublished data, Tony
Galam). This unit cost is the quotient of the total Tasman ROW acquisition costs and the total
square footage acquired. Implicit in this unit cost is the assumption that the ratio of easement to

. fee-acquired ROW would be the same for the Tasman project and the light rail study section.

Light-Rail Fleet Purchase

The cost of an average light rail vehicle purchased in 2001 was $2.5 - $3 million, depending on a
number of factors (unpublished data, Art Dowes). A cost of $3 million per light-rail vehicle was
assumed for the purposes of this project.

To determine the costs of the light rail vehicles allocated to the study section, it was
assumed that the number of vehicles allotted would be proportional to the length of the study
section for the base volume condition. As of May 2003, 21 vehicles were operated on the 20.8-
mile VTA Guadalupe line (unpublished data, Joonie Tolosa). Therefore, 6.288 vehicles were
determined to be necessary for the study section. Table 2 shows the costs.

Light-Rail Rehabilitation Costs
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Rehabilitation costs associated with a light-rail system can be subdivided into three categories:

e Tangent track section rehabilitation
e Curved track section rehabilitation
» Wayside Rehabilitation

The light rail rehabilitation data shown in Table 2 is based on data provided by VTA
(unpublished data, Curtis Nicks) and some assumptions outlined in Botha, et al (1). Tangent
track sections are shown to have zero rehabilitation costs because the rehabilitation cycle is
Ionger than the 30-year assumed life of this project.

Light Rail Fleet Renewal Costs

Modern light rail vehicles are built to have a useful life of 30 years (unpublished data, Matt
Tucker). Since the assumed life of this project is also 30 years, fleet renewal was assumed to be
ZEr0.

Light Rail Operational Agency Costs

Operational agency costs include those costs associated with vehicle operations, vehicle
maintenance, system (non-vehicle) maintenance, and system administration. Costs in these
categories were considered to be a function of annual vehicle-miles and ~hours, and of unit costs
(per vehicle-mile and —hour) for each type of cost incurred. The revenue-miles and —hours used
for calculation of costs of the light rail system were based on service characteristics on the VTA
light rail study section as of June 2002, and on the constitution of the trains (i.e. - 3, 2, or 1-car}
during the same period. Detailed calculation methodologies can be found in Botha er af (7). The
calculated vehicle-miles and —hours are:

Vehicle-Revenue-Miles: 448,068
Vehicle-Revenue-Hours: 25,061
Train-Revenue-Miles: 276,035
Train-Revenue-Hours: 15,439

Unit costs for light rail operations were extrapolated from data given in VTA’s 1999-
2000 annual report to the National Transit Database (NTD) (&), and were found in terms of
vehicle-revenue-miles, vehicle-tevenue-hours, train-revenue-miles, and train-revenue-hours.
Operational Agency Costs are summarized in Table 1.

Light Rail User Costs

User costs were based on on-off ridership data for the VTA light rail system (unpublished data,
Joonie Tolosa). In order to quantify user wait time, a value of $8.32 per passenger-hour in 2001-
equivalent dollars was assigned (7). Then, the daily and annual user-hours were calculated. On-
board user-hours were based on the speed of travel and the length of each passenger trip. In the
calculations for passenger wait-time, passenger arrivals at the bus stops were assumed to be
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uniformly distributed in each headway interval. Thus, the average wait per passenger is equal to
half of the train headway. Table 3 shows a summary of calculated user costs for the study
segment.

ABUS Costs
ABUS System Planning, Design, Construction, Rehabilitation, and Other Infrastructure Costs

The costs associated with ABUS planning, design, construction, rehabilitation, and other
infrastructure are shown in Table 4 for ABUS Design Scenario 1. A corresponding table for
Design Scenario 2 is not shown, due to space limitations. All cost differences between ABUS
Designs 1 and 2 arise from differences in pavement widths.

Costs associated with planning, designing, and constructing the ABUS system
infrastructure were calculated based on a recent City of San Jose roadway widening and
improvement project, the Hope Street project. The ABUS study system construction cost
calculations are based on the conservative assumption that the smaller Hope Street project costs
remain constant in the elevated quantities necessary for completion of the larger ABUS system.
It is also assumed here that the costs for planning and designing an antomated bus system are
akin to the corresponding costs for a conventional dedicated lane, with some additional costs
related to the presence of automating technology. The underlying assumption here is that the
automating elements of the system (i.e., magnetic reference markers along the route and
automating technology aboard the bus) would probably not drastically change roadway design
elements, other than lane width.

For all costs except those associated with ROW acquisition, unit costs, e.g. cost per
square foot, were taken from the Hope Street Project contract bid documents (unpublished data,
Frances Guevarra). Unit quantities (e.g. - number of square feet in the project area) were scaled
up from the Hope Street project to the ABUS project based on project square footage. Details of
this procedure can be found in Botha et al (1). The same procedure was used to calculate system
planning and design costs, which were estimated by project engineers for the City of San Jose to
be roughly $96,000 in 2002 (unpublished data, Frances Guevarra). Final calculated values are
shown in Table 4.

Costs associated with ROW were calculated similarly to the corresponding light rail
costs.

ABUS Non-Infrastructure Capital Costs

Costs for non-infrastructure capital expenses include bus fleet purchase and purchase of
automation technology for outfitting the vehicles to operate in an automated mode. Fleet
purchase costs were a function of fleet size and automating technology costs. In determining
fleet size, it was assumed that fleet requirements would be determined by the number of buses
needed during the weekday period with the highest volume and the lowest average headways
(this is the PM peak northbound direction).

To assure functional equivalence between the ABUS and light rail systems, bus-convoy
sizes were calculated that would provide a capacity approximately equal to that of the
corresponding light rail train sizes. It was assumed that bus-convoy sizes of these magnitudes
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would be possible and safe. The following equivalencies represent light-rail-train and equivalent
bus-convoy sizes:

* 3 light rail vehicles = 5 buses
e 2 light rail vehicles = 3 buses
e 1 light rail vehicle =1 bus

It was also assumed that approximately 20 percent of vehicles are not in service at any
given time, for maintenance and contingency purposes (unpublished data, Art Dowes). Under
these assumptions, it was determined that 10.180 buses would be required to operate an ABUS
system that operates equivalently to the VTA light rail on the study segment. Three significant
figures were retained to distinguish this number as a derived quantity.

Automation technology would be purchased for every vehicle at a cost of roughly
$25,000 per bus. It is believed that costs could be reduced to as Iow as $5,000 per vehicle if
large numbers of vehicles are outfitted (unpublished data, Professor Randolph Hall, University of
Southern California). Table 4 shows fleet and technology purchase costs for Design Scenario 1.

ABUS Periodic Capital Costs
Rehabilitation costs for the ABUS system include:

e Major Rehabilitation — Pavement Resurfacing
s Minor Rehabilitation —Seals
e Magnetic Reference Marker Replacement

Costs and other information pertaining to rehabilitation are historic costs based on
previous-projects completed by the City of San Jose. The unit costs are all-inclusive, so
potholing, overhead, engineering, etc., are included in the figure.

For minor rehabilitation, costs were calculated based on a seal application frequency of 5
to 7 years and a unit cost of $3.90 per square yard (in 2002 dollars). For major rehabilitation, a
conservative 10-year resurfacing cycle was assumed, and a unit cost of $17.21 per square yard
(in 2002 dollars) was used (unpublished data, Amanda Lei).

It was assumed that magnetic reference markers, mounted on the pavement to guide
automated vehicles, would be replaced every time the roadway is sealed or resurfaced. In this
study, the replacement frequency for magnetic reference markers is five years at a cost of $5000
per mile. At the 6 percent interest rate assumed for this study, this amounts to an annualized cost
of $8,550 for the 5.19-mile study section.

The applicable values are shown in Table 4 for Design Scenario 1.

ABUS Fleet Renewal
Fleet renewal includes vehicle replacement costs and vehicle automation technology replacement

costs. VTA typically replaces an operating bus after 14 years of service (unpublished data, Art
Dowes).
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For compatibility with the ABUS study system 30-year life cycle, a 15-year fleet
replacement cycle was assumed. Thus, 1/ 15" of the fleet is assumed to be replaced each year, at
a per-bus cost of $287,257 (in 2001-equivalent dollars). With 10.180 buses required to service
the study segment, and assuming that 1/ 15" of these are replaced each year, then the annual cost,
in 2001-equivalent dollars would be $287,257*(10.180/15) = $194,959.

Vehicle automating technology is assumed to be replaced as the host bus is replaced, at a
rough cost of $25,000 per bus. Thus, costs in this category are calculated using an identical
methodology as for fleet renewal in the previous section. Fleet and technology renewal and
calculations are identical for Design Scenarios 1 and 2. The applicable values are shown in
Table 4 for Design Scenario 1.

ABUS Operational Agency Costs

The revenue-miles and —hours associated with the ABUS system were found by configuring the
ABUS system so that it is functionally-equivalent to the light rail. This was done by assuming
that the ABUS convoys operate with the same frequencies as the light rail trains in the VTA
system and also by assuming the rail-to-bus vehicle ratios given above.

Cost determination for ABUS operational costs was conducted using identical
methodologies as used in the corresponding light rail calculations, with unit costs primarily
derived from data on the VTA bus system operation. Unit costs were derived from the VTA
Report to the NTD (8).

Convoy-revenue-miles and —hours are equivalent to the light rail train-revenue-miles and-
hours due to functional equivalence. Annual revenue-miles and ~hours are as follows:

Vehicle-Revenue-Miles: 620,101
Vehicle-Revenue-Hours: 34,683
Train-Revenue-Miles: 276,035
Train-Revenue-Hours: 15,439

Differences in costs for the light rail and ABUS systems resuit from the following
sources:

1. The ABUS system, operated in a functionally-equivalent manner to the light rail
under the equivalences discussed earlier, operates more revenue-miles and ~hours
annually than the light rail system.

2. Unit costs differ between the two systems because the ABUS unit costs were based
on unit costs derived from VTA bus data, and the light rail costs based on unit costs
derived from the VTA light rail data. There were two exceptions to rule: costs
associated with the ABUS driver wages and fringe benefits, and also those associated
with system administration costs, were based on the correspondent VTA light rail
data. This was done because costs for drivers and system administration for an
automated bus system were assumed to be better represented by the light rail cost
than by the corresponding bus costs. o

ABUS User Costs
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Because the ABUS system is assumed to run with the same headways and at the same speed as
the light rail system, and to carry the same passenger volumes, there is no variation in cost
between ABUS user costs and light rail user costs. ABUS user costs are summarized in Table 1.

BDL Costs

BDL System Planning, Design, Construction, Rehabilitation, and Other Infrastructure Costs

The BDL system planning, design, construction, and other infrastructure costs were calculated
using the same methodologies as the corresponding costs for the ABUS, except that costs
associated with automation are not considered. The results are shown in Table 1. The
differences in the ABUS and BDL infrastructure, planning, and design costs arise primarily from
the differences in pavement width, and additional costs for the automation technology associated
with the ABUS system. In terms of non-infrastructure capital costs, periodic capital costs, and
fleet renewal, the BDL costs less due to the elimination of need for building and maintaining
automating technologies, though the cost savings is marginal compared to the ABUS
infrastructure savings. The total differences between the ABUS and BDL due to pavement width
is between $716,000 and $1.5 million, depending on the ABUS design scenario, while the
difference between the two systems due to automation costs is $44,000.

BDL Operational Agency Costs

BDL. study system vehicle operating costs were determined using identical methodologies as
were used for the ABUS study system vehicle operating costs, with the exception of driver-
related costs (i.e. — salaries and wages, fringe benefits) and system administration costs. All
costs for the BDL system, including driver-related costs, were based upon vehicle-revenue-miles
and —hours, and were based on data reported to the NTD by VTA on its bus system (8). Thisisa
departure from the ABUS methodology, where driver-related costs were calculated based on
convoy-revenue-miles and —hours, and unit costs for both driver expenses and system
administration were based on light rail data.

Annual vehicle-revenue-miles and —hours used in the calculations for the BDL system
were identical to those used in the ABUS calculations, since the same number of buses would
have to operate in order to maintain functional equivalence to the ABUS.

BDL User Costs

The BDL study system is assumed to operate at the same speed as the light rail and ABUS study
systems, and to carry the same passenger volumes, in order to maintain functional equivalence
for the cost comparison. For this reason, there is no variation in cost between BDL, light rail,
and ABUS on-board travel time costs. However, due to functional equivalence, the BDL study
system is assumed to run the same number of buses as the ABUS system, but without convoying.
This implies that BDL headways would be shorter. In this study, they were assumed to be
uniformly distributed throughout each time period, resulting in a smaller total passenger wait
time for the BDL than for the ABUS/light rail systems. User wait-time costs were calculated
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according to the same method used for the ABUS wait-time cost calculations. The difference in
cost between the ABUS and BDL wait-time costs arises solely from these decreased headways.
Table 1 shows a summary of calculated user costs for the BDL system.

CONCILUSIONS AND RECOMMENDATIONS
Conclusions

In the interpretation of the study results, it should be kept in mind that the cost calculations are
dependent on the accuracy of a large number of parameters. These parameters were not only
related to the cost calculations themselves (such as unit costs and interest rates), but also to the
operating concepts and the associated conditions, such as traffic volumes, etc. For this reason,
the interpretation of the results should be viewed from a holistic perspective.

Based on the findings of this study (see Table 1), the ABUS and BDL systems have
substantially lower costs than a functionally-equivalent light rail system at the passenger
volumes seen on an existing section of the VTA light rail system. Depending on the bus system,
costs range from about 40 percent to approximately 50 percent of those for a comparable light
rail system. The primary source of the difference comes from the relatively-high costs for
planning, designing, and constructing the light rail system. The analysis indicates some
differences in user wait-time costs (a subcategory of user costs), which favors the BDL system.
It is noteworthy that VTA passenger volumes are relatively low compared to other urban rail
systems.

Table 1 also indicates that, at these relatively-low base volume levels, the overall costs of
the ABUS scenarios were comparable to those of the non-automated BDL system, with the BDL
favored slightly. ABUS is the favored alterpative in terms of infrastructure (due to narrower
lanes) and driver-related vehicle operating costs (due to bus convoying). The user cost savings
of the BDL system over the ABUS is due to the shorter headways, and thus less wait time-related
costs for passengers.

Although the wait-time savings reflected in this study for the BDL are significant, on-
board travel hours account for substantially more of the total user travel time than do wait time
(Table 3 illustrates this with respect to the light rail system). It follows that, for all of the
proposed systems, finding ways to decrease on-board travel time may be an effective way to
reduce travel-time costs. That could entail increasing the speed of operations on the system,
which could require a better-protected right-of-way, and consequently, increased construction,
rehabilitation, and maintenance costs.

_ The analysis presented here does not attempt to quantify safety considerations as part of

~ the evaluation of the systems, nor does it attempt to quantify the differences in costs among the
systems resulting from environmental factors, ridership and user diversion, or impact on the
surrounding transportation systems. Due to the different natures of the ABUS, BDL, and light
rail systems, it is possible that costs associated with these variables could be different for each of
the systems studied. The resultant differences in costs could be substantial, and could alter the
outcomes of the analysis and, consequently, the conclusions presented here.

The topic of increased passenger volumes, though not addressed in this paper due to
space limitations, was discussed in Botha et al (1). The results of that discussion are addressed
briefly here because the analysis would be incomplete without them. At all but very large
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passenger volume increases, the bus systems would continue to outperform the light rail system
from an economic perspective because of the large infrastructure cost differences. At
significantly-large volumes, the light rail system could be the preferred system. It would be
capable of offering a larger capacity than the other systems, and probably at higher safety
standards.

Recommendations

Aside from presenting a framework for the study of bus automation, this study advances the state
of the art by highlighting specific areas where further research is vital before implementation of
automated bus systems becomes a reality. Given the constraints of the study, a conclusion
cannot be made that there would be obvious promise in creating an ABUS system, but it is
recommended that this evaluation be continued and refined. Safety considerations should be
added to the analysis, as should more-rigorous evaluations of significantly-increased ridership.
Also, refining the costs and some other aspects of the analysis could indicate where the most
gains could be made through further development of automation, and specifically with buses
operating in convoys. Possible benefits due to optimization of convoy sizes, vehicle speeds, and
minimum headways, could be ascertained. This couid lead to better decisions regarding how to
target research and spending to yield the largest possible cost reductions, given finite funds for
research and development of automation.

Other impacts of implementing each of the systems should also be further evaluated,
quantified, and added to the analysis. These could include noise and air pollution, impacts of the
implementation of the alternative systems on the surrounding strect system (e.g. — delay), and
impacts on bicyclists and pedestrians.

One of the assumptions used in this study was that passenger volumes would be the same
for all three systems under study. Changes in demand due to the attributes of each system could
alter the outcomes of the analysis, and the extent to which each system would attract users
should be examined in future research. Presumably, the bus systems could have a relative
advantage over the light rail with respect to demand because buses could enter a dedicated lane
from a feeder route and thereby eliminate the need for passengers to transfer from a feeder mode.
However, that advantage could be lost on both bus systems if passengers must transfer from
feeder buses once on the system, and to feeder buses when exiting the system. The costs
associated with driver transfer to and from ABUS buses could further reduce the advantages of
that system. Further research on the impacts of transferring on the cost differentials among the
systems should be undertaken.

In addition, further research is recommended on the passenger volumes appropriate for
each type of system. Based on the results of this study, including the discussion of increased
passenger volume impacts, one could envision that the light rail would be more effective on very
high-ridership corridors, the BDL on corridors with relatively-lower passenger volumes, and the
ABUS at some intermediate state. Thus, the future of ABUS may be in areas where passenger
volumes are high enough to warrant convoying, but not high enough to make light rail cost-
effective.
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