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Foreword

The papers in this volume, which were presented at the 1994 TRB Annual Meeting, report new
research in planning and management of public transportation. Each paper, in accordance with
established TRB procedures, has been reviewed by peers (practitioner and academic) in the field of
public transportation. New ideas are explored and improved practices discussed. Potential application
is real and holds significant promise of utility and better customer service.

Part 1, Planning and Development, addresses six subjects. Urban decentralization has had signif-
icant impact on transit service and makes it difficult for transit to survive in the suburbs (Cervero).
For traditional urban corridors, a new framework to determine bus transit coverage has been de-
veloped for American cities (Spasovic et al.) and proposed for improved quantitative analysis for
Tel Aviv, Israel (Vovsha and Goodovitch). To pull it all together, a multiattribute utility theory for
transit decisionmaking may help improve transit service design (Reed et al.). Expert systems are
also reviewed for their value in deciding among transit technologies (Mackett). When the decision
to build has been made, the civil/utilities drawings and information included by transit facility
construction contract documents are needed (Berliner).

Part 2, Management, Marketing, and Fare Policy, focuses on three explorations of transit user
information. A basic part of customer service is being on-time, thus the importance of a causal
model (Henderson and Darapaneni). A comprehensive review of transit fare policies at large systems
offers useful insights (Hinebaugh and Boyle). A study of human versus automated telephone infor-
mation systems found that callers preferred ‘‘live’” people (Hall et al.).

Part 3, Technology, considers three technological operational challenges. In Gothenburg, Sweden
personal rapid transit (PRT) appears to be a viable candidate for large-scale operation (Blide). What
to do with empty PRT vehicles in Gothenburg and Gévle, Sweden, was studied (Andréasson). On
an even larger level, a 11.6 kilometer/12 station automated people mover system opened in Taipeli,
Taiwan, and is designed to carry more than 27,340 passengers an hour (Shen and Lai).

The research discussed in this volume demonstrates the depth and breadth of transit research in
the past few years and sets the stage for further advances in the future.
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Planning and Development
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Making Transit Work in Suburbs

ROBERT CERVERO

Rapid decentralization of population and employment over the past
several decades has chipped away at the U.S. transit industry’s market
share. The implications of decentralization on the ridership, operating
performance, and fiscal health of the nation’s largest transit operators
are examined. On the basis of the results of a national survey, a num-
ber of service strategies that offer hope for reversing transit’s decline
are explored, including timed transfers, paratransit services, reverse
commute and specialized runs, employer-sponsored van pools, and
high-occupancy-vehicle and dedicated busway facilities. Land use op-
tions, like traditional neighborhood designs and transit-based housing,
are also examined. A discussion of various institutional, pricing, and
organizational considerations when implementing suburban-targeted
service reforms and land use initiatives is also provided. Century-old
models involving joint public-private development of communities
and transit facilities, it is argued, also deserve reconsideration.

The ongoing decentralization of U.S. cities continues to plague
the nation’s transit industry. Today transit competes with the au-
tomobile in an environment of low densities, dispersed trip pat-
terns, abundant free parking, cheap fuel prices, and inhospitable
walking environs. It is losing the competition. From 26 billion
passengers in 1946, U.S. transit patronage fell steadily for 30
years, reaching 8.8 billion in 1980. Through the 1980s the total
number of transit riders remained roughly the same, but those
numbers represented a smaller share of commute trips, from 6.4
percent in 1980 to 5.3 percent in 1990 (7).

This paper explores the challenges of making transit work in
the suburbs—that is, making it viable, competitive, and sustain-
able. Performance statistics are used to compare suburban and
urban transit operations in the United States. On the basis of the
results of a national survey of suburban transit operations, the
paper then turns to various service strategies that offer mass transit
the most promise in competing with the private automobile in
suburbia. The paper ends with a discussion of institutional, pric-
ing, and land use considerations.

The challenge of making transit work in suburbia is not new.
In the keynote address at the 1940 meeting of the American Tran-
sit Association, H. Bartholomew (2) warned, ‘‘Can we not pause
long enough in this headlong decentralization process to see where
we are going? The mass transportation industry is caught in a
strong tide which is sweeping this and many other businesses
toward disaster.”

DECENTRALIZATION AND TRANSIT

Transit’s falling fortunes in suburbia are an outcome of many
factors. Traditional fixed-route services radially linked to down-
towns are ill-suited for lateral suburb-to-suburb journeys, the most
rapidly growing travel market (3,4). Also the densities and built

Department of City and Regional Planning, University of California,
Berkeley, 228 Wurster Hall, Berkeley, Calif. 94720.

environment of U.S. suburbs are generally not conducive to transit
riding. A recent survey of several thousand office workers whose
jobs were relocated from downtown San Francisco to the 560-acre
Bishop Ranch Office Park found that transit’s modal split plum-
meted from 58 percent before the move to under 3 percent after
the move (5).

Demographics and institutions also work against transit in sub-
urbia (6). Suburban residents and workers tend to be more affluent
and own more cars than do their central-city counterparts. Suburbs
also produce high rates of off-peak and weekend travel, when bus
headways tend to be longest. Service coordination is also some-
times hampered by a multitude of competing suburban jurisdic-
tions. In the San Francisco Bay Area, for instance, some two
dozen separate transit agencies operate bus services outside of
central cities.

Suburbanization and Transit Commuting

How has decentralization had an impact on transit? The following
statistics were drawn to address this question for the nation’s larg-
est metropolitan areas (by using 1980 and 1990 census data from
Summary Tape File 3A). Figure 1 shows that suburban population
and employment grew rapidly in the four largest consolidated sta-
tistical areas (CSAs) in the United States. (For each CSA the sub-
urbs are defined as areas outside the central city, using U.S. Bu-
reau of the Census definitions of what constitutes a central city.)
Suburbanization of jobs was the dominant trend, increasing on
average 50 percent in the four CSAs compared with only 13 per-
cent in their central cities.

The movement of jobs from the metropolitan core to the met-
ropolitan periphery and beyond has been spurred by
postindustrialization—the restructuring of the U.S. economy from
a predominantly manufacturing base to a service and information
processing economy. For example by 1990 New York City, Phil-
adelphia, and Boston each had more employees in white-collar
service industries—in which executives, managers, professionals,
and clerical workers dominate—than in the manufacturing, con-
struction, retail, and wholesale industries combined (7). Although
many decentralized jobs have involved back-office support func-
tions, corporate headquarters and entire companies in fields such
as finance, retailing, and wholesaling are increasingly relocating
to the suburbs (8). And where jobs and people go, so does re-
tailing. New York’s suburban ring now has 48 fully enclosed re-
gional malls encompassing 49 million ft* of retail space (9).

Paralleling the rapid suburban growth has been a diminishing
role for transit. Transit commutes actually fell by about 50,000
trips per day in the Chicago region during the 1980s and increased
only slightly in the other three large metropolitan areas. In all four
metropolitan areas, transit’s modal share fell between 1980 and
1990; in the greater New York area this fall was by 10 percentage
points (Figure 2). This trend was hardly limited to the biggest
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Miltions areas-—only 12 of the 75 largest U.S. metropolitan areas regis-
9.622 0147 ' tered an absolute increase in transit journeys to work during the
- R . 1980s (mostly from the Sun Belt and western regions), and in
Population only 4 of these (Houston-Galveston, Orlando, Dallas—Fort
10 - : : Worth, and San Diego) did transit’s market share of work trips
increase (10).
8- 6878 7.0%7 | 22° L Lazee 0
6 - ’ 4501 Trends Among Suburban Residents
3.408
4 : Transit’s falling fortunes are more alarming among suburban res-
1990 idents. Figure 3 shows that there were actually about 130,000
27 ) fewer daily transit work trips made by the suburban residents of
o . Y . . 1980 the four largest metropolitan areas in 1990 than in 1980. This is
New York Los Angeles Chicago  San Franclsco despite the 6.2 million residents who were added to the suburbs

of these four metropolises during the 1980s. The net result was a
sharper decline in transit’s market share commute trips of subur-
banites than the metropolitan averages (Figure 4).

Trends in the New York metropolitan area were particularly

Suburbs = areas outside central cities

Millions

2B, S B pronounced. From 1980 to 1990 Manhattan added 54 million ft*
Employ ment of office space. The suburban ring, including Long Island, north-
5 - " 2739 crmmmmm east New Jersey, and Westchester County, added 173 million i
- (equal to the entire Chicago metropolitan office market). Thus
4 suburban counties captured two-thirds of the region’s office
2251 growth during the 1980s. The impact on transit commuting was
31 1 - unequivocal. In 1980 about one of four suburbanites rode buses
v 1538 and trains to jobs, many of which were in Manhattan; by 1990
27 fewer than one of 10 suburbanites commuted by transit, many
14 choosing to drive to suburban office parks and other outlying work
destinations.
] T T T .
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Suburbs = areas outside central cities Performance Comparisons

FIGURE 1 Suburban population and employment changes in

four largest CSAs, 1980 and 1999, Comparing the performance of urban and suburban transit oper-

ations is fraught with difficulties, in part because operating statis-
tics within metropolitan areas are not usually broken down to
match the census definitions of the core cities and the suburbs. A
second-best approach is to compare operations for those metro-
politan areas that have set up different transit properties to serve
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FIGURE 2 Changes in transit modal splits for work trips in
four largest CSAs, 1980 and 1990.
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central-city and suburban markets. The best example of this is
metropolitan Chicago, wherein the Regional Transportation Au-
thority has divided administrative and operating authority for tran-
sit in the region into two groups: CTA, which is in charge of rail
and bus services in the city of Chicago (as well as portions of
suburban Cook County), and the operators in charge of suburban
commuter rail (Metra) and bus (Pace) services.

Figure 5 gives performance statistics for suburban operators as
a share of regional totals for four large metropolitan areas for
which suburban operators could be reasonably distinguished from
urban operators. (See footnotes b to e of Table 1 for transit op-
erations that were defined as urban versus those that were defined
as suburban.) Statistics for metropolitan San Diego instead of the
San Francisco—QOakland—San Jose Bay area were used in this
analysis mainly because the San Diego region has two operators
that operate almost exclusively in the suburbs (North San Diego
County Transit and San Diego Regional Transportation Service)
and two that operate mainly in the central city (San Diego Transit
and San Diego Trolley). On the other hand, many of the Bay

Area’s largest operators, Alameda—Contra Costa County (AC
Transit) and Santa Clara County Transit, operate in ‘both central
cities (Oakland and San Jose) and suburban areas. The data in
Figure 5 are from the 1991 Section 15 report on transit operating
performance.

Figure 5 shows that relative to ridership and service output
suburban transit services in the four metropolitan areas for which
data are shown were far more dependent on public operating as-
sistance than their urban counterparts (except in the New York
region, where many suburban operations are either private or con-
tracted). This was mainly because of their low passenger volumes
relative to their costs (Table 1). (On a revenue mile basis, how-
ever, suburban services cost less than urban ones in three of the
four metropolitan areas.) In the Chicago region the operating as-
sistance per passenger for suburban services was more than four
times that for urban services ($1.89 versus $0.84); on a revenue
mile basis they were twice as high ($5.60 versus $2.85). To the
extent that transit’s customer base shifts to suburbia, funding al-
locations should be responsive to these shifts. Currently funding

Los Angeles \\\\\.
Chicago 8.6
San Francisco | . 7.2 Il 1980
\ \\ \l 8.3 : : XN 1990 |
Y ; To 1I5 2Io 25

Percent of Work Trips

FIGURE 4 Changes in transit share of work trips by suburban
residents, large CSAs, 1980 and 1990.
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FIGURE 5 Suburban transit as percentage of regional totals for

four large metropolitan areas, 1991.

in all four metropolitan areas favors higher-cost suburban services.
If economic efficiency is to be rewarded, any redistribution of
funding should be based on output (e.g., ridership) instead of input
(e.g., service delivery) measures, balanced by some recognition of
the harder task of cost-effectively serving suburban markets.

A second comparison was carried out. That comparison exam-
ined urban versus suburban performance for a larger set of met-

ropolitan areas; however, data only for the largest suburban versus
urban bus operators in each metropolitan area were used. Table 2
summarizes the findings drawn from 1991 Section 15 statistics for
(urban followed by suburban) operations in the following areas:
New York (New York City Transit Authority and Metropolitan
Suburban Bus Authority), Los Angeles (Southern California
Rapid Transit District, now renamed Metropolitan Transit Au-

TABLE 1 Operating Cost Comparisons Between Urban and Suburban Services for Four Large Metrbpolitan
Areas, 1991

Operating Cost per Revenue Milea1

Operating Cost per Passengera

Urban Services Suburban Services

Urban Services Suburban Services

New York $1.94 $2.43 ~ $8.18 $5.08
Los Angeles® 1.39 1.98 . 5.76 4.20
Chicago d 1.28 3.49 ' 5.53 7.06
San Diego © 1.19 1.80 4.92 2.25

4 Statistics are for both bus and rail transit operations in the New York, Los Angeles, Chicago, and San
Diego regions, based on 1991 Section 15 data. Data are exclusive of non-surface transit (e.g., ferries) and
specialized services like dial-a-ride.

® Urban: New York Metropolitan Transit Authority (NYCTA, Metro-North, Long Island Rail Road,
SIRTOA), PATH (rail only), Queens Surface Corporation, New Jersey Transit (non-contract and urban
division services), and Command Bus Company; Suburb: NYMTA Metropolitan Suburban Bus Authority,
New Jersey transit (all contract services and Suburban Transit Corporation), Westchester County Bus,
Jamaica Buses, Hudson Bus Transportation, Green Bus Lines, Liberty Lines Express, New York Bus
Tours, Putnam County Transit, Rockland Coaches, Suffolk Transit, Triboro Coach, and municipal service
for Rockland, Clarkstown, Long Beach, and Spring Valley.

¢ Urban: Southern California Rapid Transit District, Los Angeles County (LACTCT) Motor Bus, and
municipal services for Santa Monica, Montebello, Long Beach, Commerce, Gardena, Torrance, and Culver
City; Suburban: Orange County Transit District, Omnitrans, Riverside Transit Agency, and municipal
services for Laguna Beach, Arcadia, Corona, and Riverside.

4 Urban: Chicago Transit Authority (including contract services, but excluding suburban Cook County bus
runs); Suburban: Metra (including contract services), Pace (including contract services), and municipal
services for Niles and Willmette.

€ Urban: San Diego Transit Corporation and San Diego Trolley; Suburban: North San Diego County
Transit and San Diego Regional Transportation Services.
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TABLE 2 Summary Comparison of Performance Measures, Suburban Versus Urban

Operators for Six Metropolitan Areas

Farebox Operating Cost Passengers Operating Cost
Recovery  per Vehicle ($): per Vehicle: per_($):
Ratio (%) Hour Hour Mile Trip  Pass. Mile
Average for
Urban
Operators ~ 38.9 8294 873 56.2 58 1.44 059
Average for
Suburban
Operators  30.4 72.81 5.24 38.8 29 206 042

e

thority, and Orange County Transit District), Chicago (Chicago
Transit Authority and Pace Suburban Bus Division), Detroit (De-
troit Department of Transportation and Suburban Michigan Area
Regional Transit), San Francisco (San Francisco Municipal Rail-
way and Transit and Santa Clara County Transit Authority), and
San Diego (San Diego Transit Corporation and North San Diego
County Transit Development).

Table 2 illustrates that on average urban operators outperformed
their suburban counterparts in terms of fare box recovery rates
and service effectiveness (in. terms of passengers per mile by a
factor of two). Of course the unit cost per mile or hour of urban
services was substantially higher than that of suburban services;
however, the costs per passenger were about 30 percent less. Be-
cause of the longer average trip distance suburban services cost
less on a per-passenger-mile basis. However because most bus
operations charge flat fares, fare revenues per passenger-mile for
suburban operators tend to be proportionally less than those for
urban operators, resulting in a higher deficit per passenger.

POLICY RESPONSES: ADAPT TRANSIT
SERVICES

Transit’s shrinking market share in suburbia, its relatively poor
fiscal and operating performance, and continuing restraints on
government spending underscore the need to overhaul how sub-
urban services are delivered. During the 1980s the chief policy
response to rising transit deficits was to competitively contract out
services with an eye toward lowering input costs, particularly la-
bor. Although this indeed slowed the deficit growth, it did not
substantially change the service features of most suburban oper-
ations. Transit is continuing to lose market share to the automo-
bile. To effectively compete radical surgery in how transit services
are designed and delivered will be necessary.

At the simplest level policy makers can respond to the chal-
lenges posed by decentralization by (a) adapting transit services,
making them more flexible, demand responsive, and responsive
and suitable for serving dispersed origins and destinations and (b)
adapting land uses to make them more supportive of transit—for
example, greater densities and mixtures of uses. These of course
are not mutually exclusive approaches, although pursuit of the first
policy complicates efforts to achieve the second.

Adapting transit to a landscape of spread out and automobile-
oriented development means, in many ways, making it more au-
tomobilelike. Similar to telephone networks, for transit to compete
in suburbia it must cast a larger net to allow more patrons to get

from anywhere to everywhere. Strategies that make transit more
flexible,. interconnected, and ubiquitous include initiating timed-
transfer services, paratransit, reverse commute and special ser-
vices, employer van pools, transitways, and advanced technolo-
gies, such as automated vehicle locator systems. This section
summarizes some of the recent developments with these service
strategies, drawing on a recent national survey of 88 U.S. transit
properties.

The self-administered survey was sent to all U.S. transit prop-
erties with 50 or more vehicles during February and March 1993.
In all, 88 of the 192 surveys were returned, providing information
on types of service strategies, impacts on ridership and operations,
and attitudes toward service changes. For the most part survey
respondents were planners or analysts within an agency who were
familiar with specific suburban-targeted strategies that had been
introduced.

"Timed Transfers and Transit Centers

The timed meeting of buses at transit centers improves inter-
suburban services, especially those with long headways, by re-
ducing wait times. The national survey found that 68 percent of
U.S. transit properties have some form of timed-transfer and tran-
sit center services; among properties with more than 350 vehicles,
almost 90 percent used timed transfers. Comparisons of ridership
1 year after introducing timed transfers showed systemwide rid-
ership increases of 3.2 percent in Dayton, Ohio (between 1990
and 1991), and 40 percent in Painsville, Ohio (between 1989 and
1990), even though ridership was falling for most other Ohio tran-
sit properties in the same period. AC Transit, serving the Oakland,
California, area has begun phasing in timed transfers, with prom-
ising results to date. AC Transit’s ridership began falling in the
mid-1980s as more and more jobs were locating in suburban areas
away from its traditional routes. AC Transit planners initiated a
multidestinational transit centers program in early 1989. Table 3
shows that ridership has risen noticeably in the two subdistricts
where gridlike, interconnected services operating on a- pulse
schedule have been introduced. On the other hand patronage on
the rest of the AC Transit’s service area where traditional radial
services remain has continued to fall off.

Tidewater, Virginia [Tidewater Regional Transit (TRT)] con-
verted to a timed-transfer network in 1991. The network was de-
signed by the same transit planners who first introduced timed
transfers in Edmonton, Alberta, Canada, in the 1970s. Although
TRT’s ridership has fallen in recent years because of the local
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TABLE 3 Ridership Trends Associated with Phase-in by AC Transit
of Multidestinational, Timed-Transfer System

Average Weekday Ridership

Subdistrict December 1989  December 1991 % Change
West Contra

Costa County 12,488 28,329 +32
Oazkland-Berkeley-

Alameda 146,386 156,987 +7
Remainder of AC

Transit Service

Area 58,671 49,357 -16
SYSTEM TOTAL 226,545 234,673 +4

R v
Grid and Timed-Transfer System introduced in September 1990

b Grid and Timed-Transfer System introduced in April 1991

recession, patronage has increased at four large employment cen-
ters in Virginia Beach served by buses operating in sync. A recent
survey, moreover, revealed that three-quarters of TRT’s customers
prefer timed transfers to previous services (11).

Paratransit

Paratransit services, like shared-ride taxis and minibuses, are par-
ticularly suited to suburbia because of their flexible routing and
curb-to-curb service features. From the national survey, 43 percent
of U.S. transit properties were found to operate some form of
demand-responsive service that is available to the general public
(instead of exclusively for the elderly or other targeted groups);
smaller agencies relied most heavily on paratransit. In the case of
Broward County, Florida, five fixed-route services were converted
to contract route-deviation dial-a-ride services in 1991—1 year
later ridership increased from 15,000 to 27,000/month; this was
accompanied by a 47 percent decline in operating costs.

Private jitneys have been part of greater Miami’s transportation
scene for many years, serving a number of inner-city neighbor-
hoods unserved by public transportation. In 1992 Miami’s jitneys
carried nearly 50,000 riders per weekday, or about one-quarter of
Miami Metrobus’s ridership (Z2). Surveys show that Miami’s jit-
neys have developed a market of their own instead of merely
siphoning off riders from Metrobus. Jitneys were also mobilized
to provide cross-country services in the wake of Hurricane An-
drew, which left thousands of south Florida residents without ve-
hicles and homes and displaced many businesses to temporary
sites in northern Dade County.

One promising marriage is paratransit and automated vehicle
locator (AVL) technologies. Satellite vehicle tracking systems en-
able vehicles equipped with sensors to be located and promptly
dispatched to customers to minimize waits, detours, and dead-
heading. In Germany paratransit vehicles with on-board terminals
are linked to central computers, allowing flexible-route buses,
shared-ride taxis, and minibuses to be dispatched to customers
waiting at suburban rail stations and rural areas. Ridership on
these “‘call-a-bus’’ services has increased between 36 and 80 per-

cent above those on the fixed-route bus services that they replaced
in several German metropolises (13).

The biggest barriers to successful paratransit in the suburbs are
restrictive regulations, subsidized bus fares, and free parking. At-
tempts to operate jitneys in Los Angeles as well as suburban-
targeted, on-call shuttle buses (e.g., airport shuttles) in the 1980s
were scrapped because the private operators could not compete
with cheaper public buses and win over commuters who enjoyed
free parking (I14,15). One of the primary reasons regional shuttle
services such as Supershuttle focus almost exclusively on airports
is that commercial rates are charged for airport parking, whereas
at most other locales parking is free or heavily subsidized. At
airports shuttles are cost-competitive; at most other destinations
they are not.

Reverse Commutes and Specialized Runs

Special reverse commute and rail station feeder runs are incor-
porated by about 38 percent of the U.S. transit properties sur-
veyed, most of which are large operators. Most reverse commute
services introduced in the 1970s and 1980s as ‘‘poverty abatement
transportation programs’’ folded over time because of high attri-
tion. A reverse commute program initiated in the mid-1980s in
greater Washington, D.C., that connected inner-city residents to
jobs in Fairfax County, Virginia, found that only 18 percent of the
255 original participants who got jobs still had their jobs 2 years
later (16). In general many of these specialized programs over-
estimated the extent of suburban vacancies matched to the skills
of inner-city residents, the willingness of suburban employers to
hire and train inner-city residents, and the willingness of inner-
city residents to endure long commutes for low-paying, often
dead-end service-sector jobs. :

The success of reverse commute services should not be gauged
in transit ridership terms however. A study of another program in
the Washington, D.C., area found that many of the original pas-
sengers either had earned enough money to buy a car to drive to
work or had met coworkers and formed car pools (17). The ulti-
mate success of reverse commute services lies in helping urban
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residents find jobs with some growth potential. Surveys by Pace
of two reverse commute runs from south Chicago to job centers
in DuPage County revealed that the services influenced the deci-
sion of 60 to 66 percent of surveyed passengers to take and retain
the jobs (18). Moreover surveys found that about 30 percent of
Pace’s reverse commuters formerly drove alone to work.

Employer-Sponsored Van Pools and
Subscription Services

Employer-sponsored van pools and subscription services are
suited mainly for highly dispersed suburban markets, such as of-
fice parks in the exurbs. Particularly where fixed-route schedules
cannot be justified, van can serve the commuting needs of clusters
of workers. They are most economical when employees operate
the vehicles. Pace’s subscription van services, wherein employers
and Pace share van purchase and operating expenses and rely on
employee drivers, enjoy an 83 percent cost-recovery rate (I19).
More than half of Pace’s 75 vans serve the new Sears center in
Hoffman Estates. The program has been very successful, with
about 30 percent of Sear’s 5,000 suburban workers commuting
by some form of mass transit (20). When these workers were in
downtown Chicago, 92 percent of them commuted by mass tran-
sit, so part of this success is no doubt attributable to workers’
ingrained habits of patronizing transit. Pace capitalized on the sit-
uation by designing an ambitious market development program
that approached all employees about their individual commuting
needs and delivered a rich mix of transit options (subscription bus
runs, fixed-route services, and car pools in addition to employer-
sponsored van pools). In the case of Sears and others, guaranteed
ride home programs and on-site retail and other mixed-use activ-
ities have encouraged workers to join van pools.

HOYV Lanes and Dedicated Busways

Dedicated busways and high-occupancy-vehicle (HOV) facilities
imprové suburban services because, unlike rail systems, vehicles
can leave guideways and filter into low-density neighborhoods,
reducing the need for a transfer. About 12 percent of the U.S.
properties surveyed have some form of HOV or contraflow lanes
for suburb-to-suburb runs in addition to the more traditional radial
services. The 30-km busway in Ottawa, Ontario, Canada, captures
as much as one-third of all trips to several large shopping plazas
and work centers outside the core (3). Houston’s transitway, slated
to extend to 95 mi by 1995, is already the world’s largest, a
seemingly perfect technology for a region that is spread out but
that features a dozen or more large-scale activity centers. Despite
strong economic growth, Houston’s average freeway speeds and
transit patronage have increased faster and arterial congestion lev-
els have fallen more than those of any large U.S. city in the past
5 years (10,21). Presently more than 6 percent of commuters from
the Woodlands, an affluent community about 50 mi north of
downtown Houston, patronize the Woodlands Express bus ser-
vices that operate via the I-45 Transitway to downtown Houston,
the Medical Center, and Greenway Plaza.

LAND USE INITIATIVES

A criticism of suburban-targeted strategies is that they reinforce
the low-density, automobile-reliant development patterns that they

attempt to serve. Some observers argue that regions should be
restructured so that more people will ride transit. Transit works
best when it connects relatively dense nodes along radial axes
(22). The presence of mixtures of apartments-condominiums, of-
fice towers, and other activities is also needed for balanced, two-
way flows. Greater Stockholm, Sweden, has such a built environ-
ment and operates a world-class rail system that handles 60
percent of all suburban work trip origins and destinations (23).

Traditional Neighborhoods

Transit-oriented and neotraditional developments have gained
popularity in recent years as design motifs that reduce dependency
on the automobile and create attractive environments for walking
and using transit. Neotraditionalist designers borrow many of the
successful elements of traditional turn-of-the-century transit vil-
lages: commercial cores within walking distance of most resi-
dents, well-connected (typically grid) street patterns, various den-
sities of housing, and mixed land uses. It is still not known
whether designing such places in the 1990s will lure many people
from their cars. A Montgomery County, Maryland, study found
that workers in ‘‘transit and pedestrian friendly neighborhoods”’
use transit 8 to 45 percent more often than workers from neigh-
borhoods conducive to automobile use (e.g., with curvilinear roads
and no retail shops). All neighborhoods in the study were about
the same distance from transit facilities (24). Another recent study
of “‘streetcar’’ neighborhoods (ones that at one time were served
by a streetcar and have inherited higher densities, gridded streets,
and mixed uses) and relatively close by ‘‘automobile’” neighbor-
hoods (postwar, typical suburban neighborhoods) reveals some de-
gree of elasticity between urban design and travel behavior (23).
A comparison of San Francisco Bay area neighborhoods matched
in terms of comparable average household incomes and levels of
bus service intensities showed that the denser, mixed-use streetcar
neighborhoods average 2.5 to 5.5 percent more work trips by tran-
sit and 1.2 to 13.2 percent more work trips by walking or cycling.

In recognition of the need to build communities more easily
served by transit, about 30 U.S. transit properties have prepared
site and urban design guidelines in the past decade (23). These
guidelines are meant to encourage developers to incorporate pub-
lic transportation considerations into their project designs. Al-
though none of the design guidelines have yet to be codified into
local ordinances, eight of the transit properties with guidelines
have prepared checklists that local planners use in evaluating the
degree to which a proposed project encourages transit and pedes-
trian access.

Transit-Based Housing

In some suburban area with rail services transit-based housing is
being actively promoted. In the San Francisco Bay Area Bay Area
Rapid Transit (BART) officials have entered into joint develop-
ment agreements with private home builders at several stations
that will convert portions of park-and-ride lots to housing projects,
using lease revenues to help finance replacement parking. Besides
boosting ridership, planners hope that the placement of new hous-
ing near rail stations will allow more riders to walk or ride bikes
to the station, yielding important air quality benefits. Short auto-
mobile trips currently account for about 60 percent of access trips
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to suburban BART stations; high levels of pollutants are emitted
from automobiles during these trips as a result of the impacts of
cold starts.

Recent research shows that 32 percent of residents living within
1,500 ft of a suburban BART station patronize transit to work,
compared with only about 5 percent of the region’s suburbanites
who live more than 1,500 ft away (25). These market shares are
smaller.than those found in studies or ridership by proximity. in
suburban Toronto (26) and Washington, D.C. (27). Trip destina-
tion and parking policies at the workplace were the major deter-
minants of whether those living near stations ridle BART. More
than 95 percent of suburban residents commuted by BART if they
worked in downtown San Francisco and paid for parking. If they
worked in downtown Oakland, Berkeley, or Walnut Creek and
paid for parking, about 65 percent commuted by BART. For most
other destinations (where employees typically park for free),
BART’s share was between 3 and 12 percent. As jobs continue
to suburbanize, the ability of transit-based housing to serve work
trips will be jeopardized. Thus successful transit-based housing
programs will need to be matched by initiatives that target more
employment growth around major suburban transit stops as well
as policies (such as free parking) that eliminate subsidies to com-
mute alone.

Land Use Dilemma

Other land use initiatives that have been suggested as a means of
reducing automobile dependence and ostensibly increasing the re-
gional role of mass transit include jobs-housing balancing, urban
growth limits, and urban reinvestment. All of these initiatives are
politically unpopular, however, because they interfere with market
forces and in the minds of most Americans ‘involve excessive
government regulation (28). In general land use initiatives as a
response to transportation problems suffer from the lack of com-
mon vision on the ideal metropolis (i.e., how a region should be
planned) and not-in-my-backyard (NIMBY) resistance. They also
receive lackluster political support because they typically yield
mobility dividends only over the long run, well beyond existing
politicians’ terms of office. .

INSTITUTIONAL, FISCAL, AND PRICING
CONSIDERATIONS :

Suburbanization also calls for creative institutional responses.
New regional alliances are one option. A successful model in Ger-
many has been transit federations. In greater Munich, Hamburg,
and Essen-Dortmund regional federations have been formed to
reverse the fragmentation of transit enterprises. These federations
set fares, decide on route changes, and coordinate timetables to
improve integration and avoid duplication. The concept is basic:
a single organization should be managing services for the entire
‘“‘commuteshed’’ of a region. Day-to-day operations of the urban,
suburban, and inter-city carriers are run by individual transit com-
panies. Managers of these companies sit on the boards of the transit
federations. The federations collect all revenues and redistribute
them so that each operation averages the same cost recovery rate,
currently about 65 percent. Fares are totally integrated—a ticket
purchased for U-Bahn (urban rail) services lets one transfer free to
an S-Bahn (suburban rail), bus, or tram.
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From a fare policy standpoint rapid suburbanization means that
costs will likely vary increasingly more among individual trips
depending on travel distance and perhaps even time of day. Areas
experiencing rapid suburban growth should address whether zonal,
peak surcharge, or other differentiated fares are needed. Of the
seven U.S. transit properties that in 1989 charged a flat fare within
the region’s main city and a zonal charge for crossing into the
suburbs, the average cost recovery rate was 4 percent (29). This
compared with a 25 percent recovery rate for properties serving
comparably sized metropolitan areas that had flat fares. For three
U.S. transit agencies that had peak and off-peak fare differentials,
on average, 39 percent of the operating costs were covered by fare
receipts. More differentiated pricing is correlated with higher fare
box recovery rates.

Rapid suburbanization will also invariably create political ten-
sions between city and suburban agencies competing for the same
shrinking share of public operating assistance. This battle is being
played out in nearly all large metropolitan areas, including Chi-
cago, Los Angeles, and San Francisco—Qakland, where multiple
transit agencies vie for dedicated sales tax receipts that are re-
turned to a regional transportation commission. Two principles
should be considered when setting fiscal allocation policies. First,
agencies should be rewarded with public assistance by doing
something that benefits the region—such as achieving higher rid-
ership and controlling costs. Such criteria are essential for stim-
ulating innovation. Second, funding policies should be more peo-
ple oriented than place oriented. Targeting public monies to
places, whether in the form of transit subsidies or enterprise zones,
will yield few societal benefits if the people in those places do
not gain. Perhaps the most promising people-oriented fiscal policy
in the transit arena would be to convert most subsidies from the
provider side to the user side. Placing funds in the hands of the
intended beneficiaries of most subsidies—those who are poor and
disadvantaged —would, along with regulatory reforms, encourage
sorely needed transit service innovations among competing transit
operators. Everyone, inner-city and suburban residents alike,
would benefit from the increased diversity in travel options.

BACK TO THE FUTURE

Fixed-route, fixed-schedule transit services will have a difficult
time competing and surviving in the suburbs. Today transit’s mar-
ket shares are rapidly eroding nearly everywhere. Major policy
reforms are needed. We are well advised to borrow from yester-
year as we look to the future. Early streetcar suburbs were suc-
cessful in part because private entrepreneurs were allowed to link
transit investments and land development, producing moderately
dense, mixed-use land patterns (30). Well over half of suburban
rail services in greater Tokyo are privately built, typically by large
consortiums that link transit investments to new town develop-
ment. In California private tollway franchises are building four
different tollways throughout the state with the hope of reaping a
nice profit, perhaps less from toll revenues than from selling land
at key interchanges that the franchisers own; possibilities for fran-
chising rail line extensions, however, have largely been ignored.
Resurrecting the jitney services found three-quarters of a century
ago in most U.S. cities might also be considered. Given the free-
dom to operate, door-to-door van and jitney services, similar to
regional airport shuttles, would likely emerge in many suburban
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settings, tapping new market niches such as suburban mall and
office complexes, sports stadia, and recreational theme parks.

The model of publicly led transit and privately led land devel-
opment has been tried in the past 50 years with generally disap-
pointing results. Another option deserves consideration: allowing
developers to link transit and real estate projects and entrepreneurs
to carve out new transit market niches in suburbia—with the hope
that they will create more transit-oriented communities in the
process.

Although the private sector is probably better suited to respond-
ing to many of the needs of suburban travelers, there will always
be a role for the public sector: assembling rights-of-way for ded-
icated busways, providing start-up funds for smart transit tech-
nologies, and zoning for moderate-density housing around major
transit stops. In combination profit-seeking entrepreneurs and
community-minded governments can create the kinds of built en-
vironments and service innovations that within a decade or two
could allow transit to compete successfully with the automobile
in suburbia.
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Bus Transit Service Coverage for
Maximum Profit and Social Welfare

LAZAR N. SpasoviC, MARIA P. BOILE, AND ATHANASSIOS K. BLADIKAS

A framework for finding the optimal bus transit service coverage in
an urban corridor is presented. The service variables considered are a
combination of route length, route spacing, headway, and fare. The
criterion for optimality is either operator profit or social welfare max-
imization. The social welfare, a sum of user and operator surplus, is
optimized with both unconstrained subsidy and breakeven constraints.
The equations for the optimal design variables that maximize operator
profit and social welfare are derived analytically for a rectangular
transit corridor with elastic demand, uniformly distributed passenger
trip density, and many-to-one travel patterns. The equations provide
considerable insight into the optimality conditions and interrelations
among variables. These equations are also incorporated within an ef-
ficient algorithm that computes optimal values for the decision vari-
ables for a more realistic model with vehicle capacity constraints. The
numerical results show that at the optimum the operator profit and
welfare functions are rather shallow, thus facilitating the tailoring of
design variables to the actual street network and particular operating
schedule without substantial decreases in profit or welfare. The social
welfare function is relatively flat near the optimum for a relatively
large range of subsidies. This result implies that for a given set of
input data the breakeven constraint may be an economically preferable
objective because it eliminates subsidy, whereas it reduces social wel-
fare only marginally. The sensitivities of the design variables to some
important exogenous factors are also presented. The presented meth-
odology is also applicable to the problem of optimal service coverage
of feeder bus systems serving rapid rail line stations.

The basic elements that must be determined in planning bus transit
service in an area are route lengths, route spacing (or density),
headways, and fares. Determining how far outward to extend tran-
sit routes from the central business district (CBD) is particularly
important. The general trade-off is between the cost of service to
the operator and the cost of travel to users. Operators prefer short
routes to minimize costs. Passengers, especially those from the
outer suburbs, prefer longer routes to minimize their access im-
pedance. When the demand for transit service is elastic [i.e., pas-
sengers are sensitive to the level of service (LOS) characteristics
and the fare], shorter routes and thus higher access impedance
will decrease the attractiveness of the service and cause potential
travelers to switch to other modes. Because the route length has
a significant impact on both operator costs and passenger impe-
dance, its value should be carefully selected.

The purpose of this paper is to develop a method for optimizing
the lengths of bus transit routes that extend radially outward from
the CBD or those of a feeder bus system serving rapid rail line

L. N. Spasovic, School of Industrial Management and National Center for
Transportation and Industrial Productivity, New Jersey Institute of
Technology, Newark, N.J. 07012. M. P. Boile, Transportation Program,
New Jersey Institute of Technology, Newark, N.J. 07012. A. K. Bladikas,
Industrial and Management Engineering Division, and National Center for
Transportation and Industrial Productivity, New Jersey Institute of
Technology, Newark, N.J. 07012.

stations. However this problem may not be considered indepen-
dently of route location and service scheduling. Therefore the
problem considered here is that of finding an optimal combination
of route length, route spacing, headway, and fare that maximizes
operator profit and social welfare for a rectangular-shaped urban
corridor with uniformly distributed passenger trip densities.

Demand is considered to be elastic. Service characteristics af-
fect ridership, which in turn has an impact on revenue. Ridership
also affects service characteristics, and thus operator cost. The
method proposed in this paper recognizes these interactions be-
tween demand and supply (operator cost) and calculates equilib-
rium LOS characteristics and fare that optimize transit service
coverage under several design objectives, which are (a) maximi-
zation of operator profit, (b) maximization of social welfare with
unconstrained subsidy, and (c) maximization of social welfare
with a breakeven constraint.

BACKGROUND

Several previous studies sought to optimize various elements of
transit service and network design by using calculus and, to a
lesser extent, mathematical programming methods (I -23). An ex-
tensive review of optimization models can be found in Chang and
Schonfeld (20). A summary of pertinent analytical models clas-
sified according to the design variables optimized is presented in
Table 1. In most studies travel demand was inelastic and uni-
formly distributed over the service area. The usual travel pattern
was many to one, whereas the most common objective function
was the minimization of the sum of operator cost and user time
cost. The assumptions of inelastic demand precluded the models
from analyzing the impacts of pricing policies and subsidies.

Kocur and Hendrickson (I2) developed an analytical model
with elastic demand and derived closed-form solutions for optimal
route spacing, headway, and fare but not route length for different
design objectives. Morlok and Viton (21) and Viton (22) devel-
oped a similar model to evaluate the profitability of bus transit
service.

A literature review revealed only two published papers (15,16)
that dealt with the optimization of a radial transit route length in
an urban transportation corridor, which is the focus of this paper.
Wirasinghe and Seneviratne (15) developed closed-form solutions
for the optimal rail transit line length for sectorial and rectangular
corridors with inelastic demand and uniformly distributed passen-
ger trip density. The objective function to be minimized included
the total rail fleet cost, rail and feeder bus operating cost, and
passenger time cost. Spasovic and Schonfeld (I6) presented a
model for optimal service coverage for rectangular and sectorial
urban corridors with uniform and linearly decreasing density func-
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TABLE 1 Pertinent Analytical Models for Transit Network Design
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tions that were inelastic. The model jointly optimized route length,
headway, route, and stop spacing, and it also considered stations
along the line and the associated access cost.

This paper extends the methodology of Spasovic and Schonfeld
(16) to the case of a rectangular corridor with elastic demand. The
assumption of elastic demand enables the model to analyze the
impacts of pricing policies and subsidies on the system’s design
characteristics and service coverage.

EQUILIBRIUM FRAMEWORK

The framework for planning optimal bus transit service coverage
in which the resources and costs of providing the service are re-
lated to its operating characteristics and the induced ridership is
presented in Figure 1. In this process the values of the service
characteristics such as route length, route spacing (or route den-

Decision Objective Transit Mode | Street Network | Passenger Authors
Variables Function Geometry Demand
Route Length, | Min. operator | bus rectangular Uniform and | Spasovic and
Spacing, and user cost . and sectorial | Linear Schonfeld
Headway, grid Decreasing, (1993)
Stop Spacing inelastic,
many-to-one
Route Length | Min. operator | rail rectangular General, Wirasinghe
and user cost grid inelastic, and
many-to-one Seneviratne
(1986)
Route Min. operator | bus rectangular Uniform, Chang and
Spacing, Zone | and user cost grid inelastic, Schonfeld
Length, many-to-one (1992)
Headway -
Route Min. operator | bus and rail rectangular Uniform, Byrne (1976)
Spacing, and user cost grid inelastic,
Lengths and many-to-one
Headway
Route Spacing | Min. operator | bus rectangular Uniform, Holroyd
and user cost grid inelastic, (1967)
many-to-
many
Route Spacing | Min. operator | bus rectangular | Uniform, Byrne and
and Headway | and user cost grid inelastic, Vuchic (1972)
many-to-one
Route Density | Min. operator | bus rectangular General linear, | Hurdle (1973)
and Frequency | and user cost grid inelastic,
many-to-one
Route Max. operator | bus rectangular Uniform Kocur and
Spacing, profit, Max. grid elastic, many- | Hendrickson
Headway and | user benefit, to-one (1982)
Fare etc. .
Route Min, operator | feeder bus to | rectangular General, Kuah and Perl
Spacing, and user cost rail grid inelastic, (1988)
Headway and many-to-one
Stop Spacing :
Route Max. profit, | bus rectangular Irregular, Chang  and
Spacing, max. welfare, grid elastic, many- | Schonfeld
Headway and | min. cost to-many, time | (1989)
Fare dependent
Route “Max. profit bus sectorial grid | Uniform, Morlok  and
Spacing, elastic, many- | Viton (1984)
Headway to-one

sity), headway (or its inverse, the frequency), and fare must be
carefully selected to satisfy prespecified design objectives.

Because the demand is elastic the service characteristics chosen
will have an impact on ridership, and thus system revenue. On
the other hand ridership will have an impact on the service char-
~acteristics, and thus operator. cost.

The LOS characteristics and fare could be optimized by using
several objectives. For example the maximization of operator
_profit—the difference between the fare box revenue and operating
cost—could be one objective. However most transit systems do
not recover their operating cost from the fare box and need to be
subsidized from additional external revenue sources.

As mentioned earlier, there is a conflict between the operator’s
and users’ objectives. Users prefer to have short access to the
route and short waiting time, whereas the operator would prefer
to have a very long headway and shorter, sparsely located routes
with few stops to minimize costs. To alleviate the perceived con-
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(e.g., maximize operator profit, social welfare)

FIGURE 1 Equilibrium framework for optimal transit service
coverage.

flict between user and operator objectives, the sum of operator
and user time costs (i.e., access, waiting, and in-vehicle riding
times multiplied by the value of user time) is often used as a
suitable design criterion. In the case of elastic demand, with no
requirements for minimum service provision, it is possible to find
a set of LOS and fare that minimizes operator and user costs by
effectively eliminating ridership. In this case the objective of min-
imizing the total system cost should be replaced with the maxi-
mization of social welfare (defined as the sum of consumer surplus
and operator surplus, or profit) subject to a budget constraint.

In this paper the bus service coverage problem of Figure 1 is
formulated as an optimization problem wherein the route length,
route spacing, headway, and fare must be chosen to maximize
either profit or social welfare. The optimization process yields
optimal values for service characteristics taking into consideration
the interaction of demand and operator cost.

STUDY APPROACH

The problem under consideration is to provide optimal transit ser-
vice coverage with a simplified bus transit system in an urban
corridor as illustrated in Figure 2. The corridor of length E and
width Y is divided into two zones. Zone 1 is the area between the
end of the corridor and the route terminus, and Zone 2 is the area
between the CBD and the route terminus.

"The basic approach of this paper is to formulate design objec-
tives as functions of the decision variables. The optimal values of
the decision variables are found by taking partial derivatives of
the objective function with respect to all decision variables, setting
them equal to zero, and solving them simultaneously. This ap-
proach, as will be seen later, resulted in a simple model that of-
fered considerable insight into the optimality conditions and in-
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ZONE 2 ZONE 1

E

FIGURE 2 Urban corridor and transit network under study.

terrelations among variables. The equations obtained are
incorporated within an efficient algorithm that optimizes service
coverage for a more realistic model that includes a vehicle capac-
ity constraint.

BUS SYSTEM CHARACTERISTICS AND
DEMAND/SUPPLY FUNCTIONS

This section describes briefly the assumptions of the bus system’s
operating characteristics and presents the derivation of the sys-
tem’s passenger demand and cost functions.

Assumptions About Bus System Characteristics

1. An urban rectangular corridor is served by a bus transit
system consisting of n parallel routes of uniform length L sepa-
rated laterally by route spacing M.

2. The routes extend from the CBD outward.

3. The total transit demand is uniformly distributed along the
entire corridor and over time and is sensitive to the quality of
transit service and fare.

4. The commuter travel pattern consists of many-to-one or
one-to-many trips focused on the CBD.

5. A dense rectangular grid street network allows passengers
orthogonal access movements (i.c., access paths are parallel and
perpendicular to the route).

6. Transit vehicles operate in local service (i.e., all vehicles
serve all stations).

7. The average access speed is constant. Walking is the only
access mode.

8. Average waiting time equals half the headway. The headway
is uniform along the route and among all parallel routes.

9. Operator costs are limited to those for vehicles (i.e., the
infrastructure is free).

10. There is no limit on vehicle fleet size.

Demand Functions

The urban corridor demand is assumed to be a linear function
sensitive to price and various travel time components (waiting,




Spasovic et al.

access, and in-vehicle times). A conceptual form of the demand
density function is as follows:

q = P[1 — e, * wait time — e, * access time

— e, * in-vehicle time — e, * fare] (€))

where

q = unit transit demand density (passengers/mi’-hr),

P = potential travel demand density (passengers/mi’-hr),
e, = sensitivity factor for waiting time,

e, = sensitivity factor for access time,

e;, = sensitivity factor for in-vehicle time, and

e, = sensitivity factor for fare.

The demand function is similar to.the one suggested by Kocur
and Hendrickson (12) and is almost identical to that of Chang and
Schonfeld (20).

For the particular application presented in this paper total de-
mand consists of the sum of Zone 1 and Zone 2 demands. It is
obvious that access, waiting, and in-vehicle times will affect de-
mand in both zones. Because the trip origins are uniformly dis-
tributed over the corridor an average passenger accessing the route
walks perpendicularly one-quarter of the spacing between the two
routes—an access distance of M/4. The access distance parallel
to the route depends on whether the trip originated within Zone
1 or Zone 2. Passengers originating in Zone 1 must board vehicles
at the terminus, thus having a total average access distance of
(E — L)/2 + M/4. A passenger from Zone 2 walks along the route
one-quarter of the local stop spacing S to reach a stop. The total
access time for an average passenger in Zone 1 equals the average
access distance divided by the access speed g [i.e., (E — L)/2g +
M/4g]. For a passenger in Zone 2 the access time is (M + S)/4g.

The in-vehicle time is the actual riding time between the stop
of origin and the CBD. The average in-vehicle time is obtained
as the average distance traveled divided by the average transit
speed V and is different for each zone. Passengers originating in
Zone 1 travel the whole length of route L, whereas those from
Zone 2 travel approximately an average distance of L/2. Accord-
ing to Assumption 8 passengers wait H/2.

The hourly transit demand in Zone 1 (in passengers per hour)
is then given as

Q. =PYE - L) I:l-ewg—

- ek -of] (22

where:

Q, = transit demand in Zone 1 (passengers/hr),

P = potential transit trip density (passengers/km’-hr),
Y = corridor width (km),

E = corridor length (km),

L =length of transit route (km),

H = route headway (hr/vehicle),

M = route spacing (km/route),

g = access speed (km/hr), and

V = average transit speed (km/hr).

15

The hourly transit demand in Zone 2 (in passengers per hour)
is as follows:

(2b)

€, T T €&y T T €

H M+sS L
2 4g 2v

0, = PYL[l —e,

where § is average stop spacing (km/stop).
The total hourly corridor demand, Q, is the sum of @, and Q,.

Operator Cost

The operator cost includes maintenance and overhead as well as
the more direct cost of operation (driver wages, fuel, spare parts,
etc.) and is represented by the all-inclusive hourly operating cost
per vehicle, c. The total hourly operator cost is obtained by mul-
tiplying the active fleet size by the hourly operating cost per ve-
hicle. Fleet size is the number of on-line vehicles required to pro-
vide service and is obtained by dividing the total round-trip time
(running time and layover time) by the headway. The total round-
trip time is the round-trip route length divided by the average
speed. The total hourly operator cost is then

B 2cYL
- HMV

©))

where

C = operator cost ($/hr),
¢ = vehicle operating cost ($/vehicle-hr),
Y = corridor width (km),
L =length of transit route (km/route),
" H = route headway (hr/vehicle),
M = route spacing (km/route), and
V = average transit speed (km/hr).

TRANSIT SERVICE DESIGN OBJECTIVES

The two objectives considered in this paper are maximization of
operator profit and maximization of social welfare. The analysis
consists of optimizing service coverage under each objective,
comparing the results, and deriving insights about the optimal
coverage.

Maximizing Operator Profit

Operator profit (II) is defined as a difference between the fare box
revenue R and operator cost C

M=R-C (C)]

Revenue R is defined as the fare multiplied by ridership

H M
R=PYE(1 - e‘wa— ea&— e,,f)f
E—-L L
+ PY(E — L) (— e, T % V)f

A L
I 5
+ PYL( e, e € 2V)f 5)
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The hourly operator profit (IT) is the difference between the
total operator revenue (Equation 5) and operator cost (Equation
3)

H=PYE1—eWI—{—eaM—epff
2 4g
E-L L
- N _ ek
PY(E L)( ry 2 V)f
S L 2cYL
+PYLl— e, — — e, —|f —
( g © 2V> HMV ©®

The operator profit function can be maximized by setting its
partial derivatives with respect to the route length L, headway H,
route spacing M, and fare f, to zero. When the resulting equations
are solved independently, the following expressions for route
length L, headway H, spacing M, and fare f are obtained:

2 |4
L*=E — g S (7a)
PHMf(e,V — e.g) 4(e.V — e.g)
12
4cL
H* = | ———
(eWMPEVf> (7)
12
8cLg
M* = [—==—
(e,,HPEVf) (70)
f*_Z—ewH_ea[ME+2(E—L)2+SL]
- 4e, 8e, kg
e(2LE — L)
4e,EV 9

Solving Equations 7b and 7c simultaneously yields the following
expressions for H and M:
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2cLe,
H* = |[—=| :
(PEerig> (®2)
e - (16Leg’)” o
"\ PEVfe? (8b)

When the route length, route spacing, headway, and fare are
optimized independently of each other, their relation to the other
decision variables can be read directly from Equations 7a to 7d.
These equations provide the optimal value of one of the decision
variables as a function of the other three. For exmaple Equation
7a can be used to find the optimal route length when the headway,
route spacing, and fare are given. Equations 8a and 8b may be
useful by themselves in cases in which the route length L or fare
f cannot be modified.

Equations 7a to 7d also provide useful insights into the rela-
tionship between the decision variables and the various parame-
ters. For example according to Equation 7a the optimal route
length varies directly with the corridor length E, passenger density
P, headway H, route spacing M, fare f, sensitivity factor for access
time e,, and transit speed V. It varies inversely with the vehicle
operating cost ¢, access speed g, stop spacing S, and the sensitivity
factor for in-vehicle time e;.
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It should be noted that the simultaneous solution of Equations
8a and 8b produces an interesting result. Optimally the ratio of
route spacing and headway is constant and has the following
value:

®

Unfortunately all four equations, Equations 7a to 7d, cannot be
solved simultaneously by algebraic methods.

Maximizing Social Welfare

Social welfare (W) is defined as the sum of consumer surplus
(T) and producer surplus or profit (IT)

W=T+1 (10)

Consumer surplus (T) is the total social benefit minus the total
cost that users actually pay. The total social benefits (also known
as the users’ willingness to pay) for each of the zones can be
obtained by inverting the demand functions (Equations 2a and 2b)
to find the fare as a function of demand and by integrating the
inverted functions from zero to @, and @, respectively. Then the
total consumer surplus (7) can be stated as

—e,— — e, [ ——

T=PY(E—L)[1 H (M E—L)

2e, 2 4g 2g
L, TP H
v 7 2e, 2
2
M+S L
& v 11
€ 4g €, 2V P ) ( )

Therefore, the social welfare objective can be formulated as
follows:

Y(E — H M E-—-L
ALY P B

2e, 4g 2g
2
L PYL H
—eT-ef| to—(1-e>
fry e”f] 2e,,( i)
_ M+S L fz
“Tag voy %

M E—L)
_+._

H
+ PY(FE — L 1—e - —¢e
¢ )[ 2 e<4g 28

L H
—e, - epf]f+PYL(1 Y

1%

M+ S L 2cYL

: —e s ef|f— s 12
g av e"f)f HMV a2
In sélv‘mg for the maximization of social welfare a deficit con-

straint is considered. This constraint states that the operator cost

must be equal to the sum of the total revenue R and a prespecified

acceptable level of subsidy K, namely

C=R+K (13)
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Therefore, the deficit constraint is as follows:

2 oy -1p|1-e D - oL+ EZL
HMV 2 4g ' 2g
H
- e,,V— e,,f]f— PYL(l - ewa
M+ S L
- a - iv__ —K=
e Ig e, v epf)f 0 (14)

The breakeven constraint is introduced by eliminating subsidies
(i.e., K = 0) from Equation 14.
Unconstrained Subsidy Results

If the subsidy is unconstrained the first-order conditions at opti-
mum are

oW
oL 0 (15)
oW

am =0 (16)
ﬂ =0 17
oH ~ an
oW

o " 0 (18)

The optimized fare can be immediately obtained for Equation 18
and is f* = 0.

This result is not surprising because the marginal operator cost
is zero according to the assumptions made so far. The marginal
cost, and thus the fare, would become positive if a vehicle capac-
ity constraint is introduced, as will be shown later.

By substituting a zero fare back into Equations 15 to 17, the
expressions for the optimal route length, spacing, and headway
are obtained, and they are given in Appendix A.

Results with Breakeven Constraint

To solve the problem by using the breakeven constraint, the con-
straint was introduced into the objective function (Equation 12)
with a multiplier, X\. The purpose of M is to introduce a penalty
for violating the constraint. In economic terms it is the ‘‘shadow
price’’ of the subsidy (i.e., it indicates the change in welfare that
will result from a $1 subsidy).

The expressions for the optimal route length, spacing, headway,
and fare assuming a breakeven constraint (i.e., no subsidy) are
also shown in Appendix A. A detailed derivation of these expres-
sions can be found in Spasovic et al. (23).

Capacity Constrained Headway

The models for maximizing either operator profit or social welfare
presented so far have not taken into account a vehicle capacity
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constraint. This constraint ensures that the total capacity provided
on the routes satisfies the demand at some reasonable LOS by
restricting the maximum allowable headway. The constraint is
written as

H M
PYE(l —e, T —e— — epf)

2 4g
E—-L L
+ PYE — L)\ - e, .
¢ )( “T2g € V)
S L Y
+PYL|— e, — — e, | = k—
YL( e, 18 e 2V> kMHl 19

where k is the capacity of transit vehicle (in spaces), and [ is the
allowable peak load factor at the CBD. The expression for max-
imum allowable headway, derived from Equation 19, is used
within an optimization algorithm that is described next.

OPTIMIZATION ALGORITHM

Although the models presented so far provided valuable insights
into the relations among decision variables and exogenous param-
eters, they are too complex for simultaneously optimizing all of
the decision variables algebraically. To solve the model an algo-
rithm that sequentially used Equations 7a to 7d (or Equations al
to a3 or Equations bl to b5 in the Appendix, depending on the
objective to be optimized) was developed to advance from an
initial feasible solution toward the optimal solution. The algorithm
starts with a trivial feasible solution and in each step improves
the value of the objective function by computing an optimal value
of one decision variable while keeping the others at their feasible
levels. In computing the optimal values of decision variables, the
algorithm computes sequentially the route length, route spacing,
headway, and finally fare. In each step the value of a newly com-
puted variable is recorded and used in the next step for computing
the optimal values of the other decision variables. The algorithm
keeps improving the objective function until it converges to an
optimal solution. It terminates when the values of the objective
functions from two successive iterations are sufficiently close and
no significant further improvement can be expected. The objec-
tives turned out to be relatively flat (shallow, four-dimensional,
U-shaped) functions. Thus small deviations from the optimal de-
cision variables result in even smaller relative changes in the
values of the objectives.

It is quite possible that buses may overload if no capacity con-
straint is introduced. Instead of formulating a model as a con-
strained optimization problem with a nonlinear objective function
and a linear constraint and solving it by using a penalty method,
the following modification of the algorithm is made to incorporate
the vehicle capacity constraint:

1. Examine whether the newly obtained optimal headway sat-
isfies the capacity constraint, by computing the optimal busload
and checking whether the busload exceeds capacity. .

2. If the busload is smaller than the available capacity there is
no need for capacity-constrained results.

3. Otherwise set the optimal headway equal to the maximum
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allowable headway (obtained by solving Equation 19), which is
as follows:

—B + V/B? — 4AC
H* = B (20)
2A
where
e, M
B=—(E-LY=+4+E|1l—e¢——
oo )
E_
L E-o s L)
|4 4g A%
E
A=—ew§,and
k
C=——.
PM

Then calculate the set of decision variables that satisfies the ca-
pacity constraint. This is considered to be the optimal solution.

NUMERICAL EXAMPLE

A numerical example is developed to demonstrate how the model
optimizes transit service coverage.

Table 2 gives results from the maximization of operator profit
and social welfare (with both the unconstrained subsidy and
breakeven constraint) objectives. The results include optimal route
length, route spacing, headway, fare, operator profit, social wel-
fare, and consumer surplus for a rectangular corridor of 8.045 X
4.824 km (5 X 3 mi) with a potential demand density of 77.35
passengers/km’-hr (200 passengers/m>-hr). The hourly operating
cost of the bus is assumed to be $40/vehicle, the average transit
speed is assumed to be 16.09 km/hr, and the average access speed
is assumed to be 4.02 km/hr. The transit vehicle capacity is 50
seats/vehicle, the allowable peak load factor is 1, the stop spacing
is 0.402 km/stop, and the sensitivity factors for waiting time, ac-
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cess time, in-vehicle time, and fare are 0.7, 0.7, 0.35, and 0.5,
respectively.

Under the profit maximization objective the optimal route
length is 5.3 km (3.296 mi), route spacing is 1.614 km (1.004
mi), headway is 0.201 hr, and the fare is $0.88. The induced
hourly ridership is 743 passengers, yielding a $264 profit.

Under the welfare maximization objective with unconstrained
subsidy the optimal service design has a route length of 4.560 km
(2.834 mi), route spacing of 1.120 km (0.699 mi), headway of
0.140 hr, and a $0.36 fare. The induced hourly ridership is 1,536
passengers, the social welfare is $719, and the subsidy is $150.
The introduction of the breakeven constraint results in an optimal
service design with a route length of 4.57 km (2.838 mi), route
spacing of 1.19 km (0.739 mi), headway of 0.148 hr, and a $0.45
fare. These service variables induce an hourly ridership of 1,372
passengers, yielding a social welfare of $710.

A comparison of the welfare maximization results with the un-
constrained subsidy and breakeven constraints reveals that when
the breakeven constraint is removed the welfare increases slightly
(by $8.50 or approximately 1.2 percent), whereas the deficit in-
creases much more (from $0 to $150). The welfare function ap-
pears to be relatively flat near the optimum. This indicates that
minor deviations from the optimum will not decrease welfare sig-
nificantly. This result is similar to the one found by Chang and
Schonfeld (20). This implies that for a given set of input data the
welfare objective with a breakeven constraint seems quite reason-
able and far more desirable from an economical standpoint than
the welfare objective with unconstrained subsidy.

The shadow price in Table 2 implies that relaxing the breakeven
constraint and thus increasing the operator deficit from $0 to $1/
hr (i.e., to a $1/hr subsidy) will result in a $0.128/hr increase in
welfare.

The equilibrium demand is strongly influenced by the level of
service and the fares optimized under different objectives. The
total hourly demand level is 24.8 percent of the potential demand
under profit maximization. It is 51.2 and 45.76 percent of the
potential demand under welfare maximization for the uncon-
strained subsidy and breakeven conditions, respectively.

A comparison of the optimal route length for different objec-
tives indicates that profit maximization yields longer routes of 5.3

TABLE 2 Optimal Objectives and Design Variables

Objective Functions
Profit Social Welfare
Unconstrained Break-Even

Route Length (km) 5.3 (3.296 mi) 4.56 (2.834 mi) | 4.57 (2.838 mi)
Route Spacing (km) 1.61 (1.004 mi) 1.12 (0.699 mi) 1.19 (0.739 mi)
Headway (hr) 0.201 0.140 0.148
Fare ($) 0.88 0.36 0.45
Ridership (pass/hr) 744 1536 1372
Operator Cost ($/hr) 392 696 623
Revenue ($/hr) 656 546 623
Profit ($/hr) 264 -150 0
Consumer Surplus ($/hr) 2367 869 710
Welfare ($/hr) 501 719 710
Bus Load (pass/bus) 50 50 49.267
Fleet Size (buses) 3.28 4.05 3.83
Shadow Price of N/A N/A 0.128
Subsidy Increase
($/hr)
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km (3.29 mi) than welfare maximization [4.56 km (2.834 mi)].
Also the optimal design for profit maximization has longer head-
way and route spacing than that of welfare maximization [i.e.,
0.201 br and 1.61 km (1.004 mi) versus 0.14 hr and 1.120 km
(0.699 mi)]. This can be explained by the presence of the vehicle
capacity constraint and the customers’ higher value for waiting
and access times than for in-vehicle time (as indicated by the
values of e,, e,, and e;) that replace the transit system with one
with denser routes and more frequent service so that welfare can
be maximized.

A sensitivity analysis was performed to show how changes in
the more important exogenous parameters given in the numerical

TABLE 3 Sensitivity Analysis
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example affect the values of the decision variables and objective
functions. The changes in design variables, namely route length,
spacing, headway, and fare with respect to the corridor length,
passenger density, transit and access speed, operator cost, sensi-
tivity factors, and fare, are shown in Table 3. The two values used
for each parameter are between 10 and 20 percent above and be-
low those that were used to generate the basic results of Table 2.

Table 3(A) illustrates the effects that changes in parameters have
on the optimal design variables under profit maximization. For
example if corridor length is increased by 10 percent (from 8.045
to 8.8495 km) the route length is increased by 10.4 percent. This
implies that the optimal route length L is elastic (i.e., the absolute

A) FOR PROFIT MAXIMIZATION

Design Variables and Objective Function
Parameters Length Spacing | Headway | Fare Profit Demand
(km) (km) (hriveh) | ($/pass) | ($/hr) (pass/hr)

Corridor Length 7.24 4.761 1.636 0.203 0.87 286.33 725
(km) ) 8.85 5.845 1.610 0.200 0.89 234.96 749
Density 69.53 5.303 1.71 0.213 0.87 227.66 664
(pas/km?2-hour) 84.98 | 5.303 1.535 0.191 0.89 301.39 824
Transit Speed 14.48 - | 4.962 1.684 0.209 0.86 211.68 684
(km/hr) 17.7 5.573 1.562 0.194 0.90 313.02 795
Access Speed 3.62 5.601 1.556 0.215 0.89 239.27 722
(km/hr) 4425 4,997 1.672 0.189 0.87 287.96 764
Stop Spacing 0.362 5314 1.614 0.201 0.89 265.96 746
(km) 0.442 5.292 1.617 0.201 0.88 262.53 742
Operator Cost 36 5.565 1.570 0.195 0.89 305.61 787
($/hr) 44 5.041 1.664 0.207 0.87 227.06 702
(ewen) 0.6 4.788 1.574 0.196 0.88 318.01 784

0.8 5.673 1.655 0.206 0.87 217.66 708
(ejr) 0.25 4,788 1.578 0.196 0.92 - 298.08 779

0.45 5.673 1.655 0.206 0.84 232.34 708

04 5.828 1.527 0.190 1.11 439.37 832
(€p) 0.6 4777 1.712 0.213 0.72 16146 | 662
Optimal Results* 5.300 1.61 0.201 0.88 264.24 744
B) FOR WELFARE MAXIMIZATION WITH BREAK-EVEN CONSTRAINT

Design Variables and Objective Function
Parameters Length Spacing Headway | Fare Weifare | Demand
(km) (km) (hriveh) | ($/pass) | ($/hn) (pass/hr)

Corridor Length 724 | 422 1.199 0.149 0.42 733.53 1353
(km) 8.85 4.854 1.195 0.149 0.48 678.40 1358
Density 69.53 | 4.563 1.263 0.157 0.45 623.86 | 1218
(pas/kmZ2-hour) 84.98 4.568 1.128 0.140 0.45 797.96 1528
Transit Speed 14.48 | 4.149 1.250 0.155 0.45 61877 | 1243
(km/hr) 17.7 4.927 1.144 0.142 0.44 798.07 1483
Access Speed 3.62 4.798 1.152 0.159 0.47 663.54 1315
(km/hr) 4.425 4.327 1.224 0.138 0.43 754.92 1424
Stop 0.362 4.574 1.187 0.148 0.46 714.47 1376
Spacing 0.442 4.557 1.190 0.148 0.45 706.60 1369
Operator Cost 36 4.894 1.150 0.143 0.44 785.33 1466
($/hr) 44 4.256 1.231 0.153 0.46 644.46 1283
(ew, ea) 0.6 4.167 1.145 0.142 041 805.65 1479

0.8 4.849 1.236 0.154 0.48 627.74 1272
(eiv) 0.25 4.761 1.157 0.144 0.47 768.93 1451

0.45 4.37 1.224 0.152 0.43 657.04 1295

04 5.239 1.115 0.139 0.52 1087.39 1564
(ep) 0.6 3.966 1.274 0.158 0.39 48842 | 1197
Optimal Results* 4.57 1.19 0.148 0.45 710.52 1372

* For the values of the exogenous parameters given in the numerical example
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value of the elasticity exceeds 1.0) with respect to the corridor
length E. The reason for this is that, as the length of the corridor
E is increased, the length of the area between the terminus and
the end of the corridor (E — L) is increased very slowly, thus
increasing L faster than E. This result is consistent with those
obtained by Spasovic and Schonfeld (16) for fixed-demand sys-
tems. Also if the passenger density is increased by 10 percent the
headway will be reduced by 5 percent. This result confirms that
headway varies inversely with the cube root (approximately) of
the passenger density. Table 3(A) also shows that the route length
would decrease by 10 percent if the sensitivity factor for fare is
increased by 20 percent (from 0.5 to 0.6).

Table 3(B) shows the effect that changes in parameters have on
the optimal design variables under welfare maximization with a
breakeven constraint.

The effect of the route length on profit and on welfare is shown
in Figure 3. For a given route length the system design variables
have been reoptimized, yielding the optimal profit or welfare. The
profit and welfare functions are relatively flat near the optimum.
A practical application of this result is that, for a given set of data,
the-optimal design variables can be tailored to the actual street
network without substantially reducing the optimal profit or
welfare.

The effect of subsidy on welfare and consumer surplus is shown
in Figure 4. For a given subsidy level, the system design variables
have been reoptimized, yielding the optimal welfare. The con-
sumer surplus increases with subsidy. For no subsidy the break-
even constraint holds and the social welfare equals consumer sur-
plus. The net effect of the profit and consumer surplus interactions
is that the welfare function is relatively flat near the optimum for
a relatively large range of subsidies. A practical implication of
this result is that for a given set of data the breakeven constraint
may be economically and politically preferable because it elimi-
nates subsidy and marginally reduces social welfare. Furthermore
Figure 4 shows that a negative subsidy (profit) can be obtained
by marginally decreasing welfare.

CONCLUSIONS

The paper presented a model of optimal bus transit service cov-
erage that was optimized to maximize profit and social welfare
with unconstrained subsidy and a breakeven constraint. The model
provides simple guidelines for optimizing the extent of transit
routes and other major operating characteristics such as route
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FIGURE 3 Impact of route length on design objectives.
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FIGURE 4 Social welfare and consumer surplus for various
subsidy levels.

spacing, headway, and fare. Equations 7a to 7d can be used to
optimize route length, route spacing, headway, and stop spacing
separately. They provide insights into the interrelationships among
the optimized variables. For example the cube root in Equations
8b and 8c indicates that optimal solutions for headway and route
spacing are relatively insensitive to changes in system parameters.

The optimality of a constant ratio between route spacing and
headway, which has been found in previous studies for various
bus network and demand conditions (12.20), is also found to be
maintained in the present study, which optimized the route length
as well. The route spacing and headway that optimize profit, wel-
fare with unconstrained subsidy, and welfare with a breakeven
constraint closely maintain a ratio of 5.00, irrespective of the val-
ues of the other parameters such as potential demand density, sen-
sitivity factors, or speed.

The profit and social welfare functions are relatively flat near
the optimum. For practical applications this implies that a near-
optimal profit or welfare can be attained while fitting the transit
network to the particular street network or modifying its operating
schedule. )

The results of maximization of social welfare for different sub-
sidy levels indicate that the welfare function is relatively flat near
the optimum. A practical application of this result is that for a
given set of data the subsidy can be reduced (or eliminated) by
providing passengers a service with marginally worse quality.
Therefore the welfare objective under a breakeven constraint
seems reasonable and more desirable from an economical stand-
point than the welfare objective with unconstrained subsidy. Fur-
thermore for a given set of input data in the numerical example
a negative subsidy or profit can be obtained for a marginal de-
crease in social welfare.

FUTURE RESEARCH POSSIBILITIES

Several simplifying assumptions could be relaxed in future mod-
els. The linear demand function may be replaced by a nonlinear
function that more precisely reflects traveler behavior. More re-
alistic and irregular distributions of temporal and spacial demand
(e.g., nonuniform lateral distributions) could be used. The model
could be improved to handle non-CBD trips (e.g., many-to-many
travel pattern) and access modes other than walking. A modified
model could handle sectorial service areas with possible overlaps
in service coverage among the routes, and the assumption that
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average stop spacing is constant could be relaxed. The impacts of
passengers boarding and alighting on bus dwell time, cruising
speeds, and the cost of operations may also be included.
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APPENDIX A
Optimal Bus Transit Service Design
Variables

ROUTE LENGTH

(a) With unconstrained subsidy

L*=R -, (S + I)*/(C* — A>HMVP (a-1)
(b) With breakeven constraint

L*=R—-"1{SA +N+T
+ fHMVPe,2(A + B)[B(A + 3C)
+DGA + O)](1 + \)
+ fEHMVPe,2A(A — 3C)A + C)
+ fPHMVPEA(A + CY(1 + N}
+ (C* — AY)VHMVP (b1)

where, for Equations al and bl

eA
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28V
H M E
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€w2 ea4g ea2g>
eiv
C"zv’
H M +
D=1—-e,——e, S,
2 4g
R = ~[2(AB + CD) — A’E]
- 34 - ¢ ’

S = 12ce,(A> — C?), and
T = HMVP[(AB + CD)* + 3(AD + BC)]
+ EHMVPA(A’E + 2A’B — 4ACD — 6BC?).
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HEADWAY

(a) With unconstrained subsidy

_ i
TA+BQl-C-D+F-26)+L1—-G-1I)

H*
(a2)

(b) With breakeven constraint

VJIA +N)

"A+BQ-C-D+F-26)+LA-G -1
+ epf[-B + (E — L) + E\]

H*

(b2)

ROUTE SPACING

(a) With unconstrained subsidy

_ VT’
TA+BQl-C -D+F-2G)+L1—-G-1T)

M*

(a3)
(b) With breakeven constraint
VI'Q+ N

A +BQl-C -D+F-26)+LA-G-1I)
+ e, f[-B + (E — L) + E\]

M*

(b3)
where, for Equations a2, b2, a3, and b3

A= —Ee,/2,
A' = —Fe,/2,
B=E - L,
C = e,M/4g,
C' =e,H/2,
D =e,E/2g,
F=e,L/2g,
G =e,L/2V,
I=e,M + S)/4g,
I' = e,(2Hg + S)/4g,
J = (4ce,L)/(MVPe,), and
J' = (8cge,L)/HVPe,.

FARE
(a) With breakeven constraint
2g\Le,(—2E + L) — 2eAV(E — LY

_ + eAV(LS — EM) + 2EgAV(2 — He.) (b4) |
N 4Ege, V(1 + 2\)

f*

(b) Shadow price for breakeven constraint:

o X VX — 4(A — B)X + ICDJ + IFGJ — 2)
N 2(X + ICDJ + IFGJ — Z)

(b5)
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where, for Equation b5

X=4A — 4B + ICDJ + IFGJ,
Z="Pe,(C + F), and
A =2cLY/HMYV,
C=(E — L)PY,
D=1 - e (E — L)2g — e,M/4g — Le,/V — He,/2,
F = LPY,
G=1-eM + S)/4g — Le,/2V — He./2,
= —4ELge,, + 2L’ge, — 2E*Ve, + 4EVg + 4ELVe, — 2¢,L*V
- e,EMV — e, LSV — 2EgHVe,,, and
I=4EgPV.
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Novel .Me‘tho'dological Approach to Transit
Network Analysis: Application to
Tel Aviv Metropolitan Area

PETER VOVSHA AND TOMER GOODOVITCH

Analysis of changes in spatial structure of transit lines represents a
serious mathematical and computational problem, one that has not
been resolved by existing models and transportation software. An
original methodology to enable quantitative analysis of spatial char-
acteristics of transit networks is presented. A set of criteria is devel-
oped, and practical experience of the technique is presented as de-
veloped for the Tel Aviv metropolitan area.

The Tel Aviv metropolitan area is a contiguous urbanized region
with a transit system based on two large, privately owned and
operated bus cooperatives with over 200 lines. In 1993 this system
was serving a metropolis of 2 million people, 400,000 of whom
resided in the core city of Tel Aviv. Historical allocation of bus
routes preserved for many years a segregation of the intrametro-
politan ‘‘Dan’’ company from the intercity operator ‘‘Eged.”’
However, the urbanization process overflowed to the fringes of
the region, the spread of the built-up area has blurred the border
between intercity and intracity transit. Development of the transit
network (TN) has not followed an organized pattern with system-
atic planning, and this has led to inefficient route structure, with
many lines running along the same major corridors and most end-
ing at the central bus station. Today Tel Aviv’s TN is characterized
by line duplication and levels of service that do not attend to the
public’s needs.

-The contracts that each company has with the Transport and
Finance ministries determine the service level, fares, and subse-
quent government subsidy; in most instances, the municipalities
are not involved in transportation planning. Reorganization of the
TN generally would be initiated by the bus companies themselves
but would require official approval from the Ministry of Transport
before going into effect. However, the government has little in-
formation and lacks adequate tools to evaluate proposed changes.
It has operated on an intuitive and experimental instead of quan-
titative basis. This situation worsens when service modifications
by both companies are introduced for the same area. In such a
case, the transit authority also has to choose which proposition to
approve. Present policy for route allocation forces compensatory
balancing between the companies ev,'gzn though that means unnec-
essary duplication of Tel Aviv’s TN.

Any change to the current situation is bound by a regulatory
process and public scrutiny and encounters political pressure to
preserve current economic conditions and government subsidies
to the operators. Government regulation is based on maintaining
a fine economic balance between the cooperatives. Structural

The Israel Institute of Transportation Planning & Research, 7 Nahal
Ayalon Street, Tel Aviv, Israel 61090.

change to TN, although economically and socially justifiable,
could disturb this stability. Therefore, only marginal changes and
not a system improvement have been acceptable. The novel
method of TN analysis presented in this paper is based on research
undertaken for the Ministry of Transport to facilitate the decision
making in TN planning and development.

METHODS FOR TRANSIT NETWORK ANALYSIS

Existing methods for TN analysis are diverse, ranging from rule
of thumb guidelines to computer packages. All such methods fall
into one of two groups according to Nes et al. (I): evaluation
methods for.a predefined TN and construction methods for new
TN design. Evaluation is a necessary element of any construction
procedure, so construction methods also employ appropriate eval-
uation subroutines, see Baaj and Mahmassani (2). If planning a
local improvement or comparing a limited number of alternatives
it is sufficient for planners to perform the evaluation stage only.
Evaluation and construction methods can be divided into three
subgroups: (a) descriptive (based on a simplified calculation of
performance measures and a good portion of intuition for TN
design), (b) heuristic (usually allows user intervention at crucial
points of TN design, but performs computerized evaluation of
performance and marginal TN improvements), and (c) formal
(mathematical optimization of TN).

Axhausen and Smith (3) have presented a comprehensive re-
view of TN optimization algorithms. Practically all of them con-
sist of three main steps: (@) initial TN construction (or input), (b)
route development (by link addition and deletion), and (c)
selection of optimum route set. Optimization methods for TN de-
sign are classified according to whether both main variables,
routes and frequencies, are to be included (I). A new algorithm
was developed that includes three stages: (@) route generation, (b)
analysis procedure, and (c) route improvement (2). Summarizing
the more than 20-year history of TN optimization, the work by
Baaj and Mahmassani (2) lists difficulty of formulation, nonli-
nearity and nonconvexity [see also (4)], combinatorial explosion
for a large TN, multiobjective nature [see also (5)], and difficulty
of formalization of spatial layout of routes as problematic areas.

Combinatorial explosion is predetermined by the nature of a
transit line that can be represented as a combination of links
whose number is multiplied with an increasing number of nodes.
Taken together with nonlinearity and nonconvexity, this practi-
cally prohibits application of optimization methodology for TN
design in large cities. All of existing effective algorithms (1,2,6—
14) have been applied successfully for relatively small TNs made
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up of not more than 100-250 nodes. A fairly schemative repre-
sentation of TN in Tel Aviv metropolitan area requires about 2,000
nodes.

The problem of size is closely connected to the formalization
of the spatial layout of routes. Frequency allocation to a given set
of routes presents a particular problem that can be successfully
resolved by using optimization techniques (I5—-17). It is spatial
configuration of transit lines (layout of routes) that generates the
most cumbersome set of decision-making variables and compli-
cates both evaluation and construction stages of TN analysis.

In a descriptive approach, the planner visually defines the form
of TN development. This can be strengthened by use of any eval-
uation tool. Certain planning guidelines are suggested, based on
interviews with transit agencies over a broad spectrum of U.S.
and Canadian cities (I8). Schneider and Smith (19) proposed a

TABLE 1 Levels of Transit Network Analysis
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complete concept for redesigning urban TN (a transit-center-based
approach). Alternative route configurations determined by practi-
cal considerations were evaluated (20). Criteria for TN design
suggested by Giannopoulos (2I) include minimal demand,
straightness of lines, and avoidance of overlapping. These prac-
tical guidelines give valuable information on basic structural fea-
tures of an analyzed (designed) TN that, transformed into quan-
titative measures, can be used as input into an optimization
procedure, ensuring integration of formal and intuitive planning
techniques.

LEVELS OF TRANSIT NETWORK ANALYSIS

Several levels of detail for TN analysis are possible (Table 1). The
first level deals with spatial configuration of TN. A major weak-

Level Scope Core of Evaluation Core of Construction
Line " Route Layout, Transit Operation Alternative Networks
Spatial Stop Spacing, Simulation®, then Development under

Configu- Service type,
ration Frequency,
Traffic
Constraints,
Transit
Facilities
(Vehicle type,
Number), Speed
Trip Travel Demand
Distri- for Transit
bution (+ as above)
Mode Total Travel
Inter- Demand,
action Alternative
Modes
(+ as above)
Linkage Population
with Employment
Land-Use and Activity
System
(+ as above)

Transit Performance
Indicators Calculation
(including Transit
System Cost)”

Transit Assignment
with Fixed Demand®,
Transit Performance
Indicators Calculation
(including Transit
System Cost and Level
of Service)’

Modal Split® (Multimodal
Assignment”), Diverted
Demand Definition, then
Transportation Performance
Indicators Calculation
(including Transport
System Cost and Level

of Service)”

Trip Generation and
Distribution Sensitive

to Transit Accessibility®,
Derivative Demand Defini-
tion, then Modal Split®
(Multimodal Assignment”),
then Transportation
Performance Indicators
Calculation (including
Transport System Cost,
Level of Service and

other Social Benefits®)

Coverage or other
Service Standard
Conditions®,
Systemwide Network
Optimization

Alternative Networks
then Development under
Demand with Service
Standard Conditions”,
Systemwide Network
Optimization

Alternative Networks
Development by
Different Scenarios®

Alternative Networks
Development by
Different Scenarios

a - Implemented Applicapable Software
b - Prospective Software
¢ - First Attempts to Formulation
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ness of such an approach is obvious: TN will not directly follow
the demand.

For this reason, routing based on road network calculations
(e.g., the shortest path between predetermined terminals) is rec-
ognized as ineffective, even for initial route skeleton construction
(3). In later proposed algorithms, special assignments (‘‘ex-
panded’’ or “‘first and second’’ shortest path) of the demand ma-
trix on the road network (2) were applied. Also, account must be
taken of the approximate character of the demand matrix. If the
demand matrix has been obtained by a trip survey, it will be biased
toward existing transit corridors. If demand has been estimated by
means of modeling (trip generation and distribution), it could
likely be abstract and not sensitive to TN alternatives.

Spatial configuration can be thought of as a self-defining basis
of a TN. A basic framework for TN development that cannot be
completely formalized is most naturally expressed at this level.
Such analysis, which can be performed without a data-taking de-
mand component, is capable of reasonable TN evaluation and can
be useful, especially in a preliminary stage in which a large num-
ber of solutions is to be reduced to a limited alternative pool. An
unknown demand matrix can to a certain extent be substituted by
coverage indicators on the basis of service standards per capita or
employee. A number of packages can be applied for this task
(22,23), but existing approaches have concentrated more on pas-
sive performance estimators than on TN weakness identification.

The second level is based on a known transit demand matrix.
The core of the evaluation is a transit assignment procedure that
allows trip distribution by lines and further estimation of transit
system cost and components of level of service. The algorithm
implemented in the IANO package (13) uses an assignment pro-
cedure at the last stage of line recombination. The EMME;/2 pack-
age has a transit assignment module that can simulate the opera-
tion of a large TN. Another variant of transit assignment has been
proposed (2). Transit assignment today is the most accessible tool
for planning practice that is useful for comparison of TN alter-
natives under a fixed demand condition. Trip distribution is placed
second to spatial configuration as a planning tool. The capability
of existing software for TN construction is extremely limited by
TN size.

The third level gives a new facet for substantiation of planning
decisions, namely, possible diverted demand from private car to
public transport as a result of level of service improvement (as-
suming total travel demand is fixed). The VOLVO package (12)
suggested estimation of TN improvement’s impact on demand
with an independent mode choice model. A deterrence function
was borrowed from the simultaneous distribution—modal split
model (24), which describes the relation between supply and de-
mand (7). The conclusion was reached that an external modal split
model should be applied iteratively with a TN optimization al-
gorithm to ensure supply-demand equilibrium (3). The EMME/2
package has a macro-option of multimodal assignment as a com-
bination of successive automobile and transit assignments, with a
demand function incorporating mode choice attributes. The diffi-
culty of running such a technique limits its practical use today.

The fourth level is achievable only in the long-term master-
planning framework in which transport system development re-
lates to regional land use. Such large-scale transit projects as a
new LRT or subway, which can radically change the accessibility
of an area, will inevitably influence activity patterns, including
residential and employment choice, and will generate new (deriv-
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ative) travel demand. However, for practical transit planning this
approach is impossible.

PRINCIPLES AND CRITERIA FOR SPATIAL
CONFIGURATION ANALYSIS

Table 2 presents criteria used in various approaches at the first
and second levels of TN analysis. Among the most common are
operational cost, fleet size, and route directness, which serves for
initial skeleton construction in almost all TN optimization algo-
rithms. Level-of-service estimators at spatial configuration level
were often not formulated, leaving this to a trip distribution stage
when travel time or the number of transfers can be estimated by
transit assignment. The lack of measures of spatial configuration
from the passengers’ point of view precludes TN construction sub-
routines from producing a good starting TN in most of the algo-
rithms (3).

A number of criteria have been introduced in descriptive ap-
proaches and recent formal models. Among these are area cov-
erage and direct connection possibility. Two spatial characteristics
have been formulated (19): location of focal points (transfer cen-
ters) and service type (e.g., express or collector), but they are in
need of quantification. Route duplication is noted as significant
for TN design quality (I8 and 21). An empirical maximum ac-
ceptable level of route overlapping was estimated as 50 percent

(1 ) Duplication was introduced into the route joining subroutine

of the TN improvement algorithm (2).

Ridership measures (passenger-miles, passenger per length) are
the most commonly used indicator of system.effectiveness, after
trip distribution by lines. Every planner wants first to ensure that
a proposed line will get reasonable ridership. Two level-of-
service indicators have been established (3): demand density (ratio
of the number of trips with 0,1,2 transfers to the number of origin-
destination pairs connected with 0,1,2 transfers) and time defor-
mation (difference in travel time between an optimum TN and
actual TN). Demand slices by number of transfers are also con-
sidered (2).

To incorporate different criteria on a uniform methodological
platform, systemwide TN characteristics should be stressed. The
criteria list must be completed by indicators of TN connectivity
and supplementation of each line to others. In real TNs, where
great importance is placed on transfers, searching for the most
effective way to deliver passengers on all origin-destination pairs
in the entire TN is suggested. The proposed approach is composed
of previously applied criteria but concentrates more on TN spatial
configuration. It is based on three chief criteria: () line duplica-
tion, (b) area coverage and transit accessibility, and (c) network
integration. .

Line duplication allows recognition of a similarity of lines. Du-
plication represents an undesirable factor that negatively affects
bus occupancy and adds nothing to the level of service. Significant
duplication among lines reveals poor TN design. Practically, a
systemwide duplication check can be reduced to a sequential
check of all pairs of lines in the TN. For this reason, only pair
duplication is described.

Line duplication (D) is composed of three components: (a)
route overlapping (DR), (b) service identity (DS), and (c) fre-
quency surplus (DF). D is calculated as

DR(%) - DS(%) - DF(%)
100(%) - 100(%)

D(%) = 6




TABLE 2 Criteria for Spatial Configuration Analysis (Existing Approaches)

Spatial Configuration Only

Trip Distribution by Lines

System Cost

Level of Service

System Effect

Level of Service

. Operational costs

6. Service standards

11.Line/link

13. Travel Time

;. Fleet size 7. Area coverage Ridership 14. Waiting Time
3. Route Directness 8. Direct connection 12.Vehicle 15. No. of Transfers
4. Route Length 9. Focal points Occupancy 16. Demand Density
5. Route Duplication 10.Service Type 17. Time Deformation
Source 1 l2 |3 |4J5 6 |7 I}S |9 llO 11 12 ]3'14,15'16'17
Formal Methods
Axhausen,Smith + + + + + + + +
Baaj,Mahmassani + + + + + + + + + + +
Billheimer,Gray +
Dubois,Bell,Llibre + + + +
Furth,Wilson + +
Hasselstroem + + +
Hsu,Surti + +
Jun,Schnaider + + + +
Lampkin,Saalmans + + + +
Mandl + + + + +
Marwah + |+ + +
Nebelung + +
Nes, + + + + +
Hamerslag,Immers
Rea + + +
Rosello + + |+ +
Scheele + + + +
Sahling + +
Sharp + + |+
Silman, + +
Barzily,Passy
Sonntag + + +
Descriptive Methods
Chua,Silcock +
Giannopoulos + + + |+ +
NCHRP69 + |+ P+ |+ |+
Schnaider,Smith + + + |+ + |+ |+ + |+
Thelen,Chatterjee, + + +
Wegmann
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All components are scaled from 0 through 100 percent. Zero
means full divergence and 100 percent indicates complete identity
of lines. Route overlapping is calculated first by comparing lines
with regard to mutual segments. If a sufficient level of overlapping
is identified (more than 40 percent), service identity and frequency
surplus are checked. Criterion (D) becomes 0 in a case of lines’
divergence by one component at least, but tends to 100 percent
only when all components do so.

Route overlapping (DR) is calculated as a weighted sum of line
segment proximity coefficients (DD).

Z DDj; - Wi - W
DR(%) = — )

S

where

i = segments of given line>,
Jj(i) = segment of original line most closed to segment i, and
W(i) = segment weight.

Coefficients and consequent route overlapping vary from 0 to
100 percent. The proximity coefficient for a particular segment of
the original line gets the value 100 percent if an identical segment
exists in the given line. Route overlapping is 100 percent only in
the case of complete identity of all segments of given line with
appropriate segments of the original line. Details of segment prox-
imity (DD) and weight (W) estimation vary depending on objec-
tives and data available. Comprehensive discussion on this issue
can be found in a work by Cohen et al. (25).

In some cases, route overlapping derives from the road network
structure. This occurs in southern Tel Aviv, where few possible
entries predetermine overlapping for more than 70 routes con-
nected CBD with the southern sector of the city. There are two
possibilities for treatment of such enforced overlapping. The first
suggests an additional multiplying coefficient for segment weight.
The second assumes a permissible overlapping level. A permis-
sible overlapping level for Tel Aviv has been set at 40 percent.
Besides the CBD entrance, it reflects enforced overlapping in the
central bus-station neighborhood.

Service identity (DS) is specified with regard to service type
pairs. There are three main types of bus service: (@) direct (from
origin to destination without intermediate stops), (b) express (in-
termediate stops only at key points), and (c) collector (all stops
along line route are available). The classification is conventional,
and it is possible to further differentiate types.of service. The type
of line service is specified as follows:

© 100 percent—full service identity (the same type),

® 50 percent—partial service similarity (direct or collector with
express), and

® 10 percent—distinct kind of services (direct against
collector).

The lines of service reflect a ridership that may ‘‘migrate’’ from
one line to another. Detailed description of stop spacing could be
a substitute for a service identity estimation. In that case, route
overlapping includes service pecularities. Criterion DS is of im-
portance for aggregate spatial description of routes and gives sup-
plementary information on route overlapping. For example, an
express line passing along a collector line should not be treated
as completely duplicating.
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Frequency surplus (DF) is defined as total frequency over a
given maximum level divided by frequency of a given line. When
ridership is unknown, the maximum level of frequency is defined
a priori, for example, by a 5-min headway during the peak hours
that yields (DF) values. The criterion depends largely on the maxi-
mum level defined. Taking a 3-min headway, one would obtain a
concordance for lines both having 6-min headway as opposed to
80 percent surplus. It can also be calculated separately for peak
and off-peak periods. Frequency surplus distinguishes between
supplementary duplication of lines in the particular segment that
needs frequency enhancement and real duplication that means use-
less bus trips. If transit assignment results are available, maximum
reasonable frequency is calculated on the basis of passenger flows
assigned but should not be less than a policy headway (15 to 30
min).

Area coverage and transit accessibility (Figure 1) reflect service
scope and level for a given line or the TN as a whole. Coverage
or accessibility improvement represents an advantage for a given
line. Usually accessibility improvement is a main argument for a
new line in an existing TN. Coverage reflects an aggregative re-
lationship, ‘‘area-service,’’ as accessibility represents a disaggre-
gative relationship, ‘‘population-service,”” within the area unit. If
the level of spatial aggregation is low (area unit size is comparable
with walking time), coverage and accessibility indicate the same.
If aggregation level is high (area unit size is much greater than
walking time), accessibility is not defined. An intermediate level
suggests a supplementary role: coverage represents aggregative
parameters of area transit supply, whereas accessibility reflects
internal parameters for each zone.

Coverage is based on a comparison of total parameters of TN
with total parameters of the service area. There are two methods
derived from two main quantitative characteristics of transit ser-
vice: total frequency and number of lines (or total length). Total
frequency is more usual for transportation planning. Line coverage
is more suitable for land use or geographical study.

The frequency group is in turn divided into two types of cov-
erage: nonoriented and oriented. For nonoriented coverage, a total
frequency of all lines crossing the area unit is compared with unit
travel demand factors (e.g., population and employees). This
method is simple and practically available but not sensitive to trip
directions. To take directionality into account, oriented coverage
should be applied when total frequency and demand are compared
for origin-destination pairs. Frequency is summed for all lines
connecting a given origin and destination. Demand can be given
by a trip matrix or estimated by travel potential (for instance,
population and employees). Oriented coverage does not include
transfers and is therefore also approximate. Line coverage is usu-
ally calculated as total line length/km’ (transit density), but num-
ber of lines/km’ is also of interest because it characterizes service
multitude.

Accessibility includes two parameters: walking time or distance
(formal accessibility) and total time, including walking, waiting,
and riding to the most closed focal point in the TN (real acces-
sibility to a wide service range). Transit planning usually is ori-
ented to simple formal accessibility, assuming that any line fits
travel demand direction. This appears reasonable for a radial or
grid TN in which directions are obvious. A complex TN presents
a problem for accessibility definition, because the closest line in
origin can be useless for the passenger depending on destination.
In such cases, the time to get to the closest focal point is more
informative. A focal point can be defined as a node where at least
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Coverage and Accessibility Criteria

I

Area Coverage

Transit Accessibility

[ 1 il ]
Total Line Walking Total Time
Frequency Coverage Time or to the
per Element of Area Distance Closest
per Sq.km Focal Point
I B —No. of Average Average
Non - Oriented Lines
Oriented (by O-D Maximum Maximum
(by Area Pairs) —Total
Units) Line
Length
(Transit Density)
Per Person Per
(Population Inter-Zonal
and ) Travel
Employees) ' Demand
Per .—Per
Household Travel
Potential

(Population - Employees)

FIGURE 1 Classification of coverage and accessibility criteria.

three nonduplicative lines cross. Both parameters are estimated
for each area unit. Later, two main summary principles can be
involved: ‘‘average,”’ which characterizes accessibility in a given
region as a whole, and ‘‘maximum,’’ which reveals the most prob-
lematic area units.

For total frequency per person, quantitative boundaries can be
established in terms of low, standard, and surplus level of service
(25). Improvement of coverage means reduction in the number of
area units with low level of service. A growth in number of units
with surplus service is not desirable.

Network integration can be viewed as different lines’ consis-
tency and allows recognition of the role of a given line in TN. It
positively affects trip structure and level of service and balances
between two contradictory objectives of TN design: direct con-
nection and transfer convenience. Integration evaluation has two
stages (Figure 2): (@) evaluation of given line characteristics and
(b) evaluation of TN systemwide characteristics.

In the first stage, two subsets are involved: line crossing and
line ‘‘exclusive addition to the TN integration.”” Crossing char-
acterizes transfers to other lines. There are three pairs of param-
eters in the subset: (a) number of lines crossing the given line
(CL), and the same for unduplicative lines only (UCL); (b) number
of transfer points in the given line (7P), and the same for undu-
plicative lines only (TPU); and (¢) minimum number of transfer
points in the given line, which enables access to all crossing lines
(MTP), and the same for unduplicative lines (MTPU) only.

Figure 3 presents.a TN fragment. There are two compared lines
(A,B) and five others (1-5). Number of crossing lines reveals an
integration advantage for line A: LC(A) = 6; LC(B) = 2. Never-
theless, some of the lines crossing line A (1,5) duplicate it. A
duplicative line usually presents no interest to transfer, because
it has no (or few) additional destinations over the original line.
To take this into account, the number of unduplicative crossing
lines is of help. According to this parameter, the advantage of
line A is not so appreciable: UCL(A) = 4 (without lines 1,5);
UCL(B) = 2.

The second pair of parameters deals with transfer-point allo-
cation. They are distinct from the number of crossing lines for
two reasons. First, more than two lines can cross at one point (b
for lines A,2,3,4): Second, two lines can cross each other several
times. Usually, this occurs in duplicative lines, but not necessarily.
Duplicative lines A and 1 have a list of transfer points g, f, . .;
unduplicative lines A and 2 also have transfer points b and c. The
number of transfer points shows an advantage to line A: TP(A) =
12, TP(B) = 2. Most transfer points of line A are related to the
duplicative lines I and 5. Without them, the advantage of line A
is less appreciable: TPU(A) = 3, TPU(B) = 2.

The third pair of parameters reflects transfer-point distinction.
Two transfer points in the line are distinct if they have different
crossing lines, as opposed to having the same lines. Practically,
each line has a limited number of focal points that allow access
to all crossing lines. This parameter is significant to line integra-
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Criteria of Transit Network Integration
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FIGURE 2 Classiﬁcatioh of network integration criteria.

tion. It is similar for both given lines: MTPA) = 3 (a,b,i),
MTP(B) = 2 (a,m). Without duplication, equality of lines A,B is
revealed: MTPU(A) = 2 (a,b), MTPU(B) = 2 (a,m).

In sum, two parameters (UCL and MTPU). can be viewed as
most important in the subset, Simply by crossing parameters (CL,
TP), line A has a significant advantage. Nevertheless, most of the
advantages of line A should not be treated as real because they
derive from the duplicative lines. More accurate analysis shows
that line B is comparatively successful.

Exclusive addition to the TN integration, ANI, represents a
given line’s contribution to transfer-point variety. First, interim
calculations must be made, including the total number of TN
transfer points (TPN) and focal points (TPNF), and the same with-
out the given line (TPN°,TPNF°). Then line-exclusive addition to
the number of transfer points (ATP) and focal points (ATPF) are
calculated:

ATP = TPN — TPN®, ATPF = TPNF — TPNF® © (3)

After that the final célqulation should be made.

(ATP + ATPF)
TPN

ANI = ()

* Aline is considered significant for TN integration if it generates

' original transfer points or new focal points. If a line provides

neither additional transfer points nor focal transfer points, it means
that the line crosses others only in existing focal points. Normally,
line-exclusive addition to the TN integration should be compar-
able with the total number of lines. For a TN including 100 lines,
an average level of ANI can be defined as 1 percent.' A line that
has more than 1 percent addition can be viewed as especially
important.

At the second stage, two subsets are 1nv01ved spatial config-
uratlon and trip structure indicators. A TN configuration is related
to the spatial structure of the region. There are three criteria in
the subset: crossing density (CD), uniformity of transfer point dis-
tribution, and direct connection (DO). '

Crossing density indicates TN connectivity. It is calculated as
a numbér of TN transfer points divided by a number of regional
area units (AU). o

= | ©®)

Figure 4 presents typical TN patterns. Crossing density (CD)
reveals an advantage of grid and shortcoming of radial and poly-
centric form, which allows limited possibility of transfer. How-
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FIGURE 3 Line crossing in transit network.

ever, they are recognized as the most economical. A directionally
. oriented form is attractive in a case of oriented demand, but at
the same time it is the most expensive. The TN in Tel Aviv is
mixed, but all forms can be revealed. The Eged subnetwork is
mostly radial, centered at the Tel Aviv central bus station. The
Dan subnetwork in the northern part of Tel Aviv has a grid form,
but in the southern part it is close to a directionally oriented form.
Crossing density is of help for TN connectivity estimation as a
whole. Approximate values of CD are 40 percent and more for
tied TN (grid), 20 to 40 percent for mixed, and less than 20 per-
cent for radial.

Because crossing density does not differentiate between ordi-
nary and focal transfer points, radial TN (with wide center in-
cluding a few area units) and a directionally oriented TN may
have the same CD value. To distinguish between them, uniformity
of transfer point distribution is of help (Figure 4). A Grid TN has
the most uniform distribution (no focal points), and a radial TN
has one dominant central point. Uniformity can be seen as a posi-
tive factor of TN integration.

Direct connection (DC) indicates the possibility to travel to a
destination without transfer. It is calculated as the number of area

unit pairs directly connected by at least one transit line (DSP)
divided by the total number of pairs. The latter can be calculated
as AU - (AU — 1)/2, thus

DC = _ﬂ (6)

AU - (AU - 1)

Crossing density and direct connection are contradictory—the
first suggests transfers, but the second avoids them. That reflects
the contradictory objectives of TN design: to improve level of
service and reduce costs. Direct connection reveals an advantage
of a directionally oriented TN and a shortcoming of a radial or
polycentric TN. Normally, the cost criterion yields the opposite
result. The directionally oriented form is effective from different
points of view when demand is oriented. For example, in southern
Tel Aviv, 80 percent of trips are south-north oriented as a result
of the spatial structure of population and employment.

Trip structure summarizes the effectiveness of TN design. Two
criteria should be noted: the number of transfers and trip distance
or time deformation. Deformation is calculated as trip distance
(time) on TN divided by trip distance (time) by shortest path
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FIGURE 5 Decision-making framework for transit network improvement.

(minimum time) on the road network. These two criteria inevi- .

tably contradict under real constraints. Commonly, TN needs a
sufficient level of transfers to supply directness of trips. Direct
connection for most origin-destination pairs is too expensive. Any
proposal that improves one of these criteria without worsening the
other is of interest.

Both criteria should be checked as an average TN value and
maximum value for particular origin-destination pair. Average pa-
rameters are useful to transit planning; however, a decision that
is good systemwide may prove extremely inconvenient for partic-
ular passengers. This problem is usual for regions combining ur-

ban settlements with rural areas. Direct connection for a pair of
rural zones will not be effective systemwide, and feeder lines to
appropriate urban settlements yield at least two transfers and trip
distance (time) deformation for these passengers.

A TN for a metropolitan area can be recognized as acceptable
if the averge number of transfers is no more than 40 percent (20
percent shows an excellent pattern) and less than 5 percent of pas-
sengers experience two or more transfers. Both distance and time
deformation are of interest. Time can be thought of as an ultimate
service indicator, but it is affected by road congestion. Thus, trip
distance deformation is a more direct indicator of TN design.




TABLE 3 Summary Report for Transit Line Substantiation (Extension of Line 8)

Evaluation Scope criterion Value Conclusion
Stage/step (¢ - before,2 - after)
Before After %
1.Substan- 28 lines "Eged" Unsubstantial line:
tiation 20 lines "'Dan" Additional Substantiation®
1.1.Dupli- -] - No. of duplicative lines 4 4 0% Duplicative_ line: )
cation . . Reduced Duplication with
over Line 18 "Dan" Route ovgrlagplng 59% 42% -29% some lines but increased
40% Service identity 100% 100% 0% Duplication with some
Frequency surplus 100% 100% 0% others®
Line 42 "Dan" Route ovgrlagping 51% -100%
Service identity 100% - -100%
Frequency surplus 0% - 0%
Line 85A "“Eged" Route ovgrlagping 49% 55% 12%
Service identity 100% 100% 100%
Frequency surplus 0% 0% 0%
Line 85 "“Eged" Route overlappin 48% 53% 10%
g Service’ identoty’ 100% 100% 0%
Frequency surplus 0% 0% 0%
Line 83A “"Eged" Route overlapping - 43% +100%
Service identity - 100% +100%
Frequency surplus - : 0% 0%
1.2.Coverage 28 lines "Eged" No. of served zones uncluding: 59 59 Non-Supg;ementing line:®
20 lines "Dan" - surplus_level of service 4 4 0% No additional covVerage?®
59 traffic - standard_level of service 45 45 0%
zones - low level of service 10 10 0%
1.3.Integ- 28 lines "Eged"
ration 20 lines "“pan"
- Line -1 - No. of crossing lines _ 37 46 +24% connected line: )
No. of undupl. cross. lines 33 42 +27% Additional connection®
No. of transfer points . 43 54 +26%
No. of tr.p. to undupl. lines 43 54 +26%
Min. no. of trans. points 5 6 +20%
Min, no. of tr.p. to und. 1. 5 6 +20%
Addition to Integration 0.5% 0.5% 0%

- Network - 1] - Ccrossing density, . ) 51% 53% +4% Network substantial line:?
Spatial Transfer point distribution Additional substantialitye®
configu- - 2 crossing lines 32 35 +9%
ration - 3 crossing lines 24 26 +8%

~ 4 crossing lines, . 14 13 -7%
-.5 and moré crossing lines 16 17 +6%
Direct connection possibility 41% 46% +12%

(Continued on next page)




TABLE 3 Continued

Evaluation Scope Criterion Value Conclusion
Stage/step (2 - before,? - after)
; Before After

o

- Trip - - Average no. of transfers 1.32 1.30 -2% Uneffective line:?
Structure Maximium no. of transfers . 2 2 0% Additional effecte
Average distance deformation 1.24 1.23 -1%
Maximum distance deformation 2.68 2.66 -1%
Average time deformation 1.18 1.17 -1%
Maximum time deformation 2.60 2.55 -2%
. . Trips distrubution by lines: '
Line 8 No. of boardings ] 263 711 +170%
Average occupancy ratio 0.12 0.24 +100%
Maximum occupancy ratio 0.26 0.53 +104%
Line 832 No. of boardings . 633 398 -37%
Average occupaihcy ratio 0.35 0.20 -43%
Maximum occupancy ratio 0.86 0.45 -48%
2.Allocation “"Dan" line: L.
to Companies Line open to competition®
2.1.Integ- 28 lines "Eged" No. of crossing lines _ 14 21 +50% Line more connected
ration (+line 8) No. of undupl. cross. lines 12 19 +58% with subnetwork "Dan':
within No. of transfer points . 38 48 +26% Line equally connected with
Subﬂet- gg. of tr.g.tto undupl.tllnes 3g 42 Igg% subnetworks "Eged* and "“Dan'"°
works in. no. o rans. points : %
Min. no. of tr.p. tg_und. 1. 3 4 +33%
Addition to Integration 5.4% 8.1% +50%
20 lines "Dan" No. of crossing lines _, 19 19 0%
No. of undupl. cross. lines 16 16 0%
No. of transfer points . 43 53 +23%
No. of tr.p. to undupl. lines 43 49 +14%
Min. no. of trans. points 3 3 0%
Min, no. of tr.p. to und. 1. 3 3 0%
Addition to Integration 2.7% 9.2% +241%
2.2,8ubnet- 28 lines "Eged" Crossing degsitz. ) . 42% 43% +2% Ordinary line for
works (+ line 8) Transfer point distribution: "Dan' subnetwork:? .
Struc- - 2 crossing lines 40 43 +8% Equally substantial line for
ture - i crossing i;nes 13 1g +I%g% "Eged" and ""Dan" subnetworks:?®
- crossin ines %
- 5 and morg crossing lines 2 2 0%
Direct connection 29% 35% +21%
20 lines "Dan" Crossing depsitg_ . ) 25% 30% +20%
Transfer point distribution:
- 2 crossing lines 13 18 +38%
- 3 crossing lines 5 7 +40%
- 4 crossing lines, ] 6 6 0%
-.5 and moré crossing lines 5 S 0%
Direct connection 21% 24% +14%
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DECISION MAKING FRAMEWORK FOR
TRANSIT NETWORK DEVELOPMENT

Figure 5 presents a decision-making framework for TN improve-
ment in a real planning environment. The starting point is an
initiative for change from one party. Potential changes may range
from line opening or closure to change of line characteristics. Any
change can be expressed ultimately as inserting new lines or (if
necessary) discontinuing service on existing lines. There are two
stages of substantiation: () urgency check and (b) systemwide ef-
fect evaluation.

Urgency check enables line estimation without the cumbersome
procedure of trip structure analysis. It will become increasingly
relevant in a longer term when travel demand is unknown and
can only be approximated. Urgency check involves three sequen-
tial steps: duplication, coverage and accessibility, and line inte-
gration into TN. As a result of first step, the line can be defined
either as original (its route has no mutual segments with existing
lines, its type of service is different from service provided by othér
lines, its frequency gives reasonable addition to a total frequency
of existing lines) or as duplicating. After the second step, the line
can be recognized either as supplementing (if it serves new area
previously unserved or improves transit accessibility in a partic-
ular area) or as unsupplementing. At the third step, the line can
be qualified either as connected (if it has a number of TN-
important transfer points) or as isolated.

The line is considered preliminarily substantiated in the case of
a positive result from at least one of the checks. A preliminary
substantiated line is subjected to systemwide effect evaluation.
There are two steps here: (a) spatial configuration, and (b) struc-
tural evaluation of TN operation. As a result of the first step, the
given line gets a status either as a network substantial line (sig-
nificant for TN operation for a strong relationship with other lines)
or as an ordinary line (limited by its own operational sphere). The
second step is the final one in the decision-making process. A
transit assignment with a defined demand matrix should be used.
At this stage such TN performance indicators as trip redistribution
by lines, level of service, and operational cost are available. As a
result, the line can be defined either as effective (it attracts suffi-
cient ridership, its introduction leads to a level of service improve-
ment within an acceptable cost range) or as ineffective.

A line is substantiated in the case of a positive result at one of
the stages: either it is substantial for TN or effective in itself. A
line is otherwise canceled. For practical evaluation, a program-
ming package has been developed by the Israel Institute of Trans-
portation Planning and Research (25). Transit assignment is per-
formed by the EMME/2 package, which is compatible with
developed programs.

SUMMARY OF RESULTS

Final results for the evaluation indicate that the proposed modi-
fication will improve TN integration (Table 3). At present, line 8
is marked as over 40 percent duplication of four different lines.
In addition, line 8 is not supplementary to transit coverage of the
area under study. Therefore, the change would be beneficial to
passengers and operator. Extension of a line to zones that are
served by other lines results in a 24 percent increase in the number
of crossing lines (from 37 to 46). Crossing density, however, does
not increase much, showing only a 9 percent increase in the num-
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ber of crossing lines with two or more lines. Direct connection
possibility has increased by 12 percent as more destinations can
be reached along the extended route of line 8. All these results
indicate the value of the change to greater passenger mobility and
accessibility. )

By using a transit assignment, an increase of 170 percent in the
number of boardings was observed, and the average occupancy
ratio doubled. The findings demonstrate the attractiveness of the
line to passengers. In a closed system with the fixed demand ma-
trix that the authors use, any increased passenger boardings in one
line will worsen other lines’ levels of occupancy. It is beyond the
scope of this research to present the effect of service quality on
demand. Nonetheless, lines suffering as a result of service im-
provements in another line will usually have some level of du-
plication. In this case, most line boardings decreased slightly, with
the exception of line 83A, which suffered a 37 percent decline in
ridership. Although, it is not the line with the highest level of
duplication, it suffered most. One of the reasons is that, whereas
other lines had a relatively high level of duplication with line 8
before the change, line 83A had no duplication at all. As a result
of the modification, lines 8 and 83A were competing on passenger
ridership in the same areas, demand was split between them, and
thus 83A was affected significantly.

The final analysis phase considers line allocation to companies.
The basic rationale for picking one transit company over the other
is a better line integration in existing companies’ subnetworks and
enhancement of their structure. In such case, passengers may
benefit from improved service and the operator will benefit from
improved operating costs. The area under study was specifically
picked to test the model behavior in a case where both Dan and
Eged are pushing for additional network expansion and neither is
dominating. The result showed that although at present line 8 is
run by Dan for justifiable reasons, after extension, TN can be
allocated equally to both companies. This was the major reason
Dan was pushing the Ministry to accept the proposed change and
to give them a foot in the door to better market share. This is an
example of how a policy-oriented approach can favor one
operator.
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