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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 (Cervera). 
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 Gavle, Sweden, was studied (Andreasson). On 
an even larger level, a 11.6 kilometer/12 station automated people mover system opened in Taipei, 
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 breaqth of transit research in 
the past few years and sets the stage for further advances in the future. 

v 
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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 (J). 

This paper explores the challenges of making transit work in 
the suburbs-that is, making it viable, compet_itive, 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 pau_se 
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 ti:avel, 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 e~closed re­
gional malls encompassing 49 million ft2 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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areas-only 12 of the 75 largest U.S. metropolitan areas regis­
tered an absolute increase in transit journeys to work during the 
1980s (mostly from the Sun Belt and western regions), and in 
only 4 of these (Houston-Galveston, Orlando, Dallas-Fort 
Worth, and San Diego) did transit's market share of work trips 
increase (10). 

Trends Among Suburban Residents 

Transit's falling fortunes are more alarming among suburban res­
idents. Figure 3 shows that there were actually about 130,000 
fewer daily transit work trips made by the suburban residents of 
the four largest metropolitan areas in 1990 than in 1980. This is 
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 
pronounced. From 1980 to 1990 Manhattan added 54 million ft2 
of office space. The suburban ring, including Long Island, north­
east New Jersey, and Westchester County, added 173 million ft2 
(equal to the entire Chicago metropolitan office market). Thus 
suburban counties captured two-thirds of the region's office 
growth during the 1980s. The impact on transit commuting was 
unequivocal. In 1980 about one of four suburbanites rode buses 
and trains to jobs, many of which were in Manhattan; by 1990 
fewer than one of 10 suburbanites commuted by transit, many 
choosing to drive to suburban office parks and other outlying work 
destinations. 

Performance Comparisons 

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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FIGURE 3 Changes in daily commute trips by suburban 
residents, large CSAs, 1980 and 1990. 

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-Oakland-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 
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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 

4.1 

- 1980 

- 1990 

15 20 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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San Diego 

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. 

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-

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

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

Operating Cost per Passenger 
a Operating Cost per Revenue Mile a . 

Urban Services Suburban Services Urban Services Suburban Services 
b 

$8.18 New York $1.94 $2.43 

Los· Ange Iese 1.39 1.98 5.76 

Chicago 
d 

1.26 3.49 5.53 

San Diego e 1.19 1.80 4.92 

3 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. 

b 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 servic:eS), 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. 

c 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. 

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

e Urban: San Diego Transit Corporation and San Diego Trolley; Suburban: North San Diego County 
Transit and San Diego Regional Transportation Services. · · 

$5.08 

4.20 

7.06 

2.25 
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TABLE 2 Summary Comparison of Performance Measures, Suburban Versus Urban 
Operators for Six Metropolitan Areas 

Fare box Operating Cost 
Recovery Qer Vehicle (~): 
Ratio(%) Hour Mile 

Average for 
Urban 
Operators 38.9 82.94 8.73 

Average for 
Suburban 
Operators 30.4 72.81 5.24 

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 s~burban 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 fiat 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: ADAYI' 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 

Passengers Operating Cost 
Qer Vehicle: ger (~): 
Hour Mile TriQ Pass. Mile 

56.2 5.8 1.44 0.59 

38.8 2.9 2.06 0.42 

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 
f 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 ~ · 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 l;>y 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 Ridershig 
Subdistrict December 1989 December 1991 % Change 

West Contra a 
Costa County 12,488 28,329 +32 

Oakland-Berkeley-
Alameda b 146,386 156,987 +7 

Remainder of AC 
Transit Service 
Area 58,671 49,357 -16 

SYSTEM TOT AL 226,545 234,673 +4 

a 
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). 

Para transit 

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 4 7 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 (12). 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 (14,15). 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 (19). 
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 de.velopment 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. 

HOV Lanes and Dedicated Busways 

Dedicated busways and high-occupancy-vehicle (HOV) facilities 
improve 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 
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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 tum-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 ride 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-B.ahn (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 fiat 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 fiat 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-Oakland, where multiple 
transit agencies vie for dedicated sales tax receipts that are re­
turned to a regional transportation commission. 1\vo 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 subs!dy, 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, NJ. 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 (1-23). 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 (12) 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 (16) 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 

Decision Objective Transit Mode 
Variables Function 

Route Length. Min. operator bus 
Spacing, and user cost . 
Headway, 
Stop Spacing 

Route Length Min. operator rail 
and user cost 

Route Min. operator bus 
Spacing, Zone and user cost 
Length. 
Headway 
Route Min. operator bus and rail 
Spacing, and user cost 
Lengths and 
Headwav 

Route Spacing Min. operator bus 
and user cost 

Route Spacing Min. operator bus 
and Headway and user cost 

Route Density Min. operator bus 
and Frequency and user cost 

Route Max. operator bus 
Spacing, profit, Max. 
Headway and user benefit, 
Fare etc. 
Route Min. operator feeder bus to 
Spacing, and user cost rail 
Headway and 
Stop Spacin2 
Route Max. profit, bus 
Spacing, max. welfare, 
Headway and min. cost 
Fare 
Route . Max. profit bus 
Spacing, 
Headway 

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-

Street Network Passenger Authors 
Geometry Demand 

rectangular Uniform and Spasovic and 
and sectorial Linear Schonfeld 
grid Decreasing, (1993) 

inelastic, 
many-to-one 

rectangular General, Wirasinghe 
grid inelastic, and 

many-to-one Seneviratne 
(1986) 

rectangular Uniform, Chang and 
grid inelastic, Schonfeld 

many-to-one (1992) 

rectangular Uniform, Byrne (1976) 
grid inelastic, 

many-to-one 

rectangular Uniform, Holroyd 
grid inelastic, (1967) 

many-to-
many 

rectangular Uniform, Byrne and 
grid inelastic, Vuchic ( 1972) 

many-to-one 
rectangular General linear, Hurdle (1973) 
grid inelastic, 

many-to-one 
rectangular Uniform Kocur and 
grid elastic, many- Hendrickson 

to-one (1982) 

rectangular General, Kuah and Perl 
grid inelastic, (1988) 

many-to-one 

rectangular Irregular, Chang and 
grid elastic, many- Schonfeld 

to-many, time (1989) 
dependent 

sectorial grid Uniform, Morlok and 
elastic, many- Viton ( 1984) 
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 cost~. To alleviate the perceived con-
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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-

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

q = P[l - ew * wait time - ea * access time 

- e;v * in-vehicle time - eP * fare] 

where 

q = unit transit demand density (passengers/mi2-hr), 
P = potential travel demand density (passengers/mi2-hr), 
ew = sensitivity factor for waiting time, 
ea = sensitivity factor for access time, 
e;v = sensitivity factor for in-vehicle time, and 
eP = sensitivity factor for fare. 

(1) 

The demand function is similar to. the one suggested by Kocur 
and Hendrickson (J 2) 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 )12 + 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 

[ H (M E - L) Qi = PY(E - L) 1 - ew 2 - ea 
4

g + 2g 

- e. ~ - et] 
lV v p 

where: 

Qi= transit demand in Zone 1 (passengers/hr), 
P =potential transit trip density (passengers/km2-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). 

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

[ 
H M+S L ] 

Q = PYL 1 - e - - e -- - e· - - e f 2 w 2 a 4g iv 2V pJ (2b) 

where S is average stop spacing (km/stop). 
The total hourly corridor demand, Q, is the sum of Qi and Q2• 

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 

2cYL 
C=-­

HMV 

where 

C = operator cost ($/hr), 
c = vehicle operating cost ($/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 

(3) 

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

IT=R-C (4) 

Revenue R is defined as the fare multiplied by ridership 

R = PYE(l - e !!.. - e M - e f\f 
w 2 a 4g p } 

( E - L L) + PY(E - L) - ea 2g - eiv V f 

( S . L) + PYL - e - - e. - f 
a 4g iv 2V (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) 

IT= PYE(l - e !!._ - e M - e 1)1 
w 2 a 4g p 

+ PY(E - L)(- e. E ~ L - e,. %)t 
+ PYL(- e _§_ - e !::._)I - 2cYL 

a 4g iv 2V HMV 
(6) 

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 I are obtained: 

2cg 
L* =E - ------­

PHMl(eaV - e;vg) 

4cL 
H* -

( )

1/2 

- ewMPEVf, 

8cLg 
M*-

( )

112 

- eaHPEVf, 

eaSV 

f* = 2 - eJI _ ea[ME + 2(E - L)2 +SL] 
4~ 8e~g 

e;v(2LE - L 2) 

4epEV 

(7a) 

(Tu) 

(7c) 

(7d) 

Solving Equations 7b and 7c simultaneously yields the following 
expressions for H and M: 

2cLea 
H* -

( )

1/3 

- PEVle~g 

( 
l 6cLewg

2
) 

113 

M*= 
PEVle~ 

(8a) 

(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 
I 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 ea, and transit speed V. It varies inversely with the vehicle 
operating cost c, access speed g, stop spacing S, and the sensitivity 
factor for in-vehicle time e;v-
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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: 

(9) 

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+IT (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 Q1 and Q2 , respectively. Then the 
total consumer surplus (1) can be stated as 

L ]
2 

PYL ( H 
- e;v v - epl + 2ep 1 - ew 2 

- e M + S - e- !::._ - e 1)2 
a 4g iv 2V p 

(11) 

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

W _ PY(E - L) [l _ e !!._ _ e (M. + E - L) 
- 2ep w 2 a 4g 2g 

- e- !:__ - e 1] 
2 

+ PYL (1 - e !!.. 
IV v p 2ep W 2 

- e M + S - e- !::._ - e 1)
2 

a 4g iv 2V P 

+ PY(E - L) [ 1 - e. ~ -e.(: + E; L) 

- e- !:__ - e 1]1 + PYL(l - e !!.. 
IV v p W 2 

- e M + S - e- !::._ - e 1)1 - 2cYL 
a 4g iv 2V p HMV (12) 

In solving 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: 

2cYL [ H (M E - L) ---PYl(E-L) l-e --e -+--
HMV w 2 ° 4g 2g 

- e !::_ - e f]t -PYL(l - e !!._ 
IV v pJ W 2 

(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 

aw 
-=0 aL (15) 

aw 
-=0 aM (16) 

aw 
-=0 aH (17) 

aw 
-=O 
af (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, A.. The purpose of A. 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 

PYE(l - e !!._ - e M - e t) 
w 2 a 4g p 

( E - L L) + PYl(E - L) - e -- - e- -
a 2g IV v 

+ PYL - e - - e- - :::; k - l ( S L) Y 
a 4g iv 2V MH (19) 

where k is the capacity of transit vehicle (in spaces), and l 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 b 1 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 fiat (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 + VB2 
- 4AC 

H*=-------
24. 

where 

B = -(E - L)' ;; + E(l - e" z -e,f) 

(E - L)L ( S L) 
- e;v V - L ea 

4
g + e,v 

2
V , 

E 
A= -e - and 

w 2' 

k 
C=--. 

PM' 

(20) 

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/km2-hr (200 passengers/m2-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 Lenmh lkm) 5.3 (3.296 mi) 4.56 (2.834 mi) 4.57 (2.838 mi) 

Route Spacine (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($) 0.88 0.36 0.45 
Ridership (oass/hr) 744 1536 1372 
Ooerator Cost ($/hr) 392 696 623 
Revenue ($/hr) 656 546 623 
Profit ($/hr) 264 -150 0 
Consumer Surolus ($/hr) 2367 869 710 
Welfare ($/hr) 501 719 710 
Bus Load (oass/bus) 50 50 49.267 
Fleet Size (buses) 3.28 4.05 3.83 
Shadow Price of NIA NIA 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 hr 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 ew, ea, and eiv) 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 

A) FOR PROFIT MAXIMIZATION 
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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 

Desi_gn Variables and Objective Function 
Parameters Length Spacing Headway Fare Profit Demand 

(km) <km) <hr/veh) ($/oass) ($/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 
<oaslkm2-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 l.S62 0.194 0.90 313.02 795 
Access Speed 3.62 5.601 1.556 0.215 0.89 239.27 722 
(km/hr) 4.425 4.997 1.672 0.189 0.87 287.96 764 
Stop Spacing 0.362 5.314 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 
(ewenJ 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 
(e;J 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 

(ep) 
0.4 5.828 1.527 0.190 1.11 439.37 832 
0.6 4.777 1.712 0.213 0.72 161.46 662 

Ootimal 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 Welfare Demand 

<km) <km) (hr/veh) ($/oass) ($/hr) (pass/hr) 

Corridor Length 7.24 4.22 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 
(oas/km2-hour) 84.98 4.568 1.128 0.140 0.45 797.96 1528 
Transit Speed 14.48 4.149 1.250 0.155 0.45 618.77 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 0.41 805.65 1479 
0.8 4.849 1.236 0.154 0.48 627.74 1272 

(e;v) 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 

(ep) 
0.4 5.239 1.115 0.139 0.52 1087.39 1564 
0.6 3.966 1.274 0.158 0.39 488.42 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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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 

(b) With breakeven constraint 

L * = R - 1
/ 2{S(l + A.) + T 

+ fHMVPep2(A + B)[B(A + 3C) 

+ D(3A + C)](l + A.) 

+ fEHMVPep'lA(A - 3C)(A + C) 

+ /2HMVPe~4(A + C)2(l + X.)2} 1
/ 2 

+ (C2 
- A 1)VHMVP 

where, for Equations al and bl 

A=~_ e;v 
2g v' 

H M E 
B=l-e --e --e -

w 2 a 4g a 2g' 

c = eiv 
2V' 

H M+S 
D=l-e--e--

w 2 a 4g ' 

R = -[2(AB + CD) - A
1
E] 

3(A2 
- C2

) ' 

S = l2ceP(A 2 
- C2

), and 

T = HMVP[(AB + CD)2 + 3(AD + BC)2
] 

+ EHMVPA(A3E + '2A 2B - 4ACD - 6BC2
). 

(a-1) 

(bl) 

HEADWAY 

(a) With unconstrained subsidy 

H*= VJ 
A + B(l - C - D + F - 2G) + L(l - G - /) 

(b) With breakeven constraint 

VJ(l +A) 
H* = ---------'---'---------

A + B(l - C - D + F - 2G) + L(l - G - I) 
+ epf[-B + (E - L) +EA.] 

ROUTE SPACING 

(a) With unconstrained subsidy 

M* = A I + B(l - C' - D + F - 2G) + L(l - G - /') 

(b) With breakeven constraint 

VJ'(l + x.) 
M* =A' + B(l - C' - D + F - 2G) + L(l - G - /') 

+ epf[-B + (E - L) +EA.] 

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

A= -Eew/2, 
A'= -Eea/2, 
B=E - L, 
C = eaM14g, 

C' = ewH/2, 
D = eaE12g, 
F = eaL12g, 
G = e;vLl2V, 
I= ea(M + S)/4g, 

I' = ea(2Hg + S)/4g, 
J = ( 4cePL )l(MVPew), and 

J' = (8cgePL)/HVPea. 

FARE 

(a) With breakeven constraint 

2gALe;v(-2E + L) - 2eaA.V(E - L)2 

+ eaA. V(LS - EM) + 2EgA. V(2 - Hew) 

f* = 4EgePV(l + 2A.) 

(b) Shadow price for breakeven constraint: 

-X + VX2 
- 4(A - B)(X + ICDJ + IFGJ - Z) 

A.*=-----~--~-------~ 
2(X + ICDJ + IFGJ - Z) 
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(a2) 

(b2) 

(a3) 

(b3) 

(b4) 

(b5) 
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where, for Equation b5 

X= 4A - 4B + ICDJ + IFGJ, 
Z = I2ep(C + F), and 
A = 2cLY!HMV, 
C=(E - L)PY, 
D = 1 - ea(E - L)/2g - e0 M/4g - Le;jV - Hew/2, 
F=LPY, 
G = 1 - ea(M + S)/4g - Le;vf2V - Hew/2, 
J = -4ELge;v + 2L2ge;v - 2E2Ve0 + 4EVg + 4ELVe0 - 2e,J}V 

- eaEMV - eaLSV - 2EgHVew, and 
1=4EgPV. 
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Novel Methodological Approach to Transit 
Network Analysis: Application to · 
Tel Aviv Metropolitan Area 

PETER VovsHA AND TOMER GoonovITcH 

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 (1N) 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 1N 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 
1N 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 e~en though that means unnec­
essary duplication of Tel Aviv's rn.' 

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 1N, 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 1N analysis presented in this paper is based on research 
undertaken for the Ministry of Transport to facilitate the, decision 
making in 1N planning and development. 

METHODS FOR TRANSIT NETWORK ANALYSIS 

Existing methods for 1N 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. (1): evaluation 
methods for . a predefined 1N and construction methods for new 
1N 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 1N 
design), (b) heuristic (usually allows user intervention at crucial 
points of 1N design, but performs computerized evaluation of 
performance and marginal 1N improvements), and (c) formal 
(mathematical optimization of 1N). 

Axhausen and Smith (3) have presented a comprehensive re­
view of 1N optimization algorithms. Practically all of them con­
sist of three main steps: (a) initial 1N construction (or input), (b) 
route development (by link addition and deletion), and (c) 
selection of optimum route set. Optimization methods for 1N de­
sign are classified according to whether both main variables, 
routes and frequencies, are to be included (1). A new algorithm 
was developed that includes three stages: (a) route generation, (b) 
analysis procedure, and (c) route improvement (2). Summarizing 
the more than 20-year history of 1N optimization, the work by 
Baaj and Mahmassani (2) lists difficulty of formulation, nonli­
nearity and nonconvexity [see also (4)], combinatorial explosion 
for a large 1N, 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 1N 
design in large cities. All of existing effective algorithms (1,2,6-
14) have been applied successfully for relatively small 1Ns 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 (15-17). 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. 

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 (21) 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. 

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 (18). Schneider and Smith (19) proposed a 

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-

TABLE 1 Levels of Transit Network Analysis 

Level Scope 

Line Route Layout; 
Spatial Stop Spacing, 
Configu- Service type, 
ration Frequency, 

Traffic 
Constraints, 
Transit 
Facilities 
(Vehicle type, 
Number), Speed 

Trip Travel Demand 
Distri- for Transit 
but ion (+as above) 

Mode Total Travel 
Inter- Demand, 
action Alternative 

Modes 
(+as above) 

Linkage Population 
with Employment 
Land-Use and Activity 

System 
(+as above) 

a - Implemented Applicapable Software 
b - Prospective Software 
c - First Attempts to Formulation 

Core of Evaluation Core of Construction 

Transit Operation Alternative Networks 
Simulationa, then Development under 
Transit Performance Coverage or other 
Indicators Calculation Service Standard 
(including Transit Conditionsh, 
System Costt Systemwide Network 

Optimization 

Transit Assignment Alternative Networks 
with Fixed Demanda, then Development under 
Transit Performance Demand with Service 
Indicators Calculation Standard Conditionsh, 
(including Transit Systemwide Network 
System Cost and Level Optimization 
of Servicet 

Modal Splitb (Multimodal Alternative Networks 
Assignmen~), Diverted Development by 
Demand Definition, then Different Scenariosc 
Transportation Performance 
Indicators Calculation 
(including Transport 
System Cost and Level 
of Servicet 

Trip Generation and Alternative Networks 
Distribution Sensitive Development by 
to Transit Accessibilitl, Different Scenarios 
Derivative Demand Defini-
tion, then Modal Splitb 
(Multimodal Assignmen~). 
then Transportation 
Performance Indicators 
Calculation (including 
Transport System Cost, 
Level of Service and 
other Social Benefits) 
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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 (1). 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 (18 and 21). An empirical maximum ac­
ceptable level of route overlapping was estimated as 50 percent 
(21). Duplication wa~ introduced into the route joining subroutine 
of the TN improvement algorithm (2). 

Ridership measures (passenger-miles, passenger pe.r 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): dem~nd 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 appro_ach is composed 
of previously applied criteria but <;:oncentrates more on TN spatial 
configuration. It is based on three chief criteria: (a)line duplica­
tion, (b) area coverage and transit accessibility, and (c) network 
integration. 

Line duplication allows recognition of a simil(!rity 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 s~quential 

check of all pairs of lines in the TN. Fo~ 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 

D(%) =DR(%)· DS(%) · DF(%) 
100(%) . 100(%) 

(1) 



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 

1. Operational costs 6. Service standards I I .Line/link 13. Travel Time 
2. 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 IO.Service Type 17. Time Deformation 

Source 1 2 3 4 5 6 7 8 9 IO 11 12 13 14 15 16 17 

Formal Methods 

Axhausen,Smith + + + + + + + + 

Baaj ,Mahmassani + + + + + + + + + + + 

Billheimer,Gray + 

Dubois,Bell,Llibre + + + + 

Furth, Wilson + + 

Hasselstroem + + + 

Hsu,Surti + + 

Jun,Schnaider + + + + 

Lampkin,Saalmans + + + + 

Mandi + + + + + 

Marwah + + + + 

Nebelung + + 

Nes, + + + + + 
Hamerslag,Immers 

Rea + + + 

Rosello + + + + 

Scheele + + + + 

Sahling + + 

Sharp + + + 

Silman, + + 
Barzily,Passy 

Sonntag + + + 

Descriptive Methods 

Chua,Silcock + 

Giannopoulos + + + + + 

NCHRP69 + + + + + 

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). 

L DD~j(i) . W; . Wfu) 
DR(%)=_; _____ _ 

2: w~ 
(2) 

i 

where 

i = segments of given line, 
j(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: (a) 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 tum 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/km2 (transit density), but num­
ber of lines/km2 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 

Area coverage 

Total 
Frequency 
per Element 

Line 
Coverage 
of Area 
per sq.km 

Transit Accessibility 

Walking 
Time or 
Distance 

Total Time 
to the 
Closest 
Focal Point 

No. of Average Average 
Non -
oriented 
(by Area 
Units) 

oriented 
(by 0-D 
Pairs) 

Lines 

Total 
Line 
Length 

Maximum Maximum 

(Transit Density) 

Per Person 
(Population 
and 
Employees) 

Per 
Household 

Per 
Inter-Zonal 
Travel 
Demand 

Per 
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): (a) 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 (TP), and the same for i.mdu­
plicative lines only (TPU); and (c) 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 1 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. 
1\vo 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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I criteria of Transit Netw~rk Integration 

I 

I 
Particular Line 
Characteristics 

I 
I 

I 
Crossing 
other 
Lines 

Exclusive Addition 
to the Network 
Integration 

I 
-Number of Crossing Lines 

~Total (CL) 

l_Unduplicative (UCL) 

-Number of Transfer Points 

[Total (TP) 

to Unduplicative Lines (TPU) 

~Minimal Number of Transfer Points 

rotal (MTP) 

to Unduplicative Lines (MTPU) 

FIGURE 2 Classification of network integration criteria. 

tion. It is similar for both given lines: MTP(A) = 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, AN/, 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 0

). Then line-exclusive addition to 
the number of transfer points (ATP) and focal points (ATPF) are 
calculated: . 

ATP = TPN - TPN°; ATPF = TPNF - TPNF 0 

After that the final calculation should be made. 

AN/= (ATP+ AJ'PF) 
TPN 

.. (3) 

(4) 

I 
Network systemwide 
Characteristics I 

~---.--, -----' 

Spatial 
configuration 
of Lines 

-crossing 
Density (CD) 

-Uniformity of 
Transfer 
Point 
Distribution 
by Number 
of Lines 

-Direct 
connection 
Possibility 
(DC) 

I 
Trip 
Structure 

I 
-Number of 

transfers 

[Ave~aqe 
Maximum 

-Trip 
Distance 
(Time) 
Deformation 

[Average 
Maximum 

· A line 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 shoulc;l .b~ compar­
_able with the total number of lines. For. a TN includi~g 100 lines, 
an average level of AN/ can be defined . as 1 percent. A lin~ that 
has more_ than 1 perc~nt addition can be viewed as especially 
important. 

.. At the second stage, two subsets are involveq: spatial config­
uration ~nd 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 co~nection (DC). . 

Crossing _density indicates TN connectivity. It is calculated ·as 
a number of TN transfer points divided by a 1;mmber of regional 
area units (Au). · · 

TPN 
CD=­

AU 
(5) 

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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~-----B 

(5) 

(2) 
c 

a 

(4) 

- Transfer Point (TP) A,B ____ - Given Line 

Ill i 
c..J - TP of Minimal Set 

- Unduplicated TP 
(1) .. (5) ------------ -- -____ - Other Lines 

II ~ii m - Unduplicative TP of Minimal Set 

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= 2 · DSP 
AU· (AU - 1) 

(6) 

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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F1GURE 4 Typical transit networks and transfer point distribution. 
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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 pereent of pas­
sengers experience two or more transfers. Both distance and time 
deformation are of interest. Tune 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 
stage/Step 

1.Substan­
tiation 

1.1.Dupii­
cation 
over 
40% 

1.2.coverage 

1.3.Integ­
ration 

- Line 

- Network 
spatial 
conf igu­
ration 

Scope 

28 lines 11Eged11 

20 lines "Dan" 

- 11 -

Line 18 "Dan" 

Line 42 "Dan" 

Line 85A 11Eged" 

Line 85 11 Eged11 

Line 83A 11Eged" 

28 lines 11Eged" 
20 lines "Dan" 
59 traffic 
zones 

28 lines 11Eged11 

20 lines "Dan" 

- 11 

- 11 -

criterion 

No. of duplicative lines 

Rout, ov,rlapping 
Service identity 
Frequency surplus 

Rout' ov,rlapping 
Service identity 
Frequency surplus 

Rout' ov,rlapping 
Service identity 
Frequency surplus 

Rout, ov,rlapping 
Service identity 
Frequency surplus 

Rout, ov,rlapping 
service identity 
Frequency surplus 

No. of served zones uncluding: 
- surplus level of service 
- standard level of service 
- low level of service 

No. of crossing lines 
No. of undupl. cross. lines 
No. of transfer points 
No. of tr.~. to undupl. lines 
Min. no. o~ trans. points 
Min. no. of tr.p. to und. 1. 
Addition to Integra~ion 

crossing density 
Transfer point aistribution 
- 2 crossing lines 
- 3 crossing lines 
- 4 crossing lines 
- 5 and more crossing lines 
Direct connection possibility 

Value 

Before After 

4 

59% 
100% 
100% 

51% 
100% 

0% 

49% 
100% 

0% 

48% 
100% 

0% 

59 
4 

45 
10 

37 
33 
43 
43 

5 
5 

0.5% 

51% 

32 
24 
14 
16 

41% 

4 

42% 
100% 
100% 

55% 
100% 

0% 

53% 
100% 

0% 

43% 
100% 

0% 

59 
4 

45 
10 

46 
42 
54 
54 

6 
6 

0.5% 

53% 

35 
26 
13 
17 

46% 

% 

0% 

-29% 
0% 
0% 

-100% 
-100% 

0% 

12% 
100% 

0% 

10% 
0% 
0% 

+100% 
+100% 

0% 

0% 
0% 
0% 

+24% 
+27% 
+26% 
+26% 
+20% 
+20% 

0% 

+4% 

+9% 
+8% 
-7% 
+6% 

+12% 

conclusion 
(~ - before,Q - after) 

Unsubstantial line! 
Additional SubstantiationQ 

Duplicative line! 
Reauced Duplication with 
some lines but increased 
Duplication with some 
othersQ 

Non-supplementing line~ 
No additional coverageQ 

connected line! 
Additional connectionQ 

Network substantial line~ 
Additional substantialityQ 

(Continued on next page) 



TABLE 3 Continued 

Evaluation 
stage/Step 

- Trip 
Structure 

2.Allocation 
to Companies 

scope 

- 11 -

Line 8 

Line 83A 

2.1.Integ- 28 lines 11Eged11 

ration (+line 8) 
within 
subnet-
works 

2.2.subnet­
works 
struc­
ture 

20 lines "Dan" 

28 lines 11Eged11 

(+ line 8) 

20 lines "Dan" 

criterion 

Ave~age no. of transfers 
Maximum no. of transfers 
Ave~age distance deformation 
Maximum distance deformation 
Ave~age time deformation 
Maximum time deformation 

Trips distrubution by lines: 
No. of boardings 
Ave~age occupancy rat~o 
Maximum occupancy ratio 

No. of boardings 
Ave~age occupancy ratio 
Maximum occupancy ratio 

No. of crossing lines 
No. of undupl. cross. lines 
No. of transfer points 
No. of tr.p. to undupl. lines 
Min. no. o~ trans. points 
Min. no. of tr.p. to und. 1. 
Addition to Integration 

No. of crossing lines 
No. of undupl. cross. lines 
No. of transfer points 
No. of tr.~. to undupl. lines 
Min. no. o~ trans. points 
Min. no. of tr.p. to und. 1. 
Addition to Integration 

Crossing density 
Transfer point aistribution: 
- 2 crossing lines 
- 3 crossing lines 
- 4 crossing lines 
- 5 and more crossing lines 
Direct connection 

crossing density 
Transfer point aistribution: 
- 2 crossing lines 
- 3 crossing lines 
- 4 crossing lines 
- 5 and more crossing lines 
Direct connection 

Value 

Before After 

1.32 
2 

1.24 
2.68 
1.18 
2.60 

263 
0.12 
0.26 

633 
0.35 
0.86 

14 
12 
38 
38 

3 
3 

5.4% 

19 
16 
43 
43 

3 
3 

2.7% 

42% 

40 
19 

2 
2 

29% 

25% 

13 
5 
6 
5 

21% 

1.30 
2 

1.23 
2.66 
1.17 
2.55 

711 
0.24 
0.53 

398 
0.20 
0.45 

21 
19 
48 
48 

4 
4 

8.1% 

19 
16 
53 
49 

3 
3 

9.2% 

43% 

43 
16 

5 
2 

35% 

30% 

18 
7 
6 
5 

24% 

Conclusion 

% 
(! - before,Q - after) 

-2% Uneffective line@ 
0% Additional effectQ 

-1% 
-1% 
-1% 
-2% 

+170% 
+100% 
+104% 

-37% 
-43% 
-48% 

+50% 
+58% 
+26% 
+26% 
+33% 
+33% 
+50% 

0% 
0% 

+23% 
+14% 

0% 
0% 

+241% 

+2% 

+8% 
-16% 

+150% 
0% 

+21% 

+20% 

+38% 
+40% 

0% 
0% 

+14% 

"Dan" line@ 
Line open to competitionQ 

Line more connected 
with subnetwork "Dann@ 
Line equally connected with 
subnetworks 11Eged11 and 11Dan"Q 

Ordinary line for 
"Dan" subnetwork! 
Equally substantial line for 
11Eged11 and "Dan" subnetworksQ 
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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: (a) 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 other 
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 deman.d 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 pol1cy-oriented approach can favor one 
operator. 
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Application of Multiattribute Utility 
Theory to Public Transit System Design 

THOMAS B. REED, CHELSEA C. WHITE III, MICHAEL P. BOLTON, AND 

WILLIAM 0. HILLER 

Advanced Public Transportation Systems (APTSs) represent a prom­
ising concept that applies existing and emerging technologies and 
techniques to enhance and expand transit services. However the rapid 
emergence of a large variety of technologies and techniques might 
increase the possibility that new designs for transit systems will focus 
heavily on available products, neglect functional issues, and thus lead 
to partial and fragmented systems. Transit authorities need a mecha­
nism they can use to avoid this negative situation and to develop 
transit systems that are as comprehensive, effective, and efficient as 
possible. Multiattribute Utility Theory (MAUT) is a normative model 
of decision making. Transit system design is a context in which the 
application of MAUT may be useful. Specifically MAUT provides 
tools for systematically evaluating, priority ranking, and integrating 
desired transit functionalities and APTS capabilities. The application 
of a MAUT-based framework for the process of transit system design 
is described and illustrated. It is hoped that the framework will both 
aid transit authorities in systems-design efforts and stimulate--discus­
sions that might influence the development of a nationwide specifi­
cation for APTSs and lead to a standard, open transit system design. 

Public transit faces a simultaneous decline in customer base and 
a rise in costs (1-3). As a result transit authorities are more than 
ever faced with the unenviable task of developing means of in­
creasing the share of the market held by transit and at the same 
time reducing costs and increasing revenues. Along with these 
systems-design objectives transit authorities must respond to nu­
merous legislative mandates, for example, the Clean Air Act 
Amendments of 1990, the Americans with Disabilities Act, and 
acts related to energy use and must improve transit safety and 
security (4). 

The recent growth of Advanced Public Transportation Systems 
(APTSs ), a promising concept that applies existing and emerging 
technologies and techniques to enhance and expand transit ser­
vices, would appear to provide a means of attaining the afore­
mentioned systems-design objectives. However the rapid emer­
gence of a large variety of technologies and techniques might 
increase the possibility that new designs for transit systems will 
focus heavily on available products, neglect functional issues, and 
thus lead to partial and fragmented systems. 

Furthermore integration of available resources into a single uni­
fied system is difficult because of the in_volved and interrelated 
nature of the subsystems and the social and political issues that 
the designer must accommodate. Moreover forecasts of effects of 
interventions are speculative by nature, and there is no all-
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encompassing evaluative framework by which to judge the effi­
cacy, justice, and cost of any action. The complexity inherent in 
this situation often overwhelms designers and promotes retreat to 
simplistic solutions. 

Therefore there is a pressing need to approach the design of 
transit systems in a more organized manner. Designers need a 
clarifying mechanism that increases the quality of the design pro­
cess through avoiding potential piecemeal and haphazard designs 
while developing comprehensive and coherent transit systems that 
are effective and efficient at meeting transit objectives. 

METHODOLOGY 

The cognitive psychology literature shows that unaided decision 
makers perform poorly in comparison with decision makers who 
use normative models (5). This is true for the quantitative fit be­
tween actual decision-making behavior and optimal behavior, that 
is, rational behavior as prescribed by a normative model, and for 
the qualitative character of decision makers' actions, evidenced by 
persistent violation of fundamental and self-evident axioms of ra­
tional behavjor. 

Studies have shown that decision makers are potentially ame­
nable to support. In many problem-solving situations an aided 
decision maker can outperform an unaided decision maker. For 
example a study comparing the diagnostic capabilities of aided 
engineering graduate students against the baseline capabilities of 
unaided general practitioners found that, in diagnosing common 
ambulatory care complaints, the students were able to reduce di­
agnostic costs by 32 percent and the number of major diagnostic 
errors by a factor of 4 ( 6). 

As implied earlier the difficulty of decision making in situations 
analogous to a systems-design process is intuitively largely be­
cause of the number, complexity, and interrelated nature of the 
issues faced. Research supports this intuition by demonstrating 
that people can maintain only a finite and relatively small number 
of issues in mind at any one time. Specifically studies have shown 
that people can adequately identify only 7 :!:: 2 levels of any uni­
dimensional stimulus such as sound or sight (7). People are more 
adept at distinguishing multidimensional stimuli and, for example, 
can recognize hundreds or more categories when judging between 
faces or phonemes of human speech. Unfortunately the level of 
experience that leads to this capability appears to be lacking in 
most other decision-making environments. The implication of this 
human inadequacy is that issues need to be "chunked" or put 
into higher-level terms if far-reaching or intricate processes are to 
be handled with any degree of sophistication. 
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Multiattribute Utility Theory (MAUT) is a normative model of 
decision making (8,9) that designers can use to code the enormous 
amount of disparate information necessary for systems design into 
manageable chunks. In other words problem-solving methodolo­
gies based on MAUT can provide decision-making support for the 

· task of selecting a single alternative or a set of alternatives in a 
risky or uncertain environment involving multiple, noncommen­
surate, and conflicting objectives. Such methods are also useful 
for inverse decision aiding or policy capture, which can provide 
insight into the reasons why a decision maker might prefer an 
alternative. Simply stated, MAUT-based methods provide a frame­
work for decomposing a highly complex problem-solving or de­
sign task into a collection of simpler issues that, when resolved 
and recomposed, leads to a solution of the original problem. 

As a result MAUT-based methods are useful for improving the 
capability of a decision maker or designer through aiding in the 
identification of contradictory facts and preferences and through 
enhancing the quality of the alternatives selected. These methods 
are also useful in improving the acceptability of decisions. This 
is possible because the basis of decisions is material provided by 
the user, not the method or a consultant. This user perspective 
also facilitates data acquisition because the information needed is 
.often readily accessible to the designer, who sometimes is the 
knowledge source. Furthermore a common and major impediment 
to project evaluation is lack of clear objectives. MAUT-based 
methods avoid this by requiring a priori explication of design 
objectives. Such explication also provides a clear basis for arguing 
the merits of a project before and justifying project expenditures 
in the eyes of the relevant agencies and the general public. 

Transit system design is a context in which the application of 
MAUT may be useful. Specifically MAUT provides tools for sys­
tematically evaluating, priority ranking, and integrating desired 
transit functionalities and APTS capabilities. MAUT can thus fa­
cilitate a comprehensive approach to the process of transit system 
design, in sharp contrast to a design approach based solely on 
implementation of technologies and techniques individually avail­
able in the marketplace. The work reported here framed a meth­
odology as the 10-step process illustrated in Figure 1. Note that 
the designer can iterate the process if needed. Figure 1 shows only 
the most significant iterative loop; however, the pro~ess permits 
a return to any previous step at any point. 

Step 1 in Figure 1 requires the determination of a hierarchy of 
objectives such as that shown in Figure 2. The objectives, which 
represent considerations that the designer thinks necessary and 
sufficient for a satisfactory system design, are instrumental in 
guiding and evaluating the design process. In developing the ob­
jectives the designer must remember that a good transit design 
will appeal to a number of potential target audiences, including 
transit personnel (general managers, operations managers, main­
tenance managers, motor coach operators, and maintenance and 
office personnel), suppliers, governmental authorities, and custom­
ers and taxpayers. 

As illustrated in Figure 2, a given objective in a hierarchy, Oj, 
is often associated with several levels of subordinate or super­
ordinate objectives. In many cases different objectives are asso­
ciated with different numbers of levels as well. The design process 
can focus on any level of objectives or can even include objectives 
from a combination of levels, subject to the prerequisite that the 
analysis must include one and only one objective between the 
highest and lowest levels of each branch of the hierarchy, as il­
lustrated by the shading in Figure 2. Use of the lowest-level ob-
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FIGURE 1 Transit system design methodology. 

jective for each branch would provide the greatest specificity; 
however, in actual practice, uncertainty and resource constraints 
often force the analysis to higher levels in the hierarchy. This is 
not a great hindrance. 

The results of the objectives-determination process are inher­
ently subjective. However the process outlined in Figure 1 enjoins 
the designer to explicate intentions, seek out necessary data, and 
then make decisions in a rational manner. 

FIGURE 2 Format of objectives hierarchy. 
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After the designer has determined the objectives hierarchy, Step 
2 requires determination of the available subsystems Sk. -A sub­
system can be either a technology (such as Automatic Vehicle 
Location) or technique (such as traffic regulation) that might en­
able attainment of the objectives. 

At this point, Step 3, the designer must evaluate the ability of 
each subsystem to meet each of the objectives through determi­
nation of a raw (nonnormalized) score, called SkOi, for each 
subsystem-objective pairing, that is, for each (St. Oi) pair. The 
process of determining these raw subsystem-objective scores is 
equivalent to putting an SkOi score into each of the (St. Oi) cells 
of a matrix composed of J objectives in the columns and K sub­
systems in the rows. The designer can express the raw subsystem­
objective scores in absolute terms. However in many designs it 
may be more helpful to express scores as changes from current 
conditions. Explicating each subsystem in this way will often 
highlight key subsystems aod show the benefit of eliminating 
other subsystems because of the inability to meet design objec­
tives or excessive cost. 

Ideally each score or measure of effectiveness would be quan­
titative, such as fuel efficiency in kilometers per liter, service re­
liability in percentage of on-time operation, customer service in 
time to respond to telephone inquiries in seconds, or subsystem 
setup and maintenance costs in dollars per vehicle. Unfortunately 
many of the most important measures of effectiveness, such as 
customer perception of the quantitative measures and customer 
satisfaction, are qualitative and are thus somewhat more difficult 
to evaluate. However the designer may assign a utility to each 
level of a qualitative measure, utility being a method of subjec­
tively valuing individual preference (8,9). In some cases the de­
signer might wish to assign a utility to the quantitative measures 
as well. Other than possibly being preferentially inaccurate, the 
use of utility has no effect on the MAUT methodology. The de­
signer will also have to use subjective judgment if the process 
includes evaluation of emerging technologies and concepts, be­
cause these offer little if any actual data and the designer will 
likely need to assign subjective values, even for quantitative 
measures. 

After identifying and scoring the subsystems, then, as Step 4, 
the designer generates a number of portfolios, Pi. Each portfolio 
represents a different combination of the essential subsystems that 
constitute a system. The simplest method of generating portfolios 
is to arrange the K available subsystems in each of the possible 
2K include or exclude combinations to arrive at a total of I port­
folios. Take, for example, a design problem in which two subsys­
tems, S1 and S2 , are available; that is, K is equal to 2. S1 and S2 

can form four portfolios(/= 4), P4 (both S1 and S2), P 3 (only S1), 

P2 (only S2), and P 1 (neither S1 nor S2). Note the inclusion of P 1, 

the "do-nothing" option, that is, a portfolio with no (new) sub­
systems, which represents the status quo. Although P 1 could con­
ceivably be a competitor for the best system design, the designer 
need not explicitly include it in the analysis. 

This method quickly becomes impractical as the number of sub­
systems increases. A modest system with only 12 subsystems, for 
example, would have 212 

( 4,096) possible portfolios. For a large 
or detailed study the number of portfolios could easily exceed this 
number by several orders of magnitude. Three means of handling 
this situation are ava~able. The designer could make an early 
move to cull subsystems from consideration through review or 
revision of the results of Steps 1 to 3. Such action narrows the 
analysis. Alternatively the designer could concede to grouping the 

39 

subsystems into supersubsystems, Sk'• and perform the analysis on 
these. Doing so limits the depth of the analysis in a manner anal­
ogous to performing the analysis at a higher level in the objectives 
hierarchy. Finally the designer could separately analyze the super­
subsystems in detail and then treat the best subportfolios as inputs 
to a second analysis. This method does not reduce the size of the 
analysis as much as the former two methods do, but it does not 
constrain the level of detail as much either. 

Often many of the possible combinations that make up port­
folios are infeasible. This might be because, say, S1 also requires 
the presence of S3 if it is implemented in conjunction with S2, and 
so portfolios with S1 but not S3 are infeasible. Similarly S2 might 
not be workable in the presence of S4 • When designers know this 
in advance they can save some effort by excluding such combi­
nations from the portfolio generation process. If not noted ahead 
of time, however, the designer can eliminate infeasible portfolios 
from consideration at this point. 

During Step 5 the designer ascertains the subsystem weights, 
swijk• The subsystem weights represent the relative importance of 
each subsystem to each portfolio-objective combination and need 
to be as objective as possible to avoid introducing ambiguity. Dif­
ferences in weights might arise from different levels of importance 
of the subsystems, might be due to synergy or dissonance among 
the chosen subsystems, and so on. The w~ights must sum to 1 
across subsystems for each portfolio-objective pairing, with the 
exception of the cost objective, for which the designer commonly 
simply adds the scores, that is, gives a weight of 1.0 to each 
subsystem. If economies of scale or economies owing to syner­
gisms are possible, then the designer can reduce the cost weights 
accordingly. 

During Step 6 the designer must determine raw (nonnormal­
ized) scores, called PiOi, to evaluate the ability of the remaining 
feasible portfolios to meet each of the design objectives, that is, 
for each portfolio-objective or (P;, Oi) pair. The process of deter­
mining these raw portfolio-objective scores is equivalent to put­
ting a PiOi score into each of the (Pi, Oi) cells of a matrix com­
posed of J objectives in the columns and I portfolios in the rows. 
The designer calculates each raw portfolio-objective score as a 
weighted sum of the raw subsystem-objective scores, SkOj, from 
Step 3. The appropriate weights are the subsystem weights, SWijt. 
from Step 5, with a factor termed PSt. which reflects the com­
position of the portfolio under consideration; that is, PSk is 1 if 
the portfolio has subsystem Sk and zero if not. In short the designer 
uses Equation 1 to determine P;Oi. The designer should eliminate 
portfolios that fall short of, or exceed in the case of cost, design 
requirements. 

(1) 

In Step 7 the designer must determine the weights of the ob­
jectives, Oltj. It would be best if the designer were able to assign 
absolute weights. However in many situations decisions about the 
relative importance of the objectives are difficult to make either 
because the designer has no basis for such decisions or because 
it is easier to attain consensus if the designer does not specify 
detailed weights. To circumvent the need for absolute weights the 
designer may determine the weights of the objectives on the basis 
of the difference in relative importance of the portfolios for the 
various objectives. If the designer views the difference in raw 
portfolio-objective scores between portfolios for a specific objec­
tive as negligible; that is, if the designer thinks all portfolios have 
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essentially the same impact on the given objective, then the weight 
for that objective should be low. That is, because all portfolios 
are roughly equally fitted for meeting this objective, then with 
respect to this objective it does not matter which portfolio is se­
lected and so the objective should not be considered in the 
decision-making process. If the portfolios have substantially dif­
ferent impacts on the objective under consideration, the designer 
should assign a high weight to the objective. The weights of the 
objectives, including cost, should sum to 1. If the designer uses 
this method, then the weights of the objectives are also known as 
trade-off weights, because the method involves "trading" the dif­
ference in portfolio-objective scores associated with one objective 
for the difference in scores associated with another. 

In Step 8 the designer normalizes the raw portfolio-objective 
scores to make the comparison of totals meaningful. The normal­
ization process results in a standardized distribution for each set 
of portfolio-objective scores. Each distribution ranges from a low 
score of zero to a high score of 1, 10, 100, and so on, if desired. 
If the designer uses expected value in decision making, calculation 
of the normalized portfolio-objective scores, called NP;Oj, is by a . 
linear function, such as Equation 2. Note that the normalization 
of cost scores requires subtraction of the NP;Qj calculated by using 
Equation 2 from the maximum normalized score, which is 10 in 
this case. This is because for cost less is better. 

(lO)[P;Oj - min(P10j:P10j)] 
NP.Q = ------------­

' ' [max(P10/P10j) - min(P10j:P10J] 
(2) 

Many large organizations judge decisions by expected value; 
that is, they are risk neutral toward any single project. This is 
possible because diversification enables the organization to spread 
the risk over a number of projects. In contrast the designer might 
be risk averse or risk seeking (8,9). For example the designer 
might be risk averse in system design if there is no fallback po­
sition; the designer might play it safe and keep sufficient funds in 
reserve to counteract any potential large-scale failure. On the other 
hand the designer might be risk seeking in system design if the 
goal is exploratory research and the budget is relatively unre­
stricted; the designer might take risks in seeking a potential break­
through in system design. Regardless of the reason, if the designer 
is not risk neutral, some form of nonlinear function must replace 
Equation 2. 

In Step 9 the designer determines a total score, called TP;, for 
each portfolio. The designer calculates each TP; as a weighted 
sum of the normalized portfolio-objective scores, NP;Oj, from 
Step 8. The appropriate weights are the trade-off weights of the 
objectives, OW], from Step 7. In short the designer uses Equation 
3 to determine TP;. 

(3) 

At Step 10 the designer selects a single portfolio for imple­
mentation. If no portfolio is clearly superior or no portfolio meets 
expectations, the designer can iterate the design process. Iteration 
could include obtaining more information about the subsystems, 
better elicitation of the designer's preferences, and perhaps better 
explication or even modification of the objectives. 

A final word on the method is appropriate. If it is difficult to 
generate raw scores or weights, the designer can substitute natural 
language statements such as ''approach Q is preferable to ap­
proach R.'' This type of substitution greatly complicates the anal-
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ysis, however, because the designer must use inequalities in the 
analysis. Therefore the design process should handle only a very 
few items in this· way. . 

ILLUSTRATION 

Any method composed of 10 steps may understandably be diffi­
cult to grasp at first. This section illustrates the process to enable 
the reader to better understand the details. A fictional designer is 
followed through the process of planning an upgrade for a transit 
(bus) fleet of 100 vehicles. While reading through the illustration 
the reader may find it useful to occasionally refer to the preceding 
section. 

Step 1, determination of an objectives hierarchy, is crucial to 
the ultimate usefulness of the design. After careful consideration 
the designer concluded that the hierarchy must incorporate three 
questions basic to transit system design. First, does the system as 
designed satisfy transit customers? That is, is the system ''satis­
fying"? Second, does the transit authority have, or have access to 
through subcontract, the technical, systems integration, business, 
and management skills required to successfully implement and 
maintain the system as designed? That is, is the system "doable"? 
Third, does the transit authority have the financial resources to 
implement the system as designed? That is, is the system 
affordable? 

Other objectives are also possible. For example a fourth ques­
tion is important to transit system design. Does the system as 
designed adequately address policy issues such as mobility equity, 
energy conservation, and so on? For simplicity this question was 
left out of the illustration. Moreover political issues are important. 
However many designers might conclude, as in this example, that 
it is not politic to explicitly include politics as an objective. After 
further thinking the designer drew the rudimentary objectives hi­
erarchy of Figure 3. If resources had been available the designer 
clearly could develop the hierarchy and carry out the design in 
greater detail. 

In Step 2, determination of available subsystems, the designer 
included. 13 subsystems. They were vehicle area network, vehicle 
self-diagnostics, automatic vehicle location, pacing, collision 
warning, smart card fare payment, digital voice and data radio, 
telephone-based itinerary selection assistance, information kiosks 
at major locations, computer integration of operations, transfer 
coordination, flexible routing, and automatic operator check-in. 

Table 1 shows the matrix resulting from the designer's efforts 
in Step 3, determination of raw scores for the subsystem-objective 
pairings. Because the scores shown are for illustrative purposes 
only, the reader should not interpret any score as representing an 
actual or estimated value. Moreover inasmuch as the analysis is 
taking place at a high level in the objectives hierarchy, the de­
signer had to score qualitatively. 

Note that the designer focused on the objectives called doable, 
satisfying, and affordable. However in evaluating the affordability 
objective, the designer focused on set-up cost to the exclusion of 
operating cost and resources. The designer needs to consider these 
other objectives for the design to be complete; recall that the anal­
ysis must include one and only one objective between the highest 
and lowest levels of each branch of the hierarchy. However the 
designer estimated that future operating costs would be no greater 
than, and it is hoped would be significantly less than, current 
operating costs, and so continuation of the existing fare revenue 
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FIGURE 3 Example objectives hierarchy for transit system design. 

and government subsidy could cover foreseeable needs. Therefore 
the designer temporarily set the issue of operating costs aside. The 
designer knew that the capital improvement budget was already 
available and fixed at $2,250,000, and so the resources were not 
included in the table either. 

At this point the designer excluded the collision warning sub­
system from consideration because of excessive cost. After elim­
ination of collision warning, 12 subsystems were available, and 
so 212 (4,096) portfolios resulted from the designer's initial at­
tempt at Step 4. To circumvent this untenable situation the de­
signer grouped the subsystems into three super subsystems, Sk'• of 
four subsystems each and continued with the design process. The 
first supersubsystem, which the designer called the vehicle-based 
supersubsystem, consisted of the vehicle area network, vehicle 
self-diagnostics, automatic vehicle location, and pacing subsys­
tems. The second, or interface-based (vehicle-to-operations or 

TABLE 1 Raw Subsystem-Objective Scores (SkOi)° 

Objective j 

01 02 03 

Subs~stem k Doable b Satisf~inG c Affordable d 
S1 Vehicle Area Network 3 1 350,000 
s2 Vehicle Self-Diagnostics 3 3 400,000 
S3 Vehicle Location 4 4 200,000 
S4 Pacing 4 5 50,000 
S5 Collision Warning 1 1 Unknown; high 
S6 Smart Card Fare Payment 3 5 450,000 
S7 Digital Voice/Data Radio 4 2 400,000 
Sg Customer Telephone Aid 3 4 100,000 
S9 Information Kiosks 3 4 250,000 
S10 Integrated Operations 3 2 50,000 
S11 Transfer Coordination 3 4 10,000 
S12 Flexible Routing 1 5 100,000 
S13 Operator Auto-Check-in 4 0 10,000 

a Scores given are for illustrative purposes only. 
b Score represents designer-perceived probability of successful system implementation 

(scaled 1 to 5). 
c Score represents customer-perceived service quality (scaled 1 to 5). 
d Score represents dollars needed to equip a transit system of 100 vehicles. 

customer-to-system), supersubsystem consisted of the subsystems 
providing smart card fare payment, digital voice and data radio, 
telephone-based itinerary selection assistance, and information ki­
osks at major locations. The third, or operations-based, super­
subsystem, consisted of the subsystems providing computer 
integration of operations, transfer coordination, flexible routing, 
and automatic operator check-in. 

Because three supersubsystems were available for inclusion in 
a portfolio, 23 (8) portfolios were possible, as shown in Table 2. 
The designer assumed that implementing the interface-based 
supersubsystem without the operations-based supersubsystem 
would seriously degrade the effectiveness of the former. Therefore 
the designer eliminated those portfolios with the interface-based 
supersubsystem but not the operations-based supersubsystem, that 
is, Portfolios 3 and 7. The designer also put Portfolio 1, the status 
quo, in the background. 

In Step 5 the designer used knowledge of the system and the 
design environment to determine an appropriate set of super­
subsystem weights. The designer thought that the interface-based 
supersubsystem would influence the success of impl~mentation of 
the system design more than the vehicle-based and operations­
based supersubsystems and believed that the latter were of equal 
importance to this o~jective. Therefore the weights given to the 

TABLE 2 Portfolio Descriptions 

Su~r-Subs~stem k' 

Portfolio i Sl' S2· S3• 

(S~stem i) Vehicle Interface Operations 
Pl no no no 
P2 no no yes 
P3 no yes no 
P4 no yes yes 
P5 yes no no 
P6 yes no yes 
P7 yes yes no 
Pg yes yes yes 
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three components for the doable objective were 0.4, 0.3, and 0.3, 
respectively. Furthermore the designer thought that the interface­
based component was the most important to travelers; this was 
followed first by the vehicle-based component and then by the 
operations-based component. Thus the weights given to the three 
components for the satisfying objective were 0.5, 0.3, and 0.2, 
respectively. Finally the designer thought the three super­
subsystems were relatively independent from the vantage point of 
implementation; that is, the designer did not foresee any cost 
break for joint implementation of the various components. As a 
result the designer did not reduce any of the weights for the cost 
objective from the initial values of 1.0, 1.0, and 1.0, respectively. 

Note that in this illustration the subsystem weights did not vary 
across portfolios. However for analyses done at a greater level of 
detail the weights might well vary across portfolios because of 
synergism among the subsystems for example. Furthermore many 
designers might find it difficult to provide weights of the form 
given in the illustration if the analysis requires more than a few 
weights. However most designers are able to rate each subsystem 
on a scale of, say, 1 to 100. These intermediate ratings are easy 
to normalize into the desired form. 

The results from Step 6, determination of the raw portfolio­
objective scores, are shown in Table 3. The designer calculated 
these scores using Equation 1, the subsystem weights from Step 
5, and the raw subsystem-objective scores from Table 1. To get 
.the supersubsystem scores from Table 1 the designer averaged the 
appropriate subsystem scores for the doable and satisfying objec­
tives and summed the values for the affordable objective. Portfolio 
8 clearly cost too much and the designer eliminated it. 

In Step 7, determination of the objectives trade-off weights, the 
designer calculated the low/high difference in raw portfolio­
objective scores for the doable, satisfying, and affordable objec­
tives to be 1.3, 1.875, and $1,200,000, respectively. According to 
the perceived relative significance of these differences, the de­
signer assigned we.ights of 0.3, 0.3, and 0.4, respectively, to these 
objectives. 

In Step 8 the designer normalized the raw portfolio-objective 
scores from Table 3 using Equation 2. The result of such action 
is shown in Table 4, along with the total portfolio scores, which 
are described next. 

To calculate the total portfolio scores, Step 9, the designer com­
bined the normalized portfolio-objective scores from Step 8 using 
Equation 3 and the associated weights of the objectives from Step 

TABLE 3 Raw Portfolio-Objective Scores (P,O)a 

Objective j 

Portfolio i 01 02 03 

(System i) Doable b Satisfying c Affordable d 
P2 o.825 o.550 110,000 
P4 2.125 2.425 1,370,000 
P5 1.050 0.975 1,000,000 
P6 1.875 1.525 1,170,000 
Pg 3.175 3.400 2,370,000 

a PiOj = L (SWijk') (Sk'Oj) (PSk·); the SWijk' are from Step 5 
(SWil 1 =0.3, SWi12=0.4, SWi13=0.3; SWi21 =0.3, SWi22=0.5, 
SWi23=0.2; SWi31=1.0, SWi32=1.0, SWi33=1.0), the Sk'Oj are derived 
from Table l by averaging the appropriate subsystem scores, SkOj. for 
the doable and satisfying objectives and summing the scores for the 
affordable objective, and PSk' is I if the portfolio has super-subsystem 
Sk' and 0 if not 

b Score represents designer-perceived probability of successful system 
implementation (scaled l to 5). 

c Score represents customer-perceived service quality (scaled l to 5). 
d Score represents dollars needed to equip a transit system of 100 vehicles. 
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TABLE 4 Normalized Portfolio-Objective Scores (NP10j) and Total 
Portfolio Scores (TP;) 

Normalized Portfolio-Objective Scores a Total 

Portfolio i 01 02 03 Portfolio 
(System i) Doable Satisfying Affordable Scores b 
P2 0.0 0.0 10.o 4.0 
P4 10.0 10.0 0.0 6.0 
P5 1.7 2.3 3.1 2.4 
P6 8.1 5.2 1.7 4.6 

a NPiOj = (lO)[PiOj-min(P10j:P}Oj)] I [max(PJOj:P!Oj) - min(P10j:P}Oj)J. 
b TPi = L (OWj) (NPiq); the OWj are from Step 7 (OW1=0.3, OW2=0.3, OW3=0.4). 

7. Table 4 contains the weighted sums, which represent each total 
portfolio score, in addition to the normalized portfolio-objective 
scores from Step 8. 

At this point the designer found Step 10, selecting the desired 
portfolio, to be straightforward. Portfolio 4, composed of the in­
terface- and operations-based supersubsystems and costing 
$1,370,000, had the highest total score, so the designer chose it 
as the systems design. 

DISCUSSION OF RESULTS 

In the illustration a set amount of money was available and the 
designer needed to determine what level of sophistication the tran­
sit authority could implement. The reverse case is also possible; 
the designer can use the method both to determine the budget 
needed for capital improvement and to justify the inevitable ap­
peal to governmental authorities (through a request for capital im­
provement funds), to the private sector (through issue of bonds or 
stocks), or to the general public (through proposal of a tax to 
support transit) to attain the funds necessary to implement the 
design. In other words the designer can develop a shopping list 
to show the community that at certain levels of funding, certain 
transit system functions are available. 

The designer can also use the analysis to determine what per­
centage of the transit fleet the transit authority can afford to equip 
and how much less a given subsystem would have to cost to 
become feasible. For example if the designer had kept Portfolio 
8 in the illustration and maintained the same objective weights, 
further analysis would show that reducing the cost of the vehicle­
based supersubsystem by 15 percent, or equipping only 85 percent 
of· the fleet, would have brought Portfolio 8 within budget and 
made it the best choice. The same would be true if the designer 
could increase the budget slightly. 

The MAUT approach is also quite useful as a tool for devel­
oping requests for proposals to upgrade capital and operations and 
for evaluating systems designs submitted in response to those re­
quests. The Ann Arbor Transportation Authority (AATA) in Ann 
Arbor, Michigan, is applying the method in this manner. Note that 
in systems evaluation, as opposed to systems design, relatively 
few portfolios exist because the number of portfolios equals the 
number of systems submitted in the competition, and the number 
of bids is commonly low. This greatly simplifies the evaluation at 
the expense of reducing the potential options. 

Because the MAUT framework presented here represents an 
explicit and rational process, it is a good mechanism for drawing 
out needs, identifying solutions, and justifying decisions. There­
fore the method should prove useful whether it is used to design 
systems or evaluate proposals; 
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The authors hope that this paper and the AATA experience (the 
results of which will be available soon) will stimulate discussion 
that might influence the development of a nationwide specification 
for APTSs. It is hoped that such a specification will detail a stan­
dard, open transit system design that addresses issues concerning 
systems architecture, technologies, and services from functional 
as well as product aspects. An appropriate APTS specification will 
also incorporate the current system and yet be highly amenable 
to modular expansion and upgrades in the future. For universal 
appeal any specification must be applicable in both large and small 
transit systems. 

To develop a transit system capable of achieving desired transit 
objectives it will likely prove to be necessary to coordinate the 
entire transportation system by means of the process known as 
mobility management. Intermodal transportation linked by inter­
modal information may prove to be essential to future tansit com­
petitiveness. Furthermore expan~on of the system design process 
to encompass the larger community will be essential. Specifically 
the transit authority will need to gain the collaboration of authorities 
responsible for planning and oversight of roadways, land use zon­
ing, and travel and parking regulations (4) as well as the coopera­
tion of numerous community and special interest groups. Implicit 
in any transit growth scheme are cooperation and coordination re­
garding multijurisdictional, multiparty issues. Management of this 
larger problem might require broader methodologies such as social 
decision analysis (10) or policy exercise (11). 
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Determining Appropriate Public Transport 
System for a City 

R. L. MACKETT 

Car ownership is growing in cities. This is leading to more congestion 
and environmental damage. To attract motorists from their cars it is 
necessary to improve the quality of public transport. In many cities 
this means building new systems. A variety of technologies are avail­
able, so decisions must be made to· determine which is the most ap­
propriate for a particular city. It is argued that the building of new 
transport systems can increase patronage and that cities in continental 
Europe have a much more positive approach to public transport than 
cities in Britain. There is scope for the transfer of knowledge about 
such systems from countries such as France and Germany to cities in 
Britain. As part of this process it is important to consider how deci­
sions about the type of transport technology have been made. The 
methodology for the use of expert systems, a form of artificial intel­
ligence, is described. The methodology is used to encapsulate the 
knowledge of experts in cities in continental Europe and to transfer 
it to cities in Britain, where decisions are being made about the type 
of public transport technology to that should be adopted. 

Increasing car ownership is causing increasing congestion and en­
vironmental damage in cities. Greater car ownership leads to more 
car use and so reduces demand for public transport. In the long 
run as public transport revenue decreases the quality of service 
deteriorates and the downward spiral of public transport acceler­
ates. Furthermore the shift from the use of public transport to the 
use of a car increases the rate of suburbanization, which in turn 
tends to favor car use and make public transport even more dif­
ficult to operate financially. 

It would be perfectly possible to let this process continue, so 
that all urban mobility is offered by the car and public transport 
finally disappears. However there are a number of reasons why 
this is a bad idea: 

1. It is impossible to provide all the road capacity to meet the 
demand, and so congestion occurs; this is inefficient because it 
wastes time and causes uncertainty in planning journeys. 

2. Cars produce a variety of pollutants; although technical in­
novation can reduce emittants significantly in new cars, there are 
still many older cars on the road, and these pollute. 

3. Some people will never be able to drive, for example, some 
of the young and the old, so there is a need to provide for their 
mobility. Some poor people cannot afford to buy or run a car, and 
lack of a suitable alternative can add to their deprivation, possibly 
leading to social problems. 

Growing awareness of these issues has led to a recognition of 
the need to encourage urban public transport. This means not only 
that existing systems must be improved but also in some cases 
that new systems must be introduced. However such systems are 
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expensive, can take a long time to build, and will have an impact 
on the city. Consequently care needs to be taken in making such 
decisions. It is possible to use computer models to assess the 
impacts of various possible systems, but such models require the 
specification of the systems to be tested. There is a need for a 
methodology to generate the systems to be evaluated. This pro­
cedure is a mixture of quantitative techniques. and judgment in a 
political framework. This paper is concerned with the develop­
ment of such a methodology by using techniques from the field 
of artificial intelligence. 

In the next section the need for better urban public transport 
and the range of options are discussed. The issues involved in 
determining the appropriate form of public transport system are 
also discussed. Then the potential for using artificial intelligence 
techniques to address this issue is considered, and work on a 
project that uses such methods is reported. 

NEED FOR BETTER PUBLIC TRANSPORT 

Some of the problems caused by increasing levels of car owner­
ship and the need for better public transport have been discussed. 
The two issues are complementary: there is a need to make car 
use less attractive and public transport more attractive. Some mo­
torists at least are willing to forsake the car. The Lex Report on 
Motoring (1) shows that 35 percent of motorists agree with the 
view, ''I would use my car less if public transport were better.'' 
In London, where congestion is the worst in Britain, 49 percent 
agreed with the statement. Currently there is considerable interest 
in the potential for road pricing. This means charging drivers for 
the use of the road so that they are paying an amount that better 
reflects the costs that they impose in terms of congestion as well 
as environmental damage. It also puts the charge for car travel on 
a similar basis to that for public transport, because once a person 
has bought a car, the marginal cost of making a journey tends to 
be lower than the equivalent cost of making a journey by public 
transport, where there are usually no capital costs for the user, so 
that the marginal cost is higher. In Britain the Department of 
Transport has commissioned a $4.5 million research project into 
road pricing in London, probably involving some form of elec­
tronic charging system (2). 

If people are to be discouraged from using their cars the alter­
native modes must not only be attractive but must also have suf­
ficient capacity. In many cities this means investing in new sys­
tems, because the existing public transport is provided by bus and 
suburban heavy rail only. However buses suffer from the same 
congestion caused by cars, and suburban heavy rail tends to have 
poor spatial coverage because it is expensive to build and requires 
heavy flows of at least 10,000 passengers per hour to justify the 
investment (3). 
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Table 1 shows the characteristics of various urban public trans­
port modes. The mode that can be introduced in the cheapest and 
quickest manner is the standard bus running in traffic because it 
needs little new infrastructure. However it is subject to delays 
because of congestion and tends to have a poor image and so does 
not attract motorists from their cars. A guided bus system, such 
as that in Essen, Germany, or Adelaide, Australia, permits high­
speed running along radial corridors, thereby avoiding congestion, 
but it retains the flexibility of covering the suburbs by using or­
dinary roads. It is debatable whether such systems can overcome 
the prejudice against buses. Many cities in continental Europe 
have trams, which can provide efficient movement of passengers 
to the city center. However, running on streets means that trams 
are delayed by cars, so in some cities, such as Vienna and Prague, 
tram routes are being removed as metro lines are being opened. 
Segregated light rail is really a modem form of tram, but it runs 
in separate corridors. Such systems carry large numbers of people 
at high speeds. The disadvantage is the need to find land on which 
to build the system. In some places, such as Newcastle-upon-Tyne 
in the north of England, the system goes underground in the city 
center. This can increase the cost substantially, but it may be nec­
essary to provide sufficient penetration of the city center to attract 
car users. Higher capacity can be provided by a full-scale metro 
running underground. This system completely segregates the pas­
senger from the surface, so that road congestion has no effect. The 
disadvantages are the high capital cost and the length of time it 
takes to build the system. These factors tend to mean that areal 
coverage is poor, particularly when a new system is built. Sub­
urban rail can also convey large numbers along corridors, but 
penetration into the city center is usually poor. 

TABLE 1 Costs and Other Characteristics of Public Transport Modes 
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In practice a large city needs a combination of public transport 
modes, with buses in the suburbs where their flexibility can be 
exploited, a high-capacity rail-based system along the radial cor­
ridors, and an efficient distributor system in the city center. 

It was argued above that cities need good public transport to 
attract people from their cars and that this may require a major 
investment in new infrastructure. A variety of technologies is 
available, and so decisions must be made on what is appropriate 
for a particular city. British cities need investment in public trans­
port if the damaging effects of cars are going to be limited. The 
following are two key questions: How does one decide what is 
the appropriate form of public transport technology that should be 
adopted, and how can Britain draw on the positive experiences in 
cities in continental Europe? These questions are addressed in the 
next two sections. 

DETERMINING TYPE OF PUBLIC TRANSPORT 
SYSTEM 

If it is accepted that there is a need to invest in new public trans­
port systems, it is necessary to be able to determine what type of 
system is appropriate. Many factors are important. Some features 
of each city are unique, but there are many common factors. A 
variety of modeling techniques is available to assess the impact 
of a new system characterized by its capacity, speed, route pattern, 
and so on. These techniques can be used as part of an evaluation 
framework. What is lacking is a systematic way of generating the 
alternatives to be considered. In fact such decisions are based on 
experience and judgment as much as formal modeling techniques, 

Maximum capacity Commercial speed Operating cost Capital cost Total cost over Cost per 
(I OOOpph/direction) (km/h) per km per annum for twin lanes 30 year life passenger-km 

($ x 106
) ($ x 106) ($ x 106) in cents 

Standard bus 7.2 - 9.6 15 0.5 - 0.7 0.4 - 0.5 5.7 - 8.1 0.8 - 0.9 
in traffic 

Guided bus 19 - 29 15 - 25 l.2 - 2.1 1.1 - 2.6 14.7 - 26.7 0.8 - 0.9 

Tram 9 - 25 15 - 25 0.3 - 0.9 6.7 - 13.3 10.7 - 23.3 0.7 - 1.9 
(street running) 

Light rail 9 - 25 30 - 40 0.3 - 0.7 3.3 - 6.7 6.7 - 14.0 0.5 - 1.1 
(segregated) 

Metro 35 - 70 30 - 40 0.7 - l.3 20.0 - 43.0 26.7 - 60.0 0.5 - 1.3 
(underground) 

Note: 

It is assumed that system is operating at 50 per cent capacity for 18 hours a day, 363 days a year over 30 years. The total operating costs over 
the 30 year life have been annualised at 8 per cent a year. The figures have been converted from £ to $ at an exchange rate of £ 1 = $1.5Q 

Source: 

Modified from a table in a review of people mover systems and their potential roles in cities, by B H North, published in the Proceedings of the 
Institution of Civil Engineers. Transportation, Volume 100, pp 95-110 
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so to use the lessons from one city in another it is necessary to 
find a method of encapsulating the relevant knowledge to transfer 
it from one city to another. 

Before considering this matter further, it is relevant to examine 
some examples of decisions made on this topic to understand the 
type of knowledge to be transferred. 

Tyne and Wear Metro and Docklands Light Railway 

The Tyne and Wear Metro in Newcastle-upon-Tyne in northern 
England was opened in 1980. It was planned and operated by the 
Tyne and Wear Passenger Transport Executive under the director­
ship of T. Ridley. The Docklands Light Railway was opened in 
1987 as part of the regeneration scheme in London Docklands. It 
was planned and operated by London Underground Ltd., the man­
aging director of which was also T. Ridley. During the time be­
tween his work on these two systems he was also responsible for 
the development of the Hong Kong Mass Transit Railway, so he 
has considerable experience in making the type of decision being 
discussed here. Ridley (T. Ridley, unpublished data) argues that 
the following factors are required to get a new public transport 
system built in British cities: 

1. A local political consensus, that is, agreement between all 
shades of political opinion; 

2. A good working relationship between central and local gov­
ernments at various levels (technical, managerial and political); 

3. A consultant's report to give credibility to the project and to 
focus attention on the complexities of the issues; and 

4. Luck. 

Clearly, this is not quite the same issue as deciding between 
different types of technology, but it is illustrative of the factors 
that influence decisions in this field. 

Shidami Human Science Town 

An example in which a choice between a guided busway and a 
rail-based system was made was in Shidami Human Science Town 
to the northeast of Nagoya, Japan (4). A high-quality public trans­
port link to the city center of Nagoya, about 12 km away, was 
required. In this case the guided busway was chosen for several 
reasons. 

1. Duel-mode vehicles could have direct access to both the sub­
urbs and the city center in the conventional bus mode and use the 
elevated section linking Shidami to Nagoya to provide a high­
speed, frequent service in the guided busway mode, 

2. Construction costs for the guided busway were lower than 
those for a rail-based system, and 

3. The proposed system provided suffic.ient capacity initially but 
could be upgraded to a rail-based system later as demand grew. 

In a later section of this paper the decisions about the appro­
priate scheme for Manchester, England, will be discussed. In that 
case light rail was chosen over guided bus. In Manchester and 
Shidami the final choice was between a light-rail system and a 
guided busway, and different solutions were found to be appro­
priate. This is a crucial point because the type of public transport 
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system built must be appropriate to the problem being addressed. 
Wachs (5) argues that investment in rail transit in Los Angeles is 
taking funds away from local bus services, which are already 
overcrowded, and that what is really needed is increased local bus 
services together with adaptive improvements to the street net­
work such as bus lanes and traffic signal priority for buses. 

A research project has been set up to examine how these types 
of decision are made and to use methods of transferring the ex­
perience between cities. It is described after the discussion on the 
use of artificial intelligence methods. 

USE OF ARTIFICIAL INTELLIGENCE METHODS 

The need to provide new urban public transport technology has 
been demonstrated. However such investment is very expensive 
and takes a long time to come to fruition. Experience shows that 
different types of technology will be appropriate in different cities, 
with heavy rail most likely to be suitable in very large cities and 
buses most likely to be suitable in small urban areas, with the 
various alternatives shown in Table 1 fitting in between. A variety 
of modeling techniques· for assessing the impacts of the various 
types of technology is available. The use of such techniques might 
well involve the characteristics of speed, route coverage, capacity, 
and so on, of a set of alternative technologies. The effects on 
patronage and fare revenue plus the costs could then be used in 
some form of cost-benefit analysis. Environmental effects such as 
emissions could also be modeled. However although such meth­
ods can be used to assist in assessing the appropriateness of the 
technology they can not take into account all the relevant factors 
because a lot of judgment is required, and that can only come 
from experience. By the nature of the type of system being con­
sidered here such decisions will be made very infrequently, so that 
many transport planners may be involved in only one such deci­
sion in a lifetime. Each decision is taken from first principles. One 
way to help overcome such problems is to circulate the knowledge 
of the various experts who have made such decisions in the past 
under a variety of situations. This can be done by using artificial 
intelligence methods, in particular, expert systems. Essentially an 
expert system is a computer program that provides advice on solv­
ing a problem, for example the best way to design a system, using 
the knowledge of experts. As Ortolano and Perman ( 6) explain an 
expert system has the following elements: 

1. Domain, which is the subject area; 
2. Knowledge base, which is a collection of facts, definitions, 

rules of thumb, and computational procedures applied to the 
domain; 

3. Control mechanism, which is a set of procedures for manip­
ulating the information in the knowledge base; this may be in the 
form of logical . deductions from a set of facts and rules of the 
form of ' 'if (premises) then (consequences)''; and 

4. User interface, which usually is a visual display unit and 
keyboard linked to the computer running the expert system. 

In the case being considered, the domain is the decision about 
the type of technology for an urban public transport system. The 
knowledge base will contain information about the characteristics 
of various technologies (speed, weight, capacity, and so on), the 
different types of system used in different cities along with their 
characteristics, the costs of the various systems, and so on. The 
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control mechanism will be based on information from experts and 
could_ be of the following forms: 

1. "If the maximum money available is less than $1.5 million 
per kilometer, then you cannot afford to tunnel,'' 

2. If traffic congestion is a problem in the city center, then you 
must segregate the new system from cars, or 

3. If atmospheric pollution is a serious problem in the city cen­
ter you need to use electric traction. 

Such knowledge could come from interviewing experts in per­
son or from written documents. 

These are very simple examples, but when combined together 
and linked to some more conventional modeling techniques, a 
very powerful tool can be produced. The conventional modeling 
technique might be used to calcu}ate the effects of the most ap­
propriate alternatives, which would then be fed back through the 
expert system to give an explanation of why the proposed solution 
is the most appropriate and why others have been rejected. 

Ortolano and Perman ( 6) identify six conditions for deciding 
whether a particular task can be codified into an expert system. 

1. Knowledge needed for task performance is specialized and 
narrowly focused; 

2. True experts, that is, people who know more than novices, 
exist; 

3. The task is neither trivial nor exceedingly differ~nt; 
4. Conventional computer programs are inadequate for the task; 
5. The. potential payoff from an expert system is significant; 

and 
6. An articulate expert is available and willing to make a long­

term commitment to build the expert system. 

The problem being addressed here appears to meet the first five 
criteria: few people have made such decisions, so it is a special­
ized task, but such people do exist; the task is not trivial, but it 
does not approach the impossible; although conventional com­
puting techniques are useful they do not really address the crucial 
question of how to choose the appropriate system; and given the 
huge costs of such systems and the problems if the wrong solution 
is developed, the potential payoff is huge. Whether the final con­
dition is met depends on the particular application. 

Hence it appears that there is scope for the use of an expert 
system in the determination of the appropriate type of public 
transport system that should be selected. A project to do this is 
described in the next section. 

UTOPIA PROJECT 

To study the issues identified a project was set up at the Centre 
for Transport Studies at University College London with funding 
of about $190,000 from the U.K. Science and Engineering Re­
search Council for 3 years starting in January 1993. The project 
is known as UTOPIA (Urban Transport Operations and Planning 
Using Intelligent Analysis) and has the following objectives: 

1. To help produce more civilized cities by improving transport 
operations and planning, 

2. To transfer between cities experience of decision making 
about appropriate transport technology, and 
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3. To use artificial intelligence techniques to improve decision 
making in the field of transport. 

The core of the UTOPIA work will be the use of expert systems 
to import knowledge to Britain from experts in cities in continen­
tal Europe that have made such decisions, such as Grenoble and 
Lille in France. The expert system lies at the core of a model that 
draws on other modeling techniques to show the implications of 
the various strategies produced. The model will then be applied 
to a variety of cities in Britain, particularly those where discussion 
on the possible solutions to the problems of congestion are being 
conducted, such as Leeds, where both light-rail and guided bus 
systems are being considered, and Bradford, where trolley buses 
may be reintroduced. The cities in Europe to be examined are 
places in France and Germany such as those discussed and other 
interesting cases such as Essen, with its guided busway, and Am­
sterdam, where a light-rail extension to the metro was opened in 
1990. 

A major task is the identification of the appropriate experts who 
have been involved in making these decisions. The method being 
used is to start from local contacts with knowledge of the topic 
and to ask them who else to talk to. In this way a network of 
experts can be built up. A second method that may be used, es­
pecially for cities outside Britain, is to distribute a questionnaire 
by mail to cities in continental Europe, for example, to the general 
manager of the system, as identified from a source such as Jane's 
Urban Public Transport Systems (7); via contacts at the Union 
International des Transports Publics (UITP) in Brussels; or 
through direct contacts such as T. Ridley, mentioned earlier in the 
context of the Tyne and Wear Metro and the Docklands Light 
Railway and who is now at the University of London Centre for 
Transport Studies where the UTOPIA project is being undertaken, 
although he has no direct involvement in the project. [His pres­
ence will help to meet the sixth criterion on Ortolano and Per­
man's (6) list in the previous section.] 

The questionnaires will be framed in such a way that they can 
be answered only by an expert. It will be essential to know who 
has actually responded to the questions. The questionnaire will 
include a request for a personal interview. This will be undertaken 
only if it is clear from the questionnaire and other soundings that 
the person concerned really is an expert. It could be possible for 
a person to fill in the questionnaire dishonestly, but this seems 
unlikely, and as knowledge is circulated it should be possible to 
eliminate any such cases. 

Different experts will provide expertise on the basis of different 
experiences. This means that it will be possible to apply, say, the 
Essen experience or the Lille experience to a city like Leeds and -
come up with different proposals in the same way that one might 
if one took two experts to the same city. The expert system will 
explain how it comes to each solution. These can then be explored 
with the local planners in Leeds to see which one they prefer. 

It is recognized that many decisions are essentially political. 
For example a particular type of technology may be produced 
locally, and supporting local manufacturing industry may be an 
objective. To some extent such factors, if they are known, can be 
incorporated into the expert system. It cannot replace the political 
process, but it can help to improve the process by making it more 
transparent. The ability of expert systems to explain their deci­
sions is particularly useful in this context. 

The methodology being used in the UTOPIA project is shown 
in Figure 1. The user will be the planner in the British city who 
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THE EXPERT 

Expertise 

,------! _____ -; 
~ Objectives : THE EXPERT : 

~ ~ SYSTEM : 

THE _ Characteristics ___'._ Inferences _:_ Possible solutions 
USER of the city '.... 

Proposed solution ~- ~n_t~r?!~~a!i?~ _.;­
with explanation 

MODELS 

Implications of / 
the solutions 

FIGURE 1 Methodology being adopted in UTOPIA study. 

will define the objectives of the new system and provide infor­
mation on the city. The objectives may be specified in terms such 
as capacity, speed, cost, and environmental effects. The expert 
system will incorporate various sets of expertise that have been 
encapsulated previously. Some possible solutions will be gener­
ated. Because an expert system is not ideal for handling complex 
mathematical functions, other models in, say, FORTRAN or C 
will be used to calculate the detailed implications of the system 
to be fed back through the expert system to provide an explanation 
to the user for why the chosen solution is appropriate. The user 
may then decide to revise the objectives, so the whole process is 
then repeated. Alternatively a different set of expertise can be 
used. The system is being designed to be interactive so that the 
planner can explore a range of options by using different criteria 
and consulting the knowledge of a range of experts. The system 
offers the opportunity to draw on a range of experts within a 
period of a few hours in a way that would probably be impractical 
if the experts had to be consulted in person. 

PROGRESS ON UTOPIA PROJECT 

As indicated the UTOPIA project started in January 1993. Initially 
the emphasis was placed on identifying appropriate public trans­
port systems that should be studied, talking to various relevant 
people to help to identify experts and to build up knowledge, 
talking to British experts, and starting to develop the expert 
system. 

As mentioned discussions have been held with T. Ridley, who 
was actively involved in the discussions about the Tyne and Wear 
Metro and the Docklands Light Railway, and further discussions 
will be held with him. More recently discussions about the deci­
sions concerning the building of the Manchester Metrolink have 
taken place with experts. This is a light-rail system that opened 
in spring 1992. It uses two former suburban rail lines with street­
running to link the former termini. The interview will be described 
here briefly to illustrate the nature of the process. The responses 
are based on notes taken by the author. The interview was tape­
recorded and will be more systematically analyzed later for use 
in the expert system. 

At the request of B. Tyson, one of the interviewees, a letter 
was sent in advance indicating the questions to be answered. 
These formed the basis of the discussion. They are provided be­
low, with summaries of the main points of the responses. 
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INTERVIEW ABOUT MANCHESTER METROLINK 

Place of interview 

Date of interview 
System being discussed 
Interviewees 

Interviewers 

Offices of the Greater Manchester 
Passenger Transport Executive 
(GMPTE) 
Wednesday, November 3, 1993 
Manchester Metrolink 
B. Tyson (Director of Planning and 
Promotion, GMPTE), T. Young 
(Operations Planning Manager, 
GMPTE) 
R. Mackett, N. Tyler, M. Edwards 
(all CTS at UCL) 

Question 1: What Alternatives Were Considered? 

The following options were considered: 

1. Closure of the two British Rail lines to Bury and Altrincham; 

2. Continuation of the two lines, but with some investment; 
3. A light-rail system, running on the two British Rail lines 

with street-running between the two city center termini; 
4. As for Option 3, but with tunneling under the city center; 
5. As for Option 4, but heavy rail, that is, a metro; 
6. As for Option 3, but a busway; and 
7. As for Option 6, but using guided buses. 

This large number of options was considered because there was 
desire locally to look at a wide range and because the Department 
of Transport (that is, the central government department respon­
sible for transport) said that it wanted a wide range to be 
considered. 

Question 2: How Explicit was the Process of Deciding 
Between the Alternative Options? 

It was an explicit process in which consultants were used to eval­
uate the alternatives. The patronage estimates for all the proposed 
systems were similar, so the decision was mainly based on costs. 
Tunneling was eliminated early on because of the high cost of 
access into and out of it and the lack of visibility of the system. 
This left Options 1, 2, 3, 6, and 7. Busways were then eliminated 
at the evaluation stage because of the high costs of removing the 
rail tracks. This left three options: closure, continued heavy rail 
with no rail connection between the two lines, and street-running 
light rail. 

Question 3: If Alternative Technology was Considered, 
Would the Design of the System have been Different, 
for example, Alternative Routes, Stopping Points, or 
Interaction with other Traffic? 

With a busway there would not have been so much segregation 
of the system from other traffic, and it would not have been nec­
essary to move so many other services (for example, gas and 
electricity) from the affected streets. The former point means that 
congestion from cars, including misparking, would have had a 
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greater adverse effect. The latter point occurs because light rail 
cannot be diverted when roadwork occurs, whereas a bus can. 

Question 4: What factors were taken into account 
when deciding on the type of technology (for example, 
capacity, speed, and influence on demand)? 

1. Capacity, to carry flows in the range of 1,000 to 5,000 pas­
sengers per hour, with a maximum of about 10,000 passengers 
per hour over the central sections; 

2. Maximum speed of not less than 80 km/hr, with high accel­
eration and deceleration rates; 

3. Ability to operate over the existing rail lines without exten-
sive additional engineering costs; 

4. High levels of reliability; 
5. Acceptable environmental features; 
6. Capability of expansion beyond the initial network; 
7. Ability to run on the street (in the case of non tunneling 

options only); 
8. Use of proven technology; and 
9. Capability to carry large amounts of crosstown passenger 

movement. 

Question 5: Have compromises been made because the 
vehicles run both off and on the streets? Was 
tunneling under the city center considered? 

The system could never be driverless if street running was used. 
However the use of automatic vehicles was not seriously consid­
ered because of the desire for proven technology, the problems of 
keeping the line secure, and possible political problems of driv­
erless vehicles in an area of high unemployment. Tunneling was 
considered, but it was rejected fairly early on in the decision 
process. 

Question 6: To what extent have the level and method 
of funding influenced the design of the system? 

The total level of funding affected decisions. With more funding 
the final system would have been of a higher quality, for example, 
refurbished suburban stations and better-quality seats in the 
vehicles. 

The whole scheme has been implemented by using a DBOM 
(design, build, operate, and maintain) contract that will last for 15 
years after the system opens. (The central government required 
the system to be built and operated by the private sector under 
contract to GMPTE.) There was a tendering process. The initial 
stage was to invite expressions of interest, and as a result of this 
12 consortia were short listed. Of these, eight were selected for 
the first-stage tender. Five of these dropped out, leaving three that 
tendered. The differences between ,the three final designs included 
the vehicles, the overhead system, and the station design. 

Question 7: What would you do differently if you 
were starting now? 

GMPTE would have carried out more of the design and left less 
of it to the contractors. More thought should have been given to 
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the design specification at the interfaces with third parties, such 
as British Rail and the city planning department. There should 
have been a more detailed reference specification. It might have 
been better to have had several small contracts instead of one large 
one. With a single large contract a contractor can hide delays but, 
on the positive side, must take into account the long-term main­
tenance implications of decisions at the design and building 
stages. 

Question 8: Who actually decided on the type of 
system: politicians, managers, or technical staff? 

Politicians actually made the decisions, with technical advice from 
the managers. Consultants were used to carry out much of the 
background work. 

Question 9: What effects do you expect the systems to 
have on Manchester in terms of, for example, 
employment patterns and car use? 

After 1 year patronage has already reached the level predicted for 
after 2 years. It appears to be attracting people out of their cars. 
There is anecdotal evidence that some people served by Metrolink 
are selling their second cars and even their first cars. One aim of 
building the system was to help the local labor market, which it 
has done. One of the four major aims of the Manchester Structure 
Plan is to retain the urban core, and it appears that Metrolink is 
likely to aid in that aim. It also helps to give an air of confidence 
to the city; for example, it featured prominently in Manchester's 
bid for the Olympic Games for 2000. Independent studies of the 
effects of the system are being carried out by the University of 
Salford and the consultants Oscar Faber TPA. 

It can be seen that much useful information has been obtained 
and that much of it can be converted into statements of the form 
"if (premises) then (consequences)" for use in the control mech­
anisms in the expert system. Several volumes of reports produced 
at various stages in the decision-making process have been re­
ceived and will be used to supplement the oral information sum­
marized here. 

On the technical side effort has been put into the design of the 
expert system. Much of the work has concentrated on the design 
of the Intelligent Cities Data Base. This will form part of the 
knowledge ·base of the system. It will also be used during the 
knowledge acquisition process, allowing experts and users to enter 
data on their cities in a systematic way, responding to questions 
from the computer. It will also provide the most appropriate value 
for a particular city in a particular year if none is available. 

CONCLUSIONS 

This paper has argued the need for better urban public transport 
systems. It has also suggested that cities in continental Europe 
tend to have a more po~itive approach to public transport than 
British cities, so there is scope for British cities to learn from 
experiences elsewhere. It is clear that there is a variety of public 
transport technologies available, and it is important to understand 
the implications of each. Choosing the appropriate type of system 
for a city requires considerable expertise. One way to apply the 
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expertise from cities in continental Europe to British cities is to 
use expert systems. That is being done in the UTOPIA project. 
Although the work is still at an early stage it is showing great 
promise and is generating great interest. 
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Civil and Utilities Design Guidelines for 
Rail Transit Project 

HARVEY L. BERLINER 

The seemingly simple preparation of the civil and utilities drawings 
to be included in a set of transit facility construction contract docu­
ments requires designers who are familiar with transit design and re­
viewers who can look at a set of drawings and generate the proper 
comments. The information that needs to be contained within the civil 
and utilities drawings during both the preliminary and the detailed 
design stages is outlined in general terms. A guide for reviewers dur­
ing a submission is provided, and their responsibilities are outlined. 
The designers and reviewers have performed their functions if the 
final drawings are properly coordinated and allow for efficient and 
correct construction. 

It would take a book to recount all the problems that can arise 
during design and construction of a transit system. In that book 
many of the worst horror stories would begin apparently inno­
cently: some minor drawing error or inconsistency was over­
looked, only to emerge later as a major construction difficulty. 
Civil and utilities drawings in particular can become dangerously 
isolated from other types of drawings and can contain inconsis­
tencies that hamper proper coordination. This paper is not the 
book of all that might go wrong but is a brief list of things that 
should be checked when reviewing civil and utilities drawings. 

To visualize the problem more concretely consider the follow­
ing scenario, which is not completely fictional. During the first 
review submission of drawings for a certain transit project, the 
reviewer found the civil and utilities drawings and the architec­
tural and structural drawings to be oriented in opposite directions. 
When the reviewer requested that all drawings to be oriented in 
the same direction within the contract set, the designer replied that 
it was not unusual for a contract to have drawings with different 
orientations. 

Later, when construction of the project was over budget and 
behind schedule, investigators traced the overruns and delays back 
to contract drawings poorly coordinated during design. Numerous 
change orders to correct the design deficiencies had delayed the 
contractor while the designer corrected the drawings. The "not 
unusual'' inconsistency in drawing orientation had contributed to 
confusion and delay. 

Such experiences show the hidden cost of poorly coordinated 
drawings: they can lead to confusion and misunderstanding, even 
when they are technically correct, and they may harbor actual 
undetected design errors. The goal of proper plan preparation is 
to minimize design errors before the final contract documents are 
advertised for bids. This is accomplished by proper coordination 
during design and indication of sufficient details on the drawings 
so that the contractor can understand and correctly build the proj­
ect. Plan preparation depends on individual experience and back-

Parsons Brinckerhoff Quade & Douglas, Inc., Two Gateway Center, 4th 
Floor, Newark, N.J. 07102-5098. 

ground but must follow project guidelines to present the work 
consistently. 

This paper outlines the typical civil and utilities drawings in­
cluded in a rail transit contract, following the usual division of 
design into two phases: preliminary design and detailed design. 
The preliminary or 30 percent level study plans are prepared by 
a general consultant (GC) design team or by the transit authority 
and are then given to the detailed-design consultant (DDC) for 
completion. This paper describes what to include or verify during 
each phase for each group of drawings and what questions a re­
viewer must ask. 

PRELIMINARY DESIGN 

The preliminary plans are the first time that the project is laid out 
at a scale where the problems and conflicts can be identified and 
possible solutions analyzed. They also provide the basis for 

•A more precise identification of right-of-way (ROW) 
requirements. 

•A good engineer's cost estimate. 
•The short list of proposed DDCs who will be asked to prepare 

their proposals: 
• The selected DDC who will develop the design. 

The following types of civil plans are included with the prelimi­
nary design drawings: 

1. Cover sheet and index of drawings. 
2. Plan and profile drawings; these drawings include track plan 

and profiles giving the following information 
- Horizontal track alignment data with stationing ( chainage ). 
- Rail profiles. 
- Existing ground level. 
-Contract limits. 
-Station limits and platform centerline. 
-Significant design features. 

3. General arrangement drawings; these drawings include a plan 
and section of important features along the route. The contents of 
these drawings vary according to whether the design is foca bored 
tunnel, cut-and-cover tunnel, aerial section, or at-grade section, 
but the drawings generally include: 

- Type of transit facility. 
- Basic layout of structures. 
-Type of drainage. 
-Type of foundation. 
-General information on existing structures. 
-Existing utility information and proposed utility diversions. 
- Typical sections. 
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Before finalizing these drawings they should be carefully reviewed 
to ensure that the following basic information is included: 

1. Are the track horizontal curves, vertical curves, and super­
elevations designed on the basis of the particular transit criteria? 
Review whether they satisfy the criteria. 

2. Are streets and railroads designed on the basis of criteria for 
the different agencies involved with each? 

3. If railroad tracks are involved, review the horizontal and 
vertical clearances between the transit facilities and the railroad 
tracks. Check the clearance requirements for that particular rail­
road. Check vertical clearances if the alignment crosses major 
streets. 

4. Superimpose utility plans on the general arrangement draw­
ings and determine whether any major utility relocation is re­
quired. Utility relocation should be kept to a minimum to avoid 
expensive and time-consuming relocation. 

5. Review whether track horizontal and vertical curves are de­
signed for the required design speed. 

6. Review whether adequate sight distance is provided at street 
intersections. 

7. Review whether typical sections, plans, profiles, and cross 
sections agree with each other. 

During preliminary engineering accurate base mapping and ex­
isting utility mapping should be developed by the GC or transit 
authority. The base mapping provides the basis for many of the 
civil and utilities drawings throughout the design. Accurate exist­
ing utility maps are developed by 

• Researching the as-built files of the affected municipalities 
and utility agencies. 

• On-site investigation and survey. 
•Digging exploratory bore holes in areas where it is necessary 

to know the exact location of underground utilities. 

DETAILED DESIGN DRAWINGS 

The preliminary design drawings establish the guidelines that the 
DDC must follow to develop the detailed design plans. However 
it is also the DDC's responsibility to thoroughly check all the 
information on the preliminary drawings to ensure that they meet 
the established guidelines and criteria. Any inconsistencies should 
be referred back to the preliminary designer for clarification. 

The first step in developing the detailed civil and utility plans 
is laying out the drawing sheets to the same scale and sheet layout. 
The architectural, structural, electrical, and mechanical disciplines 
use their own distinct scales and sheet layouts. However, the civil 
and utilities drawings and the architectural, structural, electrical, 
and mechanical drawings must be oriented in the same direction. 
Common orientation helps ensure proper review and coordination 
throughout the design and gives the contractor and the engineer's 
field representatives a better understanding of the contract. 

The detailed design drawings are usually reviewed by the GC 
or the transit authority during three submissions of the design 
period. These submissions are 

1. In-progress submission or about 60 percent design level. 
2. Prefinal submission or about 90 percent design level. 
3. Final submission or 100 percent design level. 
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Some 15 types of civil and utilities drawings contained within a 
set of contract documents are outlined below, along with the types 
of information generally included on each. The drawings are 
grouped in two sections, first civil (10 types of drawings) and 
then utilities (15 types of drawings). 

Civil Drawings 

The civil drawings are the first plans that appear in the project 
set. These drawings lay out the project in total by defining 

• Horizontal and vertical alignments. 
• Grading, paving, and drainage requirements. 
• ROW and easement needs. 
• Traffic maintenance and traffic sign and marking 

requirements. 

The civil drawings and a listing of what to include in each type 
of drawing are as follows: 

1. Cover sheet, including contract title, contract number, con­
tract description, and names of the DDC, GC, and transit authority. 

2. Index of drawings. The drawing number and title in the index 
should be exactly the same as those in the title block of each 
drawing. Consecutively number each drawing and include the 
page number in the index. 

-Identify all major streets. 
-Show existing ground line on profiles. 
- Provide coordinate grid and indicate at least two sets of 

north and east coordinates on each drawing. 
- Provide the dimensions of typical sections of the transit 

alignment properly and describe their limits by stationing. 
3. Alignment plans, plan and profile, and typical sections. 

-Show track horizontal alignment data and vertical curve 
elevations. Identify all horizontal curves by code numbers. 
Include data sheets listing coordinates and stationing for all 
control points. 

-Show profiles for all tracks. Indicate high and low points 
for all vertical curves. 

- Indicate the horizontal and vertical clearances between the 
trackway and critical structures. 

-Screen existing topography on the plan portion of plan and 
profile drawings. 

-Outline tunnel, aerial structure, station structure, entrances, 
vent shafts, cross passages, and major utility crossings. 

-Identify all major streets. 
-Show existing ground line on profiles. 
- Provide coordinate grid and indicate at least two sets of 

north and east coordinates on each drawing. 
-Dimension typical sections of the transit alignment properly 

and describe their limits by stationing. 
4. Grading and paving (restoration) plans, profiles, details, and 

sections. 
-Show structure outlines, street lines, ROW lines, walls, 

sidewalks, ramps for handicapped individuals, curbs, me­
dians, islands, alleys, drainage structures, fences, guard­
rails, and other surface features to be constructed or to be 
affected by transit construction. 

-Dimension properly the driveways, access roadways, park­
ing lots, and bus bays. Provide sufficient layout information 
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and alignment data on the drawings for their 
constructibility. 

- Indicate all dimensions and alignment data needed to define 
and locate features not identified elsewhere. 

- When the information is available, show (or reference other 
plans) type of pavement, curbs, and other details for areas 
to be paved, repaved, or restored. . 

-Define clearly the areas to be constructed or restored; in­
clude a reasonable area outside the limits of excavation and 
include any areas affected by utilities restoration. 

-Show typical sections of highways, streets, parking lots, 
and bus bays. Thicknesses of pavement sections must be 
in accordance with local agency requirements. · 

5. Surface drainage plans, profiles, details, and sections. This 
information can be shown on the grading and paving plans de­
pending on the complexity of the drainage system and whether 
the drawing scale will allow all information to be shown clearly 
on one drawing. 

-Properly indicate structure outlines and street lines. 
-Show layout of new and relocated drainage facilities. 
- Indicate on plan drawings the sizes of pipes and culverts and 

direction of flow, types of channels and gutters, and types of 
structures. 

- Develop profiles for all drainage lines and coordinate them 
properly with the plan drawings. Show all other utility 
crossings and any pertinent structural features on the drain­
age profiles. 

- Develop sections and details at the locations necessary to · 
properly define the surface drainage and sewer systems. 

-Check to ensure that the surface drainage design is coor­
dinated with the facility roof and floor drainage. 

-Check to ensure that all aspects of the transit facilities are 
adequately protected against flooding. 

6. Cross sections. 
- Make certain that any cross sections required of the transit 

facilities, streets, driveways, access roadways, parking lots, 
and bus bays agree with the plans, typical sections, and 
profiles. 

-Indicate top-of-rail elevation for each transit section and 
pavement centerline (baseline) elevation for each roadway 
section. 

- Facilities on each drawing must be identified only once. 
This is done by the use of ''Typ.'' to indicate typical fa­
cilities throughout a drawing. 

7. ROW drawings. 
- Indicate the existing ROW and the permanent and tempo­

rary easement lines, including all the coordinates that the 
contractor needs. 

-Coordinate any necessary changes in the easement lines 
with the GC or transit authority. 

- Identify ample contractor work sites on the drawings. If a 
potential work site lies outside the easement lines, indicate 
it as a potential work site to be arranged by the contractor. 

8. Traffic maintenance plan, construction access, temporary 
parking lots, and detours. 

- Develop plans indicating both existing traffic circulation 
and proposed circulation during construction. 

- If construction is to be performed in stages, outline in detail 
the traffic circulation for each stage. The traffic mainte­
nance plan must be approved by the relevant agencies. 
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- Detail any special construction access, temporary parking 
lots, or detours required for the contract. 

9. Traffic signs and markings. Prepare plans of traffic signs, 
signaling, and pavement markings for each construction phase and 
for the final roadway layout. 

10. Standard drawings. Prepare typical standard drawings in 
accordance with the details provided by the local agencies and the 
transit authority. 

Utilities Drawings 

To save money and time, some engineers include the utility design 
work as part of the civil drawings. Because of the importance and 
complexity of the utility work involved with any rail transit proj­
ect, the utility design must, be shown on its own set of drawings 
and coordinated closely with the civil design. These drawings de­
fine the utility work in plan, detail, and, where appropriate, profile. 
The utility drawings and a list of what to include in each type of 
drawing are as follows: 

1. Composite plan of existing utilities. 
-Include existing utilities drawings for the entire project. 
-Indicate the outline of the transit structure and the center-

line of the track alignment with stationing. 
2. Composite plan of utilities rearrangement. 

- Indicate the transit structure details and track centerline. 
- Indicate relocation schemes for all affected utilities. When-

ever possible relocate utilities permanently. 
- Indicate the utilities to be abandoned in place and those to 

be properly supported in place. Show any new utility 
construction to be performed by either the contractor or 
agencies. 

-Check that there is sufficient room above the cut-and-cover 
construction to support the utilities during construction, in­
cluding the related manholes and handholes. 

-Check that there is sufficient ROW for any permanent or 
temporary utilities relocated outside the construction area. 

- Indicate properly the interfaces between the building ser­
vices and outside utilities. Coordinate the utility drawings 
with the electrical and mechanical drawings. 

3. Composite cross sections. Indicate on cross sections the tran­
sit structure and the elevation of the top slab, the treatment method 
for each affected existing utility, and the locations of the proposed 
utilities. The cross sections must agree with the rearrangement 
drawings. If this information can be shown clearly and at proper 
locations on the civil cross sections, it is not necessary to have 
separate utility composite cross sections. 

4. Utility profiles. Provide profiles for all gravity sewers and 
all utilities that cannot be constructed at a uniform depth below 
ground surface. Profiles should indicate the following: 

- The relevant portion of the transit structure, the top slab 
elevation, and the existing and finish grade lines. 

- The slope, elevation, and connection method of the pro­
posed utility. 

-Sizes, materials, and other details necessary for 
construction. 

-Crossing utilities. 
5. Utility details. 

- Develop details specific to the contract. Ensure that they 
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agree with the rearrangement plans and the profile 
drawings. 

- Include standard drawings in accordance with the details 
provided by the utility agencies. 

Principles for Preparing All Civil and 
Utilities Drawings 

Although each type of drawing has its own specific criteria, there 
are general principles applicable to all drawings. First, all draw­
ings should be prepared in accordance with the drafting manual 
and computer-aided drafting and design (CADD) standards man­
ual provided by either the GC or the transit authority. These man­
uals define the drafting standards to be used for all drawings. The 
other general prineiples are as follows: 

• Indicate location in the titles of drawings whenever possible. 
Provide a key plan when applicable. 

• Make all line work and lettering of sufficient size, weight, 
and clarity so that the half-size drawings can be read and scaled 
properly. 

• Do not duplicate information in a set of documents. Use 
cross-referencing as required instead of making multiple copies in 
various locations. This will avoid confusion when a drawing must 
be changed. 

• Review structural, architectural, electrical, and mechanical 
drawings regularly to ensure their agreement with the civil and 
utilities drawings. Such a type of review helps ensure proper co­
ordination between disciplines. 

REVIEW OF SUBMITIALS 

Reviewers on the staff of either the GC or the transit authority 
review each submittal from the DDC for compliance with the 
project criteria and to verify that the design is progressing in an 
orderly manner. The first submittal is very important because it is 
the first time the entire project is laid out and presented in a 
contract set. This is the time to steer the DDC in the right direction 
for the final bid documents. 

The reviewer must answer the following questions positively 
when reviewing a set of documents: 

•Are the plans easy to read and understand? 
• Do the plans follow the criteria and guidelines specified in 

the drafting manual and CADD standards manual? 
• Are the layouts of the drawings well planned on the basis of 

the space available on the sheets? 
• Have the technical criteria of the transit project been fol­

lowed, and does the design allow for safe and economical 
constructibility? 

• Have previously agreed-upon review comments been incor­
porated into the next submittal of the contract documents? 
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• Can everything shown on the plans be accurately laid out by 
the contractor in the field? 

• Have the proper standard details been included in the contract 
set? 

• Have all the utility rearrangements been coordinated with the 
utility agencies, and has the constructibility of utilities been 
checked for both the temporary and the permanent facilities? 

CONCLUSIONS: GENERAL PRINCIPLES FOR CIVIL 
AND UTILmES DRAWINGS 

The care required to keep civil and utilities drawings accurate, up 
to date, and well coordinated with other contract drawings pays 
off in efficient construction. This payoff underlies all the specific 
rules listed in the paper. Thus the design and review process may 
be summed up in a few general principles. 

• The preliminary drawings are developed by the GC or the 
transit authority, and these drawings are used by the DDC as the 
guidelines to develop the detailed design drawings. 

• The detailed design drawings are developed to the criteria and 
guidelines specified in the project's drafting manual and CADD 
standards manual. This will ensure consistency among all the con­
tracts being prepared for the project. 

•It is the DDC's responsibility to coordinate the drawings from 
the different disciplines within the contract set, despite each dis­
cipline's tendency to worry about its own drawings and to forget 
to coordinate changes with other disciplines. It is usually the re­
sponsibility of the civil and utilities designers within the DDC 
and of reviewers within the GC or transit authority to ensure the 
cross-discipline coordination. 

• The review process is very important because it ensures that 
the DDC has followed the technical criteria of the project and that 
the design allows for the constructibility of the contract. It is also 
recommended that independent constructibility peer reviews be 
performed at the conclusion of the preliminary design phase and 
during the prefinal submission review. 

• Resolving problems during design reduces the need for re­
solving problems during construction. This is more cost-effective. 
Therefore before the drawings are signed, the designers and re­
viewers must verify that the contract set indicates sufficient details 
so· that the contractor can construct the contract efficiently and 
correctly. 

• The designers and reviewers should never compromise their 
values for the sake of completing the contract documents on a 
particular schedule. This is sometimes extremely difficult within 
the tight design schedule imposed by the owners. However it is 
extremely important that the contract documents be correct and 
free of errors. An extra day taken during design to ensure cor­
rectness and constructibility can save weeks during construction 
to correct design errors. 

Publication of this paper sponsored by Committee on Rail Transit System 
Design. 
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Managerial Uses of Causal Models of 
Subway On-Time Performance 

GARY HENDERSON AND VENGAL 0ARAPANENI 

On-time performance (OTP) indicators reflect the performance of em­
ployees and the effectiveness of policies and organizational structure. 
However in New York City's subway system the operating environ­
ment includes factors beyond the control of operating employees, such 
as mechanical reliability of subway cars, route merges, scheduled 
headways, construction projects, crowding, passenger behavior, and 
so on. These factors differ from route to route and complicate com­
parisons of routes. Planning decisions affecting ridership levels, route 
design, and the operating environment can benefit from precise esti­
mates of impacts on OTP, especially to help in evaluating the trade­
offs involved. The results of a statistical causal model of on-time 
performance are presented. A set of hypothetically important variables 
was developed from New York City Transit Authority documents and 
train movement records. Data for over 54,000 morning rush hour 
trains traveling from terminals to central business district stations dur­
ing 1988 and 1990 were used. The model quantifies the effect of 
variables on the probability that a train will be on time. How the 
results of such a model can be used to make predictions of perfor­
mance that control for the operating environment are also shown, 
allowing performance comparisons between routes with different 
characteristics. How different OTP goals can be set for different routes 
is suggested. Finally by converting the results to odds ratios, it is 
shown how small improvements on routes with OTP of more than 90 
percent can provide large benefits from the perspective of riders and 
how OTP measures obscure that fact. 

On-time performance (OTP) indicators reflect employee perfor­
mance an~ the effectiveness of managers, operating policies, and 
organizational structure. However performance levels also reflect 
the operating environment, for example, the mechanical reliability 
of subway cars, the frequency of route merges, the spacing be­
tween trains (scheduled headways), construction activity, crowd­
ing, and passenger behavior. These factors differ from route to 
route and complicate comparisons of one route with another. Is a 
2 percentage point improvement in OTP for a long route with 
numerous merges equal to the same improvement for a short route 
with no merges? How can OTP goals be set for different routes? 

The Office of the Inspector General (OIG) of the Metropolitan 
Transportation Authority (MTA) made a statistical causal model 
of New York City's rush hour subway service to account for dif­
fering infrastructures, route designs, and other variables. The 
model allows performance analysis to control for these factors. 
Are some routes with low OTPs really doing well given the op­
erating environment? Should some routes with high OTPs be ex­
pected to do better? Quantifying the effects on subway perfor­
mance also provides a planning tool that can be used to anticipate 
the impacts on timeliness caused by capital projects and the re­
design of route structure. Although practitioners have long con­
sidered such factors in predicting service impacts, quantification 

Office of the Inspector General, Metropolitan Transportation Authority, 
100 Park Avenue, 14th Floor, New York, N.Y. 10017-5516. 

of these effects is needed when change involves multiple vari­
ables. When some variables have opposite effects, an evaluation 
of the trade-offs requires some precision. For example MTA's pro­
posal to extend the 63rd Street Tunnel requires evaluation of nu­
merous route design options. The results of this model show that 
increased throughput achieved under some options would be offset 
by degraded reliability caused by the addition of merges. 

FACTORS AFFECTING OTP 

Two data bases covering morning rush hour subway performance 
in 1988 and 1990 were used (1,2). Each was produced from an 
analysis by OIG staff of New York City Transit Authority 
(NYCTA) train movement records. Together they include times 
for over 54,000 trains from terminals to central business district 
(CBD) stations, including all trains arriving between 6:00 and 
10:00 a.m. From these data and other sources, we quantified hy­
pothetically important variables. The variables found to have a 
significant impact on OTP were (a) number of route merges, (b) 
whether public schools are in session, (c) scheduled headway, (d) 
distance traveled, ( e) stops, (f) crowding, that is, an index of rid­
ership compared with scheduled capacity, (g) whether construction 
occurred the night before, and (h) mechanical reliability of subway 
cars, measured by mean distance between failure (MDBF). Other 
variables lacked useful data, were statistically insignificant, or 
were accidentally correlated with OTP. 

Coefficients for the estimated effects of each variable on OTP 
(Table 1) were produced by logistic regression (3-5). OTP, the 
dependent variable, is dichotomous; each train is categorized as 
success or failure, as on time or late. Logistic regression estimates 
how variables affect the probability of being on time. It is a non­
linear model; the magnitude of the effect changes depending on 
the starting level of OTP, with the largest effects occurring when 
OTP is near 50 percent. This is necessary mathematically, because 
OTP cannot exceed 100 percent. The nonlinear behavior of OTP 
also provides an interesting perspective on how to measure per­
formance, which will be discussed later. The coefficients produced 
by logistic regression are expressed in terms of logits-the natural 
logarithm of the ratio, of successes to failures (the odds ratio). 
Table 1 gives three coefficients for each variable, using the 1988 
and 1990 data both separately and combined. In Table 1 a negative 
sign, as for merges, indicates that an additional merge can be 
expected to hurt OTP, whereas a positive coefficient, as for head­
way, suggests that rou~es with longer headways are more likely 
to be on time. 

A variable's effect on OTP depends on the starting level of OTP. 
It requires a conversion from logits back into OTP, and this is 
done in Table 2. The coefficient of each variable is given just 
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TABLE 1 Estimates of Change for Causal Variables 

VARIABLE 

MERGES 
CROWDING INDEX 
SCHOOL DAY 

MDBF Starting 
ANY 
10,000 MILES 
30,000 MILES 
60,000 MILES 

TRIP LENGTH 
HEADWAY 
NIGHTWORK 

INTERCEPT 

Notes: 

UNIT OF 
CHANGE 

One 
1. 0 
True 

Level 
10,000 Miles 
10,000 Miles 
10,000 Miles 
10,000 Miles 

1 Mile 
1 Minute 
True 

BOTH 
YEARS 

-0.292 
-0.881 
- 0 .132 

n.a. 
0.305 
0.113 
0.066 

- 0. 013 
0.107 

-0.127 

1.780 

1990 

-0.237 
-1.077 
-0. 071 

0.029 
n.a. 
n.a. 
n.a. 

-0.010 
0.041 

-0.017* 

2.540 

1988 

-0.310 
-0.511 
-0.156 

0.098 
n.a. 
n.a. 
n.a. 

-0.034 
0.172 

-0.198 

1.344 

The coefficients show the expected change in the natural logarithm of 
the odds of being on-time, i.e., the ratio of on-time probability to 
late probability. To see how this translates into OTP itself, refer 
to Table 2. 

* The estimate is not statistically significant at the 95% confidence 
level. All coefficients except for Nightwork (1990) and Trip Length 
(1990) are significant at 99.9% confidence. 

n.a. For the MDBF analysis of the combined 1988 and 1990 
data, we used the natural log of MDBF to show how the 
strength of the effect differs for different starting 
levels of mechanical reliability. This non-linearity 
demonstrates diminishing returns (in terms of higher 
OTP) on investment. Such a logarithmic method 
applied to 1988 and 1990 data individually was not 
statistically significant. 

Source: Analysis by OIG of NYCTA train movement records, General Orders, 
ridership counts, schedules, and other variables from 1988 and 
1990. Analysis used logistic regression on the SAS system. 

below the variable's name. In the column below that, the change 
in OTP expected for each additional merge, minute of headway, 
mile traveled, and so on, is provided for each level of OTP. For 
example an additional merge when OTP is only 5 percent would 
lower OTP to 3.8 percent. (To avoid confusion, we will use the 
term percent when we refer to OTP itself and the term percentage 
point when we refer to the change in OTP caused by the variable. 
For example, if OTP is 80 percent and a change in some variable 
causes a 10 percentage point decline, the resulting OTP would be 
70 percent.) When OTP is 50 percent one more merge would 
lower OTP to 42.8 percent. Figures 1 and 2 illustrate the trends 
in Table 2. 

Merges gives the number of times a given route converges on 
the same track with another route. For example the D route merges 
with the Q and B routes before West 4th Street (two merges). We 
did not include divergences: They should not delay trains or 
across-the-platform transfers, because rush hour trains are not sup­
posed to be held for connections. Using data from both years, we 
estimated that each time a route merges OTP may drop as much 
as 7 .2 percentage points (3 percentage points lower than when · 

OTP is at 90 percent.) The effect of merges was greater in 1988 
than in 1990, reflecting that OTP in general was lower in 1988 
when mechanical reliability was so poor and schedule adherence 
so much worse than that in 1990 that the mistiming of trains at 
merge points was more acutely felt. Because the negative impact 
of merges results from the mistiming of train arrivals at the merge 
point, better schedule adherence can reduce the impact of this 
variable. However merges may always be a strong negative factor 
because of some inevitable lateness. For example schedule ad­
justments to manage service evenness are typically made by ter­
minal dispatchers for one of the merging routes without conferring 
with the other terminal. A centralized, modernized control center 
planned by NYCTA may reduce the number of delays resulting 
from uncoordinated actions of decentralized, local decision mak­
ers, but we doubt that New York's system of merging routes can 
ever be completely rationalized. 

Crowding index measures the ratio of the number of passengers 
to the capacity on that route (measured at the most crowded point) 
for each half-hour period. For example if the trains currently 
scheduled can carry 14,500 riders and 12,000 riders pass through 
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TABLE 2 Effects of Variables on Morning Rush Hour Subway OTP 
.· .. ·=:.. ·.;.· ···: .. --::-. ·.· 

.. . · ·• .: . •· ;· .. ·.: ... ·• ... / . · ... · .... · .. · .......... · .... '·• .. ·:: . . ·· .: ···.·. 

59 

10,000 MILE: IMP~9V~ 
IN. MD:SF WITH ST~TJ:NG .. 

. MJ)~f. pf· . 
'·' ·.· ....• . . . I:. 

-bNP· ... : ::: . d~:. ·. ffoliooI. ·SCHEDULE ·oNE: . "t:=ROWDIN: ::· NIGH 
·. 

. · ... '!°~g:: I .. :Md:RE • . • . .: : J:N.: ·•· ... fr ..... ' M:o:RE. : G .±NriE:x· T .· 
• :P:EttcE:N".· · MiitG"' · •:sES$to· liEA.DwX.x ·. ~~·L~ i> .... ~~o.~~r·· . wo~ '· 

·10,000 30, 000 . 60,00 
0 

•\ •:·T: .· '. ..... ···.:If'•· <. •· :N< 1: t+i•<?tf~~L· •• .. ·· ·:, ·1 . 

· .. · · ·.·. · <owi» · ~..;;;.;.._..;;;;;;,;...;;•·;....;• ,;;;;•>~·-· .....;;;;,;;;;.;;;;;;.,.;;.;;;;;;;,;....;;._;.-· i;;;;.'"··..;.;;.;_.,.,;.;;;;;;;,..;....;...-· ... ~...;;,;,;;~;.;.;..;.......;._..;...;..;+,,;;:-;.;._-.;_······-=····...;· .. --"'-'l·.·f--...;..;..·...;···· ·..;..···.·..;..··-+'..;.....;..· .. .;_· .. _...;..;.....;..;..-+,..;....;....,.-;.;....;....;..------1f--..;....;......;._..;....;..~ 1 
./ 

. ...... 

.. ; . 

. . ... .. ·.'.'. . c: ; .... •••··.. .. ... :/. .:. ... · .. · .. ; '.·. .>j:;.. . .. 1.-· ....... . 

>< ••· · o•~ 12· 
0.305 . ·:-· < .. •.· ·.··O'~l(}?_ ·:···,. I• -

·~··229·_ ..... , ........ ·· .·.· .. · ·· ... ·._,,· o.30,~l'j: r .. . 
0.113 .· 0.066 

1.::. 
: ... ; •·. 

..... '.· 0:-; 
... 

•·· ... :L: .. ····· · ....... -0.1 0.1 0.0 -0.3 
i:.. ·.; .-..::: ..;: 

I·.·:• .. · s .. ·· -1. 2 -0.6 0.5 -0.1 
p ..... 

1.- .. .- .· iQ .... 
-1.1 1. 0 -0.1 -2.3 

I:. 

.:- ~.O -4.3 -2.0 1. 8 -0.2 

.30 -5.8 -2.7 2.3 -0.3 

40· -6.8 -3.1 2.6 -0.3 

;. 5:0 · -7.2 -3.3 2.7 -0.3 

60 -7.2 -3.2 2.5 -0.3 

70 -6.5 -2.8 2.2 -0.3 

80 - 5 .1 -2.2 1. 7 -0.2 

90 -3.0 -1. 3 0.9 -0.1 

95 -1. 6 -0.7 0.5 -0.1 

99 -0.3 -0.1 0.1 0.0 

the maximum load station, then crowding index would be 0.83. 
The number of passengers came from NYCTA's annual counts of 
riders entering the CBD. Capacity is based on the service that 
NYCTA actually provided on the days of these counts. The index 
was calculated for each route for every half hour. In the 1990 data 
it ranged from the sparsely used downtown Q-route service (0.009 
at West 4th Street between 6:00 and 6:30 a.m.) and the heavily 
used downtown E and F routes (1.193 at Fifth Avenue between 
8:30 and 9:00 a.m.). The coefficient for crowding index (Table 1) 
gives the change in the logit for a change in the index from 0 to 
1.0 (i.e., from no passengers to total capacity), but in the discus­
sion of the measure-and in Table 2 and Figures 1 and 2-the 
expected change for an increase in the index of 0.1, for example, 
an increase from 0.5 to 0.6 was shown. It was found that an 
increase in the index of 0.1 would lower OTP by 2.2 percentage 
points when OTP is 50 percent and 1.4 percentage points when 
OTP is 80 percent. 

In measuring crowding characteristics of passenger behavior 
was 4tevitably included. To the extent that the social norms of 
New York subway riders differ from those of riders in other cities 
and of other cultures, the estimates may not be applicable else­
where. The policy implications may differ as well. As trains grow 
more crowded OTP tends to be lower because dwell times can 
increase dramatically when trains are crowded. In New York pas-

.. ·. ;; . ., ...... . ; . :· 
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-0.1 - 0 .1 0.3 0.1 0.1 

sengers on the platform appear more inclined to crowd aggres­
sively around doors when trains are very crowded, perhaps be­
cause it often happens that the meek sometimes cannot board the 
train at all. This increases dwell time by slowing down deboarding 
passengers. Moreover crowded platforms require train operators 
to drive more slowly into stations to maintain safety. 

The effects of all variables in the model were stronger in 1988 
than in 1990 with the exception of crowding index. The effect of 
crowding was almost three times stronger in 1990 than in 1988. 
For example in 1988 the addition of 0.1 on the index, when OTP 
was 80 percent, would decrease OTP to 79.2 percent, but would 
decrease OTP to 78.2 percent in 1990. NYCTA reported that sys­
temwide rush hour OTP improved from 89.6 percent in 1990 to 
91.7 percent in the first 10 months of 1992, when ridership was 
lower. It is estimated that ridership loss accounts for one-fourth 
of the total improvement. 

School indicates that New York City public schools were in 
session. Its values are the same for all routes. When school is in 
session the likelihood of a morning rush hour trip being on time 
declines by a maximum of 3.3 percentage points, probably be­
cause of the higher rate of pulled emergency cords, held train 
doors, and so on. 

Nightwork indicates construction activity on the previous night. 
All work should have ended before the rush hour began, although 
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ONE MO_f MERGE 

SCHOOL DAY 
-e-

NIGHTWORK 
-B--

CROWD l~EX + 0. 1 

ONE MILE LONGER 
--IE-

90 95 99 

STARTING LEVEL OF ON-TIME PERFORMANCE 

Source: Analysis of NYCTA morning rush hour subway data, 1988-90 (See Table 2) 

FIGURE 1 Variables that decrease OTP. 

track conditions are sometimes not perfect. If nightwork was 
scheduled the value of nightwork for every train on that route until 
6:30 a.m. would be "true". All others are counted as "untrue." 
For passengers arriving in the CBD before 6:30 a.m. nightwork 
decreased the chance of being on time by a maximum of 3.2 
percentage points. (In 1988 the effect could be as _great as 4.9 
percentage points.) This is caused when work cannot be finished 
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on time or by slow work trains returning to the yard after con­
struction duties. The coefficient for nightwork in 1990 was much 
weaker than that in 1988 and was not statistically significant. This 
suggests that NYCTA has been successful in scheduling and plan­
ning capital construction. 

MDBF is the average monthly number of miles that trains travel 
before a mechanical failure causes a cancellation or a delay of 
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-e-

HEADWAY + 1 MIN 
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MDBF FR~M 60,000 
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STARTING LEVEL OF ON-TIME PERFORMANCE 

Source: Analysis of NYCT A morning rush hour subway data, 1988-90 (See Table 2) 

FIGURE 2 Variables that improve OTP. 
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more than 5 min. The car class of every train was known and the 
monthly MDBF for that class was assigned to each record. MDBF 
is a crucial factor and perhaps the one most amenable to mana­
gerial intervention. The significantly improved MDBF of the sub­
way fleet, primarily as a result of new car purchases and car over­
hauls, helped produce the improvement in New York City's 
subway reliability that occurred between 1988 and 1990. The 
coefficients in Table 1 give the effect of raising MDBF by 
10,000 mi. 

MDBF was treated to test whether improvement would have a 
greater effect when MDBF is low than when it is high. This ap­
proach was statistically significant when considering both years 
together. Therefore when combining data from both years, a dif­
ferent coefficient is given for cars with MDBFs of 10,000 mi than 
for cars with. MDBFs of 30,000 or 60,000 mi. Table 2 gives three 
MDBFs to show that the effect depends on the magnitude of 
MDBF itself and on the starting level of OTP. However when 
1988 and 1990 were looked at separately, this "nonlinear" ap­
proach was not statistically significant, so only one coefficient is 
listed for the individual years. When MDBF is 10,000 mi before 
a service disruptfon, improving it to 20,000 mi could improve 
OTP by as much as 7.6 percentage points. A 10,000-mi improve­
ment is modest in light of the accomplishments of the new car 
and car overhaul programs. Now no cars have MDBFs as low as 
10,000 mi, but in 1988 an MDBF of less than 6,000 mi was not 
unusual for certain car classes. 

For most routes further improvement in mechanical reliability 
will not improve OTP by many percentage points. With an MDBF 
of 30,000 mi and OTP of, say, 80 percent, the expected improve­
ment for raising MDBF. to 40,000 mi is 1.7 percentage points. 
However with MDBF at 60,000 mi and OTP at 90 percent an 
increase in MDBF to 70,000 would raise OTP only to 90.6 per­
cent. This conclusion was borne out by recent data. The 12-month 
rolling average MDBF for the subway fleet after August 1993 was 
50,048 mi, a healthy improvement over the average in August 
1992 of 41,452 mi. However this 8,500-mi improvement (more 
than 20 percent) had no measurable effect on OTP, which actually 
went down slightly during the same period ( 6). Similarly Table 1 
shows that the effect for 1988 (0.098 for every mile) was three 
times greater than the effect for 1990 (0.029 for every mile). 
MDBF may have played itself out as a means of improving OTP, 
but not reliability generally, as will be seen. 

Trip length gives the effect of adding a mile to the train's run. 
This variable was used in place of scheduled travel time because 
the latter varies during the rush hour; for example, the scheduled 
travel time of the Lexington Avenue Express between 125th Street 
and Grand Central is 7 min longer at the peak than early in the 
rush hour. The longer the trip, the more time there is for some­
thing to go wrong. Moreover the OTP standard is 5 min, not a 
percentage of the running time. 

Headway is the scheduled time between trains at the most con­
gested point. For example an A train from Lefferts Boulevard 
merges with the A train from Far Rockaway and the C train before 
Canal Street. The combined headway at Canal Street was used; 
for example, the time between an A train and a following C train 
is the C train's headway. The chance of being on time improves 
as headway grows larger. When more trains are scheduled and 
headway consequently decreases, OTP will decline by some 
amount. Adding 1 min to the headway of a route with 80 percent 
OTP raises OTP to 81.7 percent. 
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LESSONS FOR OTP MEASUREMENT THEORY 

Logistic regression is the appropriate method for modeling a prob­
ability measure like subway OTP, and this provides an important 
insight into the uses and drawbacks of an OTP measure. Figures 
1 and 2 illustrate that a given variable affects OTP most when 
OTP is about 50 percent-an extremely poor level of service­
and least when it is closer to zero or 100 percent. As service 
improves it becomes more difficult to increase the OTP statistic; 
more resources are needed to produce the same percentage point 
change in OTP. However passengers may detect significant im­
provement in reliability even though the OTP statistic changes 
little (7). 

Figure 3 shows how the odds ratio-the ratio of on-time to 
late trips-responded to changes in four variables. The change 
from 95 to 96 percent OTP may appear small, but in terms of the 
odds it is substantial; instead of experiencing a delay once for 
every 19 on-time trips, riders have one delay for every 24 on-time 
trips. By contrast the change in OTP from 75 to 76 percent is 
imperceptible: with OTP at 75 percent, riders are late once for 
every 3 on-time trips; with OTP at 76 percent, riders are late once 
for every 3.2 on-time trips. 

USING CAUSAL MODEL TO EVALUATE ROUTE 
PERFORMANCE 

The results in Table 1 provide an equation for predicting OTP. 
These predictions, based on 1990 data and coefficients for that 
year, are given in Table 3. The intercept of 2.54 (a logit) translates 
into a base OTP of 92. 7 percent. Each variable adds or subtracts 
from this intercept. For example the downtown no. 3 route has 
one merge before the CBD, which changes the logit to 2.303 (OTP 
90.9 percent). Actual and predicted OTPs can be compared to see 
whether a route performed to expectations and to compare routes 
in terms of the variance between actual and predicted OTPs. 
Twenty-one of 33 routes or directions were predicted within 5 
percentage points. The model had the hardest time predicting 
routes with high OTPs. This suggests that there are important 
quantitative factors-especially positive factors-that are not 
represented in the model. 

Table 3 ranks each route or direction according to success 
against expectations. The J/Z route performed best. The downtown 
Q route was predicted to have the highest performance given its 
short length (to West 4th Street) and sparse ridership, but it fin­
ished 11th to 12th in terms of actual performance. Relative to its 
expected performance the downtown Q route was rated 31st out 
of 33. The downtown no. 5 and the uptown B routes were the 
most hopeful surprises. In terms of actual performance they were 
among the lowest 20th percentile, but given the merges and other 
obstacles experienced on those routes, they did better than 
expected. 

CONCLUSIONS 

Mechanical reliability has an obvious, positive impact on timeli­
ness, and NYCTA's success in upgrading the subway car fleet had 
a significant effect on service throughout the period from 1988 to 
1990. However further increases in MDBF will have diminishing 
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FIGURE 3 Change in odds ratio. 

returns in terms of OTP. This was predicted by the model, and 
recent NYCTA data support this conclusion. 

A trade-off is involved in considering merges, because the 
merging structure provides beneficial routing alternatives when 
service disruptions occur. However the route merges that are so 
common to the New York City system hinder the delivery of 
timely service and constitute a major cause of delays according 
to the model. Each time a route merges, OTP may be as much as 
7.2 percentage points lower (3 percentage points lower when OTP 
is at 90 percent). Because the negative impact of merges results 
from the mistiming of train arrivals at the merge point, better 
adherence to schedule can reduce the impact of this variable. The 
strong negative effect of merges on timeliness underscores the 
importance of careful scrutiny of route design plans that rely on 
additional merges. Even if significant increases in throughput and 
decreases in crowding can be achieved, the addition of merges 
can erode the benefits by impairing reliability. 

.Higher levels of ridership (holding the number of trains and all 
else constant) cause a decline in performance. As timeliness im­
proved from 1988 to 1990, the negative effect of crowding on 
OTP became stronger. Although the effects of the other variables 
diminished, crowding emerged as a more serious problem. 
NYCTA measured a 2.1 percentage point improvement in rush 
hour OTP from 1990 to 1992, and the analysis suggests that one­
fourth of this is because of lower levels of ridership. 

Because the goal of NYCTA and transit advocates generally is 
to increase use of the subway, the adverse effect of increased 
crowding threatens to place constraints on service quality. Further 
improvement in subway service may be difficult as ridership lev­
els increase from the recent slump, as they appear to be doing. 
Scheduling more trains can keep crowding levels constant on most 
routes. However on the most crowded routes more trains cannot 
be scheduled with current operating and safety rules and signali­
zation. To make the matter more intractable, scheduling more 
trains makes headways smaller, and smaller headways are asso­
ciated with lower OTPs. This analysis also suggests that reducing 

the number of trains (as is occasionally proposed in the interests 
of efficiency) may have unforeseen performance impacts, because 
the increase in headways from a service cut may be offset by an 
increase in crowding. 

New subway cars being tested by NYCTA will carry more pas­
sengers and have design features that should allow passengers to 
board more quickly. If this helps reduce the times that trains spend 
at subway platforms, it could reduce crowding. Another way to 
increase throughput is to install new signal systems that permit 
more trains to operate in the peak interval. 

A final possibility for increasing throughput to alleviate crowd­
ing is to change passenger behavior that produces unnecessarily 
long dwell times. Part of the strength of the crowding variable 
tested in the model results from passenger behavior. In a real sense 
passengers are members of the organization. Riders outside trains 
gather directly in front of doors, blocking exiting passengers, and 
riders inside cluster around doors, blocking entering passengers. 
Riders exiting from the middle of a car have tremendous difficulty 
making their way to the doors. Passengers hold doors for others. 
The clustering around doors by riders inside the train is being 
addressed by the design of the new cars; time will tell if this can 
help. Posters urge riders not to hold doors, but these focus on 
safety. NYCTA may need to consider public information cam­
paigns that will inform riders how their actions delay trains. 

Performance is likely to be slightly worse during official school 
days, another indication of the importance of passenger behavior. 
Nighttime construction lowered OTP in 1988 and 1990, but the 
1990 result was not statistically significant, suggesting that im­
provements in operating procedures by NYCTA worked. 

The research results show that relying on OTP to measure ser­
vice quality may obscure a significant improvement once OTP has 
reached a high level. Odds ratios better reflect the improvement 
that passengers experience. Odds ratio show that the most signif­
icant improvement can be achieved, f qr a given amount of change 
in OTP, only after OTP has surpassed 90 percent. This is espe­
cially important in the context of state and local government fund-
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TABLE 3 OTP Predictions and Comparisons for 1990 Morning Rush (7:00 to 9:00 a.m.) 

DIRECTION PREDICTION ACTUAL VARIANCE 
ACTUAL 

RANK 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 

J/Z 
N 
No.3 
No. 7 (lac} 
M 
No.3 
No.7(exp} 
No.5 
R 
c 
No.5 
B 
No.2 
Q 
B 
No.2 
No.1 
D 
L 
N 
No.4 
D 
R 
No.4 
A 
E 
A 
F 
No.6 
M 
Q 
c 
F 

Downtown 
Downtown 
Downtown 
Downtown 
Downtown 
Uptown 
Downtown 
Uptown 
Uptown 
Uptown 
Downtown 
Uptown 
Uptown 
Uptown 
Downtown 
Downtown 
Downtown 
Downtown 
Uptown 
Uptown 
Downtown 
Uptown 
Downtown 
Uptown 
Uptown 
Downtown 
Downtown 
Uptown 
Downtown 
Uptown 
Downtown 
Downtown 
Downtown 

87.3 
83.4 
83.5 
82.1 
88.2 
85.7 
82.0 
78.6 
85.5 
78.9 
77.1 
77.7 
84.2 
82.3 
82.4 
76.4 
89.0 
73.2 
89.3 
83.4 
81.9 
82.9 
82.8 
82.8 
82.4 
76.6 
85.8 
87.4 
84.4 
85.4 
90.9 
85.7 
76.0 

98 
93 
92 
90 
96 
93 
89 
85 
91 
84 
82 
82 
88 
86 
86 
80 
92 
76 
92 
86 
84 
85 
84 
84 
83 
77 
84 
85 
82 
83 
88 
80 
70 

10.7 
9.6 
8.5 
7.9 
7.8 
7.3 
7.0 
6.4 
5.5 
5.1 
4.9 
4.3 
3.8 
3.7 
3.6 
3.6 
3.0 
2.8 
2.7 
2.6 
2.1 
2.1 
1.2 
1.2 
0.6 
0.4 

-1. 8 
-2.4 
-2.4 
-2.4 
-2.9 
-5.7 
-6.0 

1 
3-4 
5-7 
9 
2 
3-4 
10 
16-18 
8 
19-23 
26-28 
26-28 
11-12 
13-15 
13-15 
29-30 
5-7 
32 
5-7 
13-15 
19-23 
16-18 
19-23 
19-23 
24-25 
31' 
19-23 
16-18 
26-28 
24-25 
11-12 
29-30 
33 

RANK shows the ranking of routes from best to worst, i.e., in the order 
given by "VARIANCE" (the difference between actual and predicted 
performance}. ACTUAL RANK gives the ranking of routes according to their 
actual 1990 performance, as me·asured by the OIG (column called 'ACTUAL'}. 

Source: ACTUAL OTP was calculated by the OIG; it is not an official NYCTA 
statistic. Predictions were made using the logistic regression coefficients 
listed in Table 1 for 1990. 

ing decisions. Legislators may believe that a system with an OTP 
of 90 percent has already achieved an excellent level of service 
and that additional investment is not needed because it will not 
improve OTP by much. 

OTP for each route was predicted by using the coefficients es­
timated by the model and compared the predictions with actual 
OTP. Assuming that a model that more accurately predicts OTP 
can be made, managers can use its predictions in several ways. 
(a) Routes ranked at the bottom -which perform worse than 
expected-can be targeted for managerial initiatives to improve 
performance. (b) Line superintendents can be given realistic per­
formance improvement targets on the basis of the variances cal­
culated in this way. NYCTA asked line superintendents to raise 
OTP by 1 percentage point in 1993. That may be unrealistic for 
some routes, and others may be expected to do better. (c) Em-

ployees on routes that have severe handicaps-for example, the 
oldest equipment, many merges, and crowding-may be assigned 
pay differentials in proportion to difficulty to attract the most ex­
perienced _and capable workers and managers. 
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Survey of Fare Policies at Large 
Transit Systems 

DENNIS HINEBAUGH AND DANIEL K. BOYLE 

The Center for Urban Transportation Research at the University of 
South Florida designed and conducted a national survey of fare pol­
icies for the Metro-Dade Transit Agency (MDTA). The purpose of 
the survey was to determine fare policies at other large transit agencies 
nationwide, including fare levels by mode, transfer charges, treatment 
of intermodal fares, discounts for multitrip purchases, pricing of 
monthly passes, time of day differentials, and distance-based fares. 
Seventeen of the 20 systems (including MDTA) responded to the sur­
vey. The range of fare policies is summarized by category for the 17 
transit agencies that responded. The implications of the results are 
also discussed. 

This paper presents the results of a national survey of fare policies 
at large transit agencies and has been prepared as part of a larger 
project undertaken by the Center for Urban Transportation Re­
search (CUTR) to develop a long-term fare policy for the Metro­
Dade Transit Agency (MDTA) in Dade County, Florida. The pur­
pose of this survey was to determine fare policies at other large 
transit agencies nationwide, including transfer charges, treatment 
of intermodal fares, discounts for multitrip purchases, pricing of 
monthly passes, time of day differentials, and distance-based fares. 

Before the survey CUTR reviewed the American Public Transit 
Association (APTA) 1991 fare summary (1), which by the time 
of the survey was outdated and did not contain all of the necessary 
information. Shortly after the survey was conducted APTA pub­
lished its new and more detailed 1993 fare summary (2). The 
survey results provide a greater level of specificity in certain areas, 
particularly in the comments offered by respondents. 

FARE POLICY SURVEY 

In February 1993 CUTR contacted 20 of the largest transit sys­
tems in the United States tb request information on fare policies. 
Systems were then mailed a Fare Policy Survey form. Seventeen 
of the 20 systems (including MDTA) responded to the survey. The 
following sections summarize the range of fare policies by cate­
gory from the 17 responding transit . agencies. A copy of the fare 
survey is contained in the full report (3), which also includes 
summaries of each transit system surveyed, pertinent 'fiscal year 
1991 Section 15 information, and additional fare information. 

Local Bus Fares 

Local bus full fares range from a low of $0.40 in San Antonio to 
a high of $1.50 in Philadelphia, as presented in Table 1 and Figure 

Center for Urban Transportation Research, College of Engineering, 
University of South Florida, 4202 East Fowler Avenue, ENG 118, Tampa, 
Fla. 33620. 

1. The average fare is $1.06. Discounted fares for elderly individ­
uals range from free (off-peak) in Philadelphia· and Pittsburgh to 
$0.60 in Atlanta, Chicago, MDTA, and New York, for an average 
of $0.35. The average fare for disabled individuals is $0.44, with 
a low of $0.15 in Boston and a high of $0.75 in Philadelphia. 
Fares for students range from $0.20 in San Antonio to $1.50 in 
Philadelphia, with an average of $0. 73. 

Express Bus Fares 

Express bus service is operated in 15 of the 17 systems in the 
group of survey respondents. Table 2 and Figure 2 present the 
express bus fares at these 15 systems. Full fares range from a low 
of $0.75 in San Antonio to a high of $4.00 in New York, with a 
group average of $1.54. As shown in Figure 3 the ratio of express 
to local bus full fares averages 1.45, with a range of between 1.0 
in four cities and 3.2 in New York. Fares for elderly individuals 
range from free (off-peak) in Pittsburgh to $2.00 in New York, 
with an average of $0.66. Fares for disabled individuals range 
from $0.25 in -San Francisco and Dallas to $2.00 in New York, 
with an average of $0. 71. Fares for students show an average of 
$1.14 and a range from $0.25 in San Francisco and Dallas to $4.00 
in New York. 

Heavy Rail Fares 

Metrorail service in Dade County is categorized as heavy· rail. 
Heavy rail service is operated in 10 of the 17 systems in the group 
of survey respondents. Heavy rail full fares are included in Table 
3 and- Figure 4 and range from a low of $0.85 in Boston to a high 
of $1.50 in Chicago, Cleveland, and Philadelphia, with a group 
average of $1.25. Rail full fares in Boston, Chicago, and Cleve­
.land are higher than local bus fares. Fares for elderly individuals 
range from free in Philadelphia to $0.75 in Chicago, with an av­
erage of $0.47. Fares for disabled individuals range from $0.20 
in Boston to $0. 75 in Chicago and Philadelphia, with an average 
of $0.54. Fares for students range from $0.40 in Boston to $1.50 
in Philadelphia, with an average of $0.97. 

Light Rail Fares 

Light rail service is operated in 10 of tb,e 17 systems. Dade County 
does not have a light-rail system. Table 4 and Figure 5 present 
the light· rail fare information. Light rail full fares range from a 
low of $0.85 in Boston to a high of $1.50 in Cleveland and Phil­
adelphia, for a group average of $1.14. Fares for elderly individ-



TABLE 1 Local Bus Fares 

City /System Full Fare Elderly Student Disabled 

Atlanta $1.25 $0.60 $1.25 $0.60 

Baltimore $1.25 $0.45 $0.85 $0.45 

Boston $0.60 $0.15 $0.30 $0.15 

Chicago $1.25 $0.60 $0.60 $0.60 

Cleveland $1.25 $0.50 $1.00 $0.50 

Dade County $1.25 $0.60 $0.60 $0.60 

Dallas $0.75 $0.15 $0.25 $0.25 

Los Angeles $1.10 $0.45 $1.10 $0.45 

New Jersey $1.00 $0.45 $0.45 $0.45 

New York $1.25 $0.60 $0.60 $0.60 

Philadelphia $1.50 *$0.00 $1.50 *$0.75 

Pittsburgh $1.25 *$0.00 $1.25 *$0.60 

Portland $0.95 $0.45 $0.70 $0.45 

San Antonio $0.40 $0.20 $0.20 $0.20 

San Francisco $1.00 $0.25 $0.25 $0.25 
(MUNI) 

San Jose $1.00 $0.25 $0.50 $0.25 

Washington D.C. $1.00 $0.30 $1.00 $0.30 

Average of 17 $1.06 $0.35 $0.73 $0.44 
Systems 

* Off-peak only 
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FIGURE 1 Local bus full fares. 
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TABLE 2 Express Bus Fares 

City /System Full Fare Elderly Student Disabled Express to 
Local Full 
Fare Ratio 

Atlanta $1.25 $0.60 $1.25 $0.60 1.0 

Baltimore $1.55 $0.75 $1.55 $0.75 1.24 

Boston $1.50 $0.75 $0.75 $0.75 2.5 

Chicago $1.50 $0.85 $0.85 $0.85 1.2 

Cleveland $1.50 $0.50 $1.00 $0.50 1.2 

Dade County $1.50 $0.75 $0.75 $0.75 1.2 

Dallas $1.75 $0.15 $0.25 $0.25 2.3 

Los Angeles $1.10 $0.45 $1.10 $0.45 1.0 

New Jersey $1.25 $0.55 $0.55 $0.55 1.25 

New York $4.00 *$2.00 $4.00 *$2.00 3.2 

Pittsburgh $1.25 *$0.00 $1.25 *$0.60 1.0 

San Antonio $0.75 $0.35 $0.35 $0.35 1.88 

San Francisco $1.00 $0.25 $0.25 $0.25 1.0 
(MUNI) 

San Jose $1.50 $1.50 $1.50 $1.50 1.5 

Washington D.C. $1.65 $0.50 $1.65 $0.50 1.65 

Average of 15 $1.54 $0.66 $1.14 $0.71 1.45 
Systems 

* Off-peak only 
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FIGURE 2 Express bus full fares. 
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Transit Systems 

FIGURE 3 Express to local full fare ratio. 

TABLE 3 Heavy Rail Fares 

City /System Full Fare Elderly Student Disabled 

Atlanta $1.25 $0.60 $1.25 $0.60 

Baltimore $1.25 $0.45 $0.85 $0.45 

Boston $0.85 $0.20 $0.40 $0.20 

Chicago $1.50 $0.75 $0.75 $0.75 

Cleveland $1.50 $0.50 $1.00 $0.50 

Dade County $1.25 $0.60 $0.60 $0.60 

Los Angeles $1.10 $0.45 $1.10 $0.45 

New York $1.25 +$0.63 +$0.63 +$0.63 

Philadelphia $1.50 *$0.00 $1.50 *$0.75 

Washington D.C. $1.00 $0.50 $1.00 $0.50 

Average of 10 $1.25 $0.47 $0.97 $0.54 
Systems 

* Off-peak only 
+ $1.25 fare includes return trip 
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FIGURE 4 Heavy rail full fares. 

TABLE 4 Light Rail Fares 

City /System Full Fare 

Baltimore $1.25 

Boston $0.85 

Cleveland $1.50 

Los Angeles $1.10 

New Jersey $1.00 

Philadelphia $1.50 

Pittsburgh $1.25 

Portland $0.95 

San Francisco +$1.00 
(MUNI) 

San Jose $1.00 

Average of 10 $1.14 
Systems 

* Off-peak only 

Transit Systems 

Elderly Student Disabled 

$0.45 $0.85 $0.45 

$0.20 $0.40 $0.20 

$0.50 $1.00 $0.50 

$0.55 $1.10 $0.55 

$0.45 $0.45 $0.45 

*$0.00 $1.50 *$0.75 

*$0.00 $1.25 *$0.60 

$0.45 $0.70 $0.45 

+$0.25 +$0.25 +$0.25 

$0.25 $0.50 $0.25 

$0.31 $0.80 $0.45 

+ Cable Car full fare is $3.00; elderly/disabled/student fare is $1.00; monthly pass is valid for 
cable car full fare 

69 



70 

$1.50 

ca $1.00 
l:C 

$0.50 

$0.00 

FIGURE 5 Light rail full fares. 

uals range from free in Philadelphia and Pittsburgh to $0.55 in 
Los Angeles County, for an average of $0.31. Fares for disabled 
individuals range from $0.20 in Boston to $0. 75 in Philadelphia, 
for an average of $0.45. Fares for students are lowest ($0.25) in 
San Francisco and highest ($1.50) in Philadelphia, with an average 
of $0.80. Light rail fares match either local bus fares in systems 
without heavy rail or the heavy rail fare. 

Peak Differential 

Five of the 17 transit systems currently have a peak surcharge. 
Chicago has surcharges of $0.25 (full fare) and 0.15 (other fare 
categories) only on its bus system in the peak, resulting in a $1.50 
peak fare on both bus and rail. Philadelphia has a surcharge on 
full fares in the peak on only its light rail system ($0.25 for zone 
1; $0.40 for zone 2). Elderly and disabled passengers must pay 
full fare in the peak in both Philadelphia and Pittsburgh. San Jose 
provides a midday discount for full fare bus and light rail passen­
gers, with a midday fare of $0.50. In Washington, D.C., the num­
ber of zones traveled for the base f~re is restricted to three in the 
peak period. Peak surcharges range from a·low of $0.15 for elderly 
and disabled individuals and students in Chicago to a high of 
$1.50 for elderly patrons in Philadelphia. 

Transfers 

Transfers are currently free on 9 of the 17 systems, as shown in 
Table 5 and Figure 6. At those systems that charge a transfer the 

TRANSPORTATION RESEARCH RECORD 1451 

Transit Systems 

cost ranges from $0.25 at three systems (including MDTA) to the 
full fare rate (no transfers given) in Boston. 

Monthly Passes 

Of the survey respondents; only New York and Washington, D.C., 
do not currently offer monthly•passes, although Washington, D.C., 
is in the process of introducing a 28-day rail-only pass priced at 
$100. Table 6 and Figure 7 present the monthly pass costs. Full 
fare monthly passes range from a low of $16.00 for local bus in 
San Antonio to a high of $78.00 in Chicago. The average cost for 
a full fare local bus pass (not including zone charges) is $40.07 
and $13.88 for a discounted pass (not shown in Table 6). The 
average cost for a full fare light rail pass is lower ($36.90), 
whereas express bus and heavy rail pass costs· are higher on 
average. 

Table 6 and Figure 8 provide information on the breakeven 
point for monthly pass purchasers. This is the number of trips at 
which the cost of the monthly pass equals the sum of the cost of 
single fares. The average breakeven point is 37 trips per month, 
with a low of 30 trips in San Jose and a high of 52 trips in 
Chicago. 

Other Passes 

Most systems offer passes other than their monthly pass. These 
passes include weekly passes (seven systems), two-week passes 
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TABLE 5 Transfer Charges 

City /System Full Fare Discount 

Atlanta Free Free 

Baltimore $0.10 Free 

Boston Additional Fare Additional Fare 

Chicago $0.30 $0.15 

Cleveland Free Free 

Dade County . $0.25 $0.10 

Dallas Free Free 

Los Angeles $0.25 $0.10 

New Jersey $0.45 

New York *Free *Free 

Philadelphia $0.40 $0.40 

Pittsburgh $0.25 $0.10 

Portland Free Free 

San Antonio Free Free 

San Francisco Free Free 
(MUNI) 

San Jose Free Free 

Washington D.C. +Free +Free 

Average of 17 $0.15 $0.05 
Systems 

* Free transfers between same modes and between bus 
and subway at a limited number of stations; 
otherwise additional full fare is required 

+ Within District of Columbia 

(three systems), punch passes (one system), daily-only passes (five 
systems), weekday-only passes (three systems), weekend-only 
passes (two systems), student or college student passes (four sys­
tems), and annual passes (two systems). Weekly pass prices (with 
no additional zone charges) range from $11.00 in Atlanta, Balti­
more, and Pittsburgh to $20.50 in Chicago. The range of costs for 
daily passes is from $2.00 (San Antonio and San Jose) to $5.00 
(Boston). 

Tokens 

Eleven of the systems sell tokens for fare payment, as illustrated 
in Table 7. In New York and Boston tokens are not discounted. 
Discounts on tokens range from approximately 5 percent in At­
lanta and Baltimore to a high of 30 percent in Philadelphia. Only 
Chicago offers a token for elderly and disabled individuals and 
students. 

Tickets 

Seven of the systems sell tickets as a method of fare payment. 
These are also shown in Table 7. Dallas does not offer a discount 
on their tickets. Ticket discounts range from :S to 10.5 percent. 
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Distance-Based Fares 

Ten of the 17 systems (Baltimore, Boston, Cleveland, Los An­
geles, New Jersey, Philadelphia, Pittsburgh, Portland, San Anto­
nio, and Washington, D.C.) currently have distance-based sur­
charges. These surcharges vary by mode of service and by the 
number of zones traveled. Some zonal boundaries match political 
jurisdictions (i.e., county lines), although the size and number of 
zones also vary. 

Magnetic Fare Cards 

Six of the systems (Atlanta, Boston, Chicago, Miami, Philadel­
phia, and Washington, D.C.) currently use magnetic fare cards. 
Cleveland planned to start using magnetic fare cards later in 1993. 
All of the magnetic fare card systems are multimodal, but it is 
unclear from the survey responses whether the fare cards can be 
used on all modes. 

Credit Card Purchases 

Eight of the systems (Baltimore, Boston, Dallas, Los Angeles, 
New Jersey, Philadelphia, Pittsburgh, and San Jose) accept credit 
cards and checks for the purchase of fare instruments (passes, 
tokens, tickets). 

Average Fare Per Unlinked 1iip 

The average fare per unlinked trip is derived from Section 15 
statistics for fiscal year 1991 (4). The average fare is calculated 
by dividing passenger fare revenue by unlinked trips on all modes 
of service. Data for New Jersey and Philadelphia are not included 
here because their Section 15 passenger fare data incorporate com­
muter rail, which inflates the average fare. Table 8 and Figure 9 
present information on average fares. The average for 15 systems 
is $0.52, with a high of $0. 75 in New York and a low of $0.28 
in San Antonio. 

Fare Box Recovery Ratio 

The 1991 Section 15 report is also the source of the fare box 
recovery ratio ( 4). The ratio is obtained by taking the passenger 
fare revenue as a percentage of operating expenditures on all 
modes of service. Data for New Jersey and Philadelphia are ex­
cluded because of the inability to separate commuter rail data in 
the Section 15 report. As shown in Table 8 and Figure 10, fare 
box recovery ratio for the 15 systems ranges from 11 percent in 
San Jose to 48 percent in Washington, D.C., with an average of 
32 percent. 

SURVEY OBSERVATIONS AND IMPLICATIONS 

The information obtained in the survey has been helpful to MDTA 
in evaluating its system with respect to similar transit systems 
p.ationwide. The findings highlighted below are also of interest 
beyond Dade County. 
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TABLE 6 Monthly Pass Costs 

* 
+ 
# 

City /System Local Bus Express Bus Heavy Rail 

Atlanta $43.00 $43.00 $43.00 

Baltimore $42.00* $52.00* $42.00* 

Boston $20.00 $64.00 $27.00 

Chicago $78.00 $78.00+ $78.00 

Cleveland $45.00 $54.00 $54.00 

Dade County $60.00 $60.00 $60.00 

Dallas $23.00 $54.00 --

Los Angeles $42.00 $42.00 $42.00 

New Jersey $41.00* $59.00 --

Philadelphia $58.00 -- $58.00 

Pittsburgh $40.00 $40.00 --

Portland $31.00 -- --

San Antonio $16.00 $30.00 --

San Francisco $32.00 $32.00 --
(MUNI) 

San Jose $30.00 $45.00 --
Average of all $40.07 $50.23 $50.50 
Systems 

Base zone only; zone charges apply to monthly pass price 
Plus $0.25 surcharge per boarding 
Monthly pass valid on cable car 

I I I I I I 
Light Rail Break-even 

Number of 
Trips (Local) 

-- 34 

$42.00* 34 

$27.00 32 

-- 52 

$54.00 36 

-- 48 

-- 31 

$42.00 38 

$41.00* 41 

$58.00 39 

$40.00 32 

$31.00 33 

-- 40 

$32.00# 32 

$30.00 30 

$36.90 37 
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TABLE 7 Token and Ticket Costs 

City /System Token % Discount Ticket 

Atlanta $1.20 4.0% --

Baltimore $1.20 4.0% $1.20 

Boston $0.85 0.0% $0.71 

Chicago $1.25 16.7% --
Cleveland -- -- *$1.19 

Dade County $1.00 20.0% --

Dallas -- -- $0.75 

Los Angeles $0.90 18.2% --

New Jersey -- -- Varies 

New York $1.25 0.0% --

Philadelphia +$1.05 +30.0% --

Pittsburgh -- -- $1.15 

Portland -- -·· $0.85 

San Francisco $0.90 10.0% --
(MUNI) 

Washington D.C. $0.90 10.0% --
Average of all $1.05 11.3% $0.98 
Systems 

Cost is average cost per trip 
* $1.43 for rail (4.7% discount) 
+ Student only 

TABLE 8 Average Fares Per Unlinked Trip and Fare Box 
Recovery Ratios 

City/System Average Fare per Farebox 
Unlinked Trip Recovery Ratio 

Atlanta $0.43 37% 

Baltimore $0.61 37% 

Boston $0.39 22% 

Chicago $0.59 42% 

Cleveland $0.60 26% 

Dade County $0.72 34% 

Dallas $0.43 19% 

Los Angeles $0.56 39% 

New York $0.75 43% 

Pittsburgh $0.65 35% 

Portland $0.45 28% 

San Antonio $0.28 23% 

San Francisco $0.33 31% 
(MUNI) 

San Jose $0.31 11% 

Washington D.C. $0.73 48% 

Average of 15 $0.52 32% 
Systems 

Source: Derived from 1991 Section 15 Statistics 

% Discount 

--

4.0% 

16.4% 

--

4.8% 

--

0.0% 

--

Varies 

--
--

8.0% 

10.5% 

--

--

7.3% 
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One interesting observation is that the concept of pricing transit 
service in accordance with its cost or its level of service has not 
been implemented on a large scale. Peak period surcharges are 
not generally assessed, despite the higher cost of operating peak 
service. Distance-based fares are more common but are far from 
universal. The fare differential between premium service (e.g., ex­
press bus) and regular service is less than might be expected. 

Recent concepts that have developed among transit profession­
als in the past decade have also not been generally implemented. 
The extent to which significant discounts are offered for prepaid 
single-ride fare media· (such as tokens or tickets) is not great, 
indicating that the deep-discount concept. has not achieved wide­
spread acceptance. At the same time, monthly passes continue to 
be priced at relatively low breakeven points, despite resulting rev­
enue losses. 

Technological advances and the spread of existing automated 
fare collection technology have the potential to affect fare policies. 
Improvements in fare collection methods certainly can affect the 
feasibility of certain fare options and the ease of administering 
complex fare structures. There is no evidence that fare collection 
technology determines fare policy. Essential policy questions have 
been and will continue to be decided independently of technolog­
ical considerations. 

What drives fare policy decisions? Although the fare survey 
has produced a considerable amount of technical information, it 
did not address the political realm. Political feasibility is perhaps 
the major determining factor in decisions on fare levels and over­
all fare policy. Low fares, simple fare structures, and a definable 
sense of equity (often translated to a flat fare structure) among 
socioeconomic groups and neighborhoods are likely to be higher 
political priorities than cost recovery issues. These political pri-
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orities are reflected in systems for which the existence of a ded­
icated local funding source allows a transit system to keep its fares 
low. 

The mixture of fare structure issues, technological develop­
ments, and political priorities is not complete without a consid­
eration of the extent of customer orientation on the part of a transit 
agency. Total quality management concepts are migrating from 
the private to the public sector, and many transit agencies are 
scrambling to become more customer oriented. Although pricing 
policies based on market segmentation with regard to fare sensi­
tivity are undoubtedly efficient, these do not necessarily keep the 
customer as pleased as do low fares and a good deal on a monthly 
pass. 

The fare survey results cannot address all these implications 
regarding fare policy. What the survey has provided is a clear 
indication of baseline conditions related to fare levels, policies, 
and innovations for the larger transit systems in the United States. 
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Evaluation of Transit Telephone 
Information at SCRTD 

RANDOLPH W. HALL, EMMANUEL LE COLLETTER, AND YOUNGBIN YIM 

The way transit-related telephone information is provided and how it 
is perceived and used by callers to complete a planned trip are in­
vestigated. A test and survey are conducted among a sample of both 
transit and nontransit users in Los Angeles, using the Southern Cali­
fornia Rapid Transit District (SCRTD) telephone information service. 
Participants were asked to request specific directions from either an 
operator or the synthesized voice system and to record the directions 
they received. A sample of the phone calls made to SCRTD was 
analyzed. The telephone information service appeared to be well re­
ceived by the general public, especially by frequent transit riders. 
Telephone operators at SCRTD obtained high ratings in terms of 
friendliness, clarity of directions, speed of speech, and callers' con­
fidence in the accuracy of directions. The synthesized voice system 
(ARTI) did not obtain the same high ratings as SCRTD's human op­
erators. Clarity of directions and clarity of speech of the automated 
voice were rated low. Because the ability to interact was valuable to 
callers, the noninteractive synthesized voice system did not appear as 
effective as human operators in transmitting information to callers. 
Participants recorded less information and, on average, made more 
mistakes when interacting with ARTI than with the operators. The 
potential of a users telephone information service to generate more 
transit trips when the information is provided by a human operator 
appeared higher among users who are dependent on transit than 
among those who use transit infrequently. In that sense, the research 
established a link between the quality of the information provided and 
the propensity to use transit. 

Southern California Rapid Transit District (SCRTD) is one of the 
largest urban transit operators in the United States. Created in 
1964, it provides bus and light rail service in the greater Los 
Angeles region. Its l,442-mi2 service area covers Los Angeles 
County and large parts of Ventura, Orange, and San Bernardino 
counties. SCRTD carries 1.3 million riders in a weekday and 409 
million annually (1991). The network includes more than 200 bus 
routes and one light rail line stretching 22 mi between downtown 
Los Angeles and Long Beach. SCRTD operates a fleet of 2,500 
buses and 54 light rail trains. Since the completion of this study, 
subway service (red line) began operation in January 1993. Al­
though SCRTD was merged into LACMTA in April 1993, the 
authors refer to it as SCRTD because the study was completed 
before the merger. 

To help potential transit users find their way on this extended 
network, SCRTD provides a telephone information service offer­
ing itinerary, schedule, and fare information. The system operates 
from a computerized data base that includes routes of 24 transit 

R. W. Hall, University of Southern California, School of Business 
Administration, Information and Operations Management Department, 
400C Bridge Hall, Los Angeles, Calif. 90089. E. Le Colletter, University 
of California at Berkeley, Institute of Transportation Studies, Berkeley, 
Calif. 94720. Y. Yim, University of California at Berkeley, Institute of 
Transportation Studies, Richmond Field Station, 1301 S. 46th Street, 
Building 452, Richmond, Calif. 94804. 

operators in the Los Angeles area. Currently, 105 operators handle 
12,000 calls daily, for a total of 4 million calls annually. 

The objective of this study is to investigate the effects of transit 
telephone information on trip behavior. It explores the way transit 
information is recorded and used by callers and looks at the po­
tential impact on their choice of transportation. It also describes 
the public's perception of telephone information services, those 
delivered by operators and those provided by SCRTD's synthe­
sized voice system. Finally, the study examines a sample of tel­
ephone calls made to the service to gain an understanding of how 
callers interact with operators to obtain travel information. 

LITERATURE REVIEW 

This part of the paper presents an overview of the studies previ­
ously conducted on the topics of transit information, the way in­
formation services are perceived and used by transit users. The 
literature review includes a summary of the research done on the 
trip behavior of users who were provided with transit information. 

Effectiveness of Transit Telephone Information 
Systems 

Since the 1950s, the transit industry has faced fierce competition 
from the automobile, which severely eroded public transporta­
tion's demand base. Facing constant declines in ridership and 
ever-increasing operating costs, transit operators have tried mar­
keting public transportation to reverse the downward trend. 

Marketing efforts in the transit industry have included radio and 
television ads, maps and timetables, newspaper announcements, 
and telephone information services. The latter has distinct advan­
tages over other media: it is easily accessible to most of the pop­
ulation; it enables information to be updated quickly to re.fleet 
changes in service; and more important it permits information to 
be tailored to the specific needs of individual customers. 

Telephone information service is now considered an essential 
public service, and it is provided by almost every transit agency 
in North America. Traditionally, travel information was provided 
by agents who referred to a hard-copy data base consisting of 
street and route maps, schedule information, and daily bulletins 
of service modifications. This mode of information retrieval, al­
though still widely in use, is extremely labor-intensive and there­
fore costly to operate. Starting in the 1970s, various efforts have 
been undertaken to computerize part of the operation to reduce 
cost and increase call-handling capacity. 

In North America, the effort has taken two forms: one that 
focuses on computerized information storage and retrieval within 
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the traditional telephone information system (TIS) environment; 
the other way has been to develop fully automated schedule in­
formation to provide callers with stop-specific arrival times with­
out involving agents. The former trend aimed at improving agent 
productivity and information consistency; the latter aimed at in­
creasing ridership by reducing uncertainty associated with waiting 
at bus stops. 

Computerized Data Retrieval Within the Existing TIS 
Environment 

SCRTD and the Washington Metropolitan Area Transit Authority 
(WMATA) were among the first transit agencies to develop an 
automated data storage and retrieval system for telephone infor­
mation purposes (1). 

Los Angeles Experience The population of Los Angeles has 
been described as transit ignorant because of low transit use. In­
deed, in spite of its large size, SCRTD accounts for only 4 percent 
of all trips in the Los Angeles area (1). Trip patterns in Los An­
geles do not focus on the traditional CBD but are diffuse and 
complex. People have to travel very long distances and typically 
lack geographical knowledge of their destination point. In that 
context, the provision of telephone information services is espe­
cially important. 

Since 1977, all requests for information at SCRTD have been 
handled through the Computerized Customer Information System 
(CCIS). The system allows agents to retrieve quickly any transit­
related information. Given any origin and destination in the ser­
vice area, CCIS produces a set of possible itineraries, from which 
the operator can pick one that is most adapted to a caller's needs. 
CCIS was first implemented to increase agents' productivity, but 
it has had other positive impacts, such as improved accuracy and 
consistency of agents' responses, elimination of a hard-copy data 
base, reduction in the training period for new agents, and im­
proved job satisfaction for employees. 

CCIS was upgraded in 1992 to include the automatic delivery 
of itineraries through the use of a synthesized voice. The new 
information network ARTI, the name for the regional transporta­
tion information network, allows callers to input a code for their 
origins and destinations using a touch-tone phone, without talking 
to an operator. Origin and destination codes for all major cross 
streets are published in a catalog that is readily available. Em­
ployer members of the Corporate Transit Partnership also have a 
seven-digit code that can be processed by ARTI. 

Washington Experience The case of Washington, D.C., is 
interesting because it provides an evaluation of the cost­
effectiveness of a transit telephone information system comparable 
to SCRTD. In 1983, WMATA conducted a phone survey and re­
ported that 82 percent of 602 respondents took the trip about 
which they had called for assistance (1). Of these people, 67 per­
cent stated that they would not have taken the trip by transit with­
out the information they had obtained from the telephone service. 
Using these results and the average fare, WMATA estimated that 
the telephone information service brought $520,000 in additional 
revenues to the authority, beyond the telephone information ser-
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vice costs (assuming conservatively that each effective call gen­
erated only one ride). 

Although 80 percent of the callers did not have a car available 
at the moment they called, 56 percent stated that they had an 
automobile available at certain times. These callers were not en­
tirely transit dependent, which confirmed the essential marketing 
role of telephone information systems to attract choice riders. The 
survey also revealed that 56 percent of the trips made by the 
callers took place during the off-peak period, compared with a 37 
percent average systemwide. It suggested that telephone infor­
mation services are most useful to the off-peak rider who may or 
may not also be a regular transit user. 

Automated Schedule Information Systems 

The other form of automated transit telephone information sys­
tems provides callers with fully automated schedule information 
(stop-specific arrival times), without involving a telephone oper­
ator. These systems are aimed at increasing ridership by reducing 
uncertainty associated with waiting time at bus stops, especially 
at night or during poor weather. 

Such a system was first implemented in Canada. It is marketed 
under the name ''Telerider.'' The first version was tested in Mis­
sissauga, Ontario, and Included both bus position monitoring and 
arrival time calculation capabilities to provide callers with real­
time information based on the actual position of the bus rather 
than its scheduled location. The version of Telerider that is now 
sold throughout North America, however, does not include the 
complex real-time capabilities; it gives only scheduled arrival 
times. The information is transmitted without the need of an agent 
because bus stop locations are coded in the phone numbers 
themselves. 

The impact of such service on ridership has been investigated, 
and conflicting results have been found. Ross and Soberman (2) 
examined route by route transit riderships in four Canadian cities 
before and after the implementation of Telerider. In Winnipeg, 
Mississauga, Kitchener, and Guelph, no clear correlation could be 
established between the deployment of Telerider and ridership. 
However, Diewald et al. (3) showed that Telerider in Ottawa had 
a clearly positive impact on ridership in each time period of the 
day (peak, midday, and evening) and also contributed to improved 
public perception of the transit authority. 

Telerider has also been implemented in the United States. Tran­
sit authorities of Salt Lake City, Pittsburgh, Columbus, and San 
Diego all have tested the system (1,2). Telerider was found to 
have no significant impact on ridership in Salt Lake City or San 
Diego, whereas in Columbus, Telerider bus routes performed 7 
percent better than the control routes. In light of these results, the 
Central Ohio Transit Authority implemented Telerider systemwide 
in 1983 (2). 

Effect of Transit Information on Transit Trip Behavior 

Another way to look at the effectiveness of transit information is 
to observe the trip behavior of users who were provided with 
directions. The authors summarize the results of a few studies 
looking at that aspect. Geehan and Deslauriers ( 4) found that few 
people correctly interpret transit timetables. Only 9 percent of 580 . 
participants were able to determine from a schedule when the next 
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bus would pass their home. The researchers also reported that 
between 23 percent and 69 percent of the respondents were unable 
to use a transit route guide to plan an actual transit trip. Bronzaft 
et al. (5) examined whether the inability to interpret transit infor­
mation correctly would adversely affect transit trip time. Twenty 
students were provided maps of the New York City subway sys­
tem and asked to visit five stations on a set itinerary. All subjects 
took longer than necessary because they chose indirect or inap­
propriate routes or had to backtrack. 

Hall (6) also studied the influence of trip information on route 
choice. A set of 50 students was observed as they traveled to a 
specified location accessible by several bus lines 1 1

/ 2 mi away. 
1\venty students received no information, 15 received maps only, 
and another 15 received both maps and schedules. The subjects 
who had maps reached their destination significantly faster than 
those without information. However, subjects provided with both 
maps and schedules took longer than those using maps alone. This 
result indicates that riders are unable to adjust their route to take 
advantage of a specific schedule. A surprisingly wide variety of 
itineraries was obtained among the students, and very few subjects 
took the shortest route to reach the destination. The experiment 
showed that route choice was a dynamic process because subjects 
constantly reevaluate their decisions in light of the last informa­
tion they receive. 

All previous studies agree that human ability to plan a trip from 
map and schedule information is somewhat limited, which may 
explain the demand for transit telephone information services that 
provide itineraries on a personalized basis. However, no study to 
date has looked at the way such travel information is interpreted 
and used. That is the objective of this paper. 

EXPERIMENT 

The experiment was designed to investigate the effects of transit 
telephone information on trip behavior. The objective of the ex­
periment was to determine how efficiently transit information is 
provided by operators and how closely it is recorded and used by 
callers. The callers' response was analyzed using data collected 
from a test and survey; at the same time, directions provided by 
operators were analyzed using a transcript of sample phone calls. 

Test and Survey of Callers 

A test and survey among transit and nontransit users were con­
ducted at Broadway Plaza, an indoor shopping mall in the heart 
of downtown Los Angeles, during two weeks in August 1992. 
The survey was conducted between 11:00 a.m. and 2:00 p.m. by 
University of California students. Participants were offered a $5 
gift certificate. The sample size was 120. The test was composed 
of four parts. The first portion consisted of a survey of partici­
pants' travel behavior in general, looking at the mode, purpose, 
frequency, and length of their most frequent trips. Special empha­
sis was placed on reasons for use or non-use of public transpor­
tation, including a detailed assessment of participants' perceptions 
of transit in the Los Angeles area. 

The second part of the test was aimed at providing a precise 
portrait of the effectiveness of the information provided by tele­
phone information services. Participants were asked to call the 
information service and to write down the directions they ob-
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tained. For this part, participants were divided into two experi­
mental groups. During the first week, participants asked the 
SCRTD operator for directions to their most frequent destination. 
During the second week of the experiment, all participants were 
instructed to request directions for a single standardized trip, 
which was to be taken at a specific time, and to include the use 
of two buses and a transfer. The experiment was expanded during 
the second week to compare the human operator with ARTI, the 
system that permits SCRTD to deliver directions through a syn­
thesized voice; about half of the participants started with the op­
erator and the other half began with ARTI. This design was used 
to control for any bias in the second call based on information 
obtained through the first call. During each phone call, surveyors 
collected information on the quality of service provided; waiting, 
holding, and answering times were recorded. 

In the third part, participants were asked about the quality of 
the service provided in the phone call in terms of clarity and 
usefulness of directions as well as performance of the operator or 
the synthesized voice system. Participants' perceptions of transit 
in the area were assessed once again to determine whether the 
phone call had had any impact. 

Finally, to evaluate whether the sample was representative of 
the general population, the last part of the survey consisted of 
questions characterizing socioeconomic profile. Overall, this re­
vealed that the sample was comparable to the daytime population 
in downtown Los Angeles; that is, 60 percent are male, 53 percent 
drive alone, 37 percent use transit, and 7 percent carpool. 

Analysis of Recorded Information 

The recorded information was analyzed quantitatively only for the 
standardized trip group because the directions provided were the 
same for everyone. This part of the experiment led to interesting 
conclusions regarding the efficiency -of the human operator as 
compared with the synthesized voice. 

In this test, participants were asked to request information for 
a trip from Knott's Berry Farm in Buena Vista to Temple and 
Grand Streets in downtown Los Angeles. Two buses had to be 
taken to complete the trip on the SCRTD network. The complete 
directions provided by the information service were the bus num­
ber, direction, bus line, departure point, and the arrival point for 
the first bus and the second bus. In some cases, the operator may 
have omitted some of them. Participants were also asked to write 
down the given directions on the questionnaire as clearly as pos­
sible. They were allowed to draw maps or whatever figures they 
might find helpful. However, not one participant drew a map, 
which seems to indicate that information provided orally is not 
perceived or remembered in visual form. Instead, all participants 
wrote down the directions in a sequential fashion, noting the bus 
lines and the boarding and arrival points with their corresponding 
departure and arrival times. Although there were wide variations 
in the clarity and completeness of the recorded directions, all par­
ticipants used the same basic format. 

The total number of correct elements recorded was used to mea­
sure the caller's ability to obtain and comprehend essential infor­
mation. As mentioned earlier, every caller got information from 
both a human operator and ARTI, the synthesized voice, with half 
the callers reaching the operator first and the other· half starting 
with ARTI. Participants recorded more information when the di­
rections were provided by a human operator. They were able to 
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record, on average, 12.5 elements out of 17 from the operator as 
compared with 10.5 from ARTI. Table 1 shows the distribution 
of the number of elements recorded by the participants for the two 
modes. Directions provided by the synthesized voice were incor­
rectly interpreted more often than were directions provided by the 
operator. 

Although many elements were not recorded, the most important 
directions were written down by most participants. Bus numbers, 
the directions of the buses, scheduled departure and arrival times, 
and the location of the transfer point were all recorded by at least 
80 percent of the participants talking to an operator and by at least 
65 percent of those dealing with the voice. Less crucial infor­
mation, such as the fare and the exact starting point (Knott's Bus 
Terminal), was often overlooked by those using a human operator. 
Those hearing the synthesized voice were more apt to record this 
information. Human operators would often skip these details (as 
was seen in an analysis of transcripts), whereas ARTI is pro­
grammed to deliver all pertinent information. 

It was also determined that regular transit users tend to record 
less information than infrequent users: That was observed among 
transit users speaking with a human operator, who recorded only 
11.6 elements on average compared with nonusers, who recorded 
13.0. Of those hearing the synthesized voice, 9.3 elements were 
recorded by transit users compared with 11.3 recorded by car 
users. The proportion of information recorded by transit users is 
consistently less for all the elements. The difference between the 
two groups is more marked for two elements: the fare, as would 
be expected, and the bus line, which indicates the street on which 
the bus is running. Indeed, transit riders seem satisfied with just 
a bus line number, whereas car users typically recorded the street 
as well. 

J!ost-Call Questionnaire 

After the phone call, participants were asked to assess the quality 
and usefulness of the service in terms of clarity of directions, 
clarity and speed of speech, friendliness of the operator or voice, 
completeness of directions, and their confidence in the accuracy 
of the information provided. The author's summary of these re­
sponses is mostly concerned with those of participants who dealt 
with both the human operator and the synthesized voice. 

Again, waiting, holding, and answering times were recorded by 
surveyors during the phone calls. Waiting time was the time 

TABLE 1 Number of Correct Elements and Errors in the 
Recording of Participants 

Number Human operator Synthesized voice 
of Correct Elements (44 cases) (40 cases) 

Less than 5 23 153 

Between 5 and 9 73 173 

Between 10 and 12 253 283 

Between 13 and 16 663 403 

All (17) 03 93 

AVERAGE: 12.5 10.5 

Number of Errors Human operator Synthesized voice 
None 713 603 
One 293 353 
Two 03 53 
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needed to first get an answer to the call and reach the service. 
Holding time was the delay between reaching the service and the 
moment that callers could request information. Answer time was 
the time taken by the operator or ARTI to transmit the directions. 
Values obtained for these three service times ranged from 0 to 10 
min. Waiting time was similar for the operator and ARTI (2.5 min 
on average), holding time was less for the operator (1.3 min com­
pared with 2.3 min), and answer time was slightly less for the 
operator (1.1 min versus 1.4 min). However, current version of 
ARTI significantly reduces waiting time to less than 1 min. 

The human operator performed better in every category, ac­
cording to the survey. Waiting time is similar for both modes 
because participants who listened to ARTI reached an operator 
first and then specifically asked for the synthesized voice to de­
liver the directions. Although a phone number was available to 
reach ARTI directly, surveyors discovered that it involved exces­
sive and irregular waiting times. 

One explanation for the longer answer time for ARTI was that 
it repeated directions to the callers 1.83 times on average, while 
the operator repeated them only 1.18 times. These are average 
values for the first phone call. On the second call, once the par­
ticipants were familiar with the directions from their previous call, 
the average number of repetitions went down to 1.30 for ARTI 
but remained the same for the operator. 

Results further showed that instructions given by a human op­
erator were more intelligible and clearer than the ones provided 
by the synthesized voice. Indeed, 87 percent of the participants 
rated the instructions given by the operator "easy to follow" com­
pared with only 24 percent for ARTI. On the other hand, only 2 
percent st~ted that the operator was ''difficult to follow,'' whereas 
24 percent said so for ARTI. Similarly, when prompted about the 
clarity of the speech, 91 percent of the participants said the op­
erator pronounced words very clearly, whereas only 24 percent 
said the same for ARTI. 

Three quarters (76 percent) of the participants were satisfied 
with the speed of the operator when giving directions; the rest 
judged that it was .somewhat too fast. However, only a third (33 
percent) of the participants were satisfied with ARTI's speech 
speed. More than 22 percent thought it was too slow, and 45 
percent thought it was too fast. 

The operators were perceived to be friendly by 82 percent of 
the participants. On the other hand, the synthesized voice was 
rated as neutral by 75 percent of callers. Most participants (89 
percent) also were very satisfied with the operator's promptness 
in answering their questions. Because ARTI does not enable peo­
ple to interact directly, this question was not asked of ARTI users. 

Participants further expressed confidence in the accuracy of in­
formation provided by the service. Almost everyone (96 percent) 
trusted the directions given by the operator. ARTI's credibility was 
almost as high at 89 percent. However, just two thirds (67 percent) 
of the participants judged that the information was complete 
enough to get them to their destination. 

Transit users gave higher ratings to the telephoi:ie information 
service than did nonusers. They were consistently more satisfied 
with the clarity of information, the speed of the speech, the friend­
liness of the operator, and the promptness of the answers to their 
questions. They were also more confident with the accuracy and 
completeness of the information provided than were nontransit 
users. This result might be explained by transit users' ability to 
handle transit-related information better and their more positive 
attitude toward SCRTD in general. 
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One of the objectives of the experiment was to observe how 
the availability of precise and personalized transit information 
would affect travelers' propensity to use public transit. Therefore, 
participants were asked how the directions they received would 
affect their chances of using transit. Nearly one half of the partic­
ipants indicated that transit information would influence their 
choice of transportation mode, if the information appears to be 
reliable, accurate, and helpful (7). The experiment also indicated 
that frequent users are more receptive to information services than 
those who use transit infrequently. Fifty-five percent of transit 
users stated that the information they received encouraged them 
to take transit as compared with 35 percent of the nontransit users 
surveyed. In addition, the manner in which the information was 
provided influenced their propensity to use transit. Fifty-six per­
cent of the participants said the information provided by the hu­
man operator encouraged them to ride transit, whereas only 36 
percent of the same people said so when the same information 
had been transmitted by ARTI. 

When asked directly how they preferred to receive transit in­
formation by telephone, participants overwhelmingly (95 percent) 
selected the human operator. The main reasons given were the 
possibility of interaction (mentioned by 91 percent of partici­
pants), clarity of directions (83 percent), clearer pronunciation of 
names (79 percent), and the better speech speed (76 percent). 

Participants were also asked about the most appropriate me­
dium to transmit transit information. Telephone is the preferred 
medium, as it's supported by 75 percent of participants. Written 
information was second choice; other sources, such as one's em­
ployer, personal computer, or FAX were only _marginally of 
interest. 

Finally, participants' perceptions of the transit system in Los 
Angeles were assessed once_ again after the information call on 
the same 1-to-5 scale. No major differences in satisfaction level 
were found on most points; however, a decrease in satisfaction 
was observed concerning bus travel time, once participants were 
given an example of a typically long (1 hr 16 min) bus commute. 
Satisfaction with SCRID employees was higher after the call, 
probably because participants appreciated the telephone operators. 

Analysis of Phone Calls Made to SCRTD 

In addition to the survey, a sample of phone calls made to SCRTD 
was recorded, and the recorded transcript was analyzed to gain a 
better understanding of the flow of information between callers 
and operators. Three hours of conversation were recorded while 
the survey was underway in August 1992. Three operators col­
laborated in the task. The sample contained a total of 92 phone 
calls. 

As shown in Figure 1, a typical phone call starts with a request 
for a specific type of information from the caller. Next, the op­
erator usually helps the caller to clarify the request. The operator 
then inputs the details of the request into the computer and waits 
for possible solutions to be generated, while the caller stays on 
hold. The operator then chooses the most appropriate solution out 
of the ones proposed by the computer and details it the caller. 
Generally, the caller accepts the given solution and completes the 
call after confirming the information. In some cases, callers tell 
the operator they are not satisfied with an aspect of the proposed 
solution, such as the route or the schedule. When this happens, 
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the process starts again and the operator tries to find a new so­
lution that better fits the needs of the caller. 

Eighty percent of the 92 calls are requests for an itinerary, as 
indicated in Table 2. Itinerary calls are those for which callers 
provide the operator with an origin and destination and ask for 
the most convenient way to complete the trip using the SCRTD 
network. Most itinerary calls concern a single trip with a specific 
time constraint specified (Table 2). Schedule information accounts 
for one-tenth of the calls; there are relatively few requests for fare 
information. The high proportion of itinerary calls in Los Angeles 
compared with other American cities reflects the large size and 
complexity of the SCRTD network (in Washington, D.C., for ex­
ample, itinerary calls account for only two-thirds of the_ total) (1). 

To examine the duration of itinerary phone calls, the total num­
ber of interactions was used as an approximation of the exact 
length in minutes. An interaction represents any statement or 
question made by one of the interlocutors (either caller or oper­
ator). Interactions are not of equal length, but, on average, their 
number is a reasonable approximation for the call length. The 
average phone in the sample includes 21.5 interactions, although 
some phone calls contain as few as five and one contained 73. 
Figure 2 shows the distribution of phone call lengths. One of the 
recorded calls was part of the call-in experiment. This call was 
completed with only seven interactions, much less than the av­
erage phone call. This appears to indicate that the experiment did 
not portray entirely the complex interactions that usually occur 
between the caller and the operator. That the trip was not intended 
to be taken also explains the haste with which the sample call 
was handled by both the caller and the operator. When the caller 
is really planning to undertake the trip, he or she usually asks for 
more details and for a repetition of the directions, which makes 
phone calls significantly longer. 

The calls requiring a longer treatment were classified under sev­
eral categories of problems, as presented in Table 3. (Note that 
the percentages do not add up to 100 percent because some calls 
fit into more than one category). As the table indicates, only 62 
percent of the calls were a direct answer from the operator. These 
calls are significantly shorter than the others; they are completed 
in 15 interactions on average. For 11 percent of the calls, the 
operator had to force the caller to formulate the request in a pre­
cise way, such that the operator could input it into the computer. 
This percentage does not include the numerous calls for which 
the operator_ asked the caller about small details, such as the de­
parture or arrival time of the trip. Notice also that in one call out 
of 10 the caller is not satisfied with the first solution proposed by 
the operator. These calls are on average twice as long as other 
ones. Cases in which the caller is not familiar with the locations 
described by the operator also make up 8 percent of the total calls. 
Such calls are twice as long as more direct ones, because the 
operator has to provide detailed access and egress information. In 
these cases, the operator's knowledge of the exact bus stop lo­
cation proved to be important. 

To conclude the analysis of the phone transcripts, all the spe­
cific elements of information that were transmitted by the operator 
during the itinerary calls in the sample were extracted. Table 4 
summarizes the results and compares them to what was recorded 
by the survey participants (those inquiring about the standardized 
trip from a human operator). The last column presents the per­
centage of participants who correctly recorded each element of 
information. 
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FIGURE 1 Structure of a phone call for transit information. 

Detailed access information was provided in 24 percent of the 
phone calls sampled. Two cross streets first were named and their 
names repeated at the caller's request in another 23 percent of the 
calls; no single access information was given in the remaining 
half of the calls. Similarly, precise egress information was pro­
vided in only 31 percent of the calls, including all those in which 
destination points were referred to by an address. 

Only one scheduled departure time was provided in most of the 
cases (73 percent); two departure times were provided for 11 per­
cent of the calls, three or more for only 3 percent of the calls. 
Thirteen percent of the itineraries did not include any schedule 
information. 

The comparison presented in Table 4 indicates that there is good 
consistency between the information provided and what is re-
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TABLE 2 Type of Information Requests Made at 
SCRTD Telephone Information Service 

Itinerary 80% 

single trip, no time specified 43 

single trip, with time specified 62% 

round-trip, with time specified 143 

Schedule information 10% 

Fare and other transportation related 3% 
information 

Transfer to other services 7% 

corded by the callers. Note, however, that the numbers are not 
directly comparable because they come from two different sam­
ples. The first column refers to the 92 phone calls sampled, 
whereas the second column refers to the 120 participants in the 
call-in experiment. 

CONCLUSION 

The authors investigated how transit telephone information is pro­
vided and how it is interpreted and used by callers planning a trip. 
Findings can be summarized as follows: 

• Telephone information services appear to be well received by 
the general population, especially by frequent transit riders. People 
view the telephone as the most effective means to transmit transit 
information. Telephone operators obtain high ratings in terms of 
friendliness, clarity of directions provided, speed of speech, and 
confidence in the accuracy of directions provided. 

•A synthesized voice system did not obtain the same high rat­
ings as the human operators. Public satisfaction with the auto­
mated voice's clarity of directions and speech was low. 

• Human operators are preferred overwhelmingly to the syn­
thesized voice, mainly because of users' ability to interact with 
operators when getting directions. Analysis of phone transcripts 
reveals that much information is exchanged through multiple in-
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TABLE 3 Problem Calls and Their Average Length 

Type of Problem Proportion Average 
Length 

Calls without problems 623 15 

Operator asks for precision about request 113 25 

Caller does not accept the solution proposed by the operator 93 32 

Calle~ unfamiliar with locations 83 32 

Caller has wrong or incomplete information about his/her 63 21 
request 

Caller repeats given information 63 52 

Operator has to repeat information 53 40 

Caller does not understand 33 43 

Caller keeps changing request 13 59 

teractions between the caller and the operator instead of merely 
being provided by the operator. 

• A synthesized voice system did not appear as effective as 
human operators in transmitting information to callers. Partici­
pants recorded less information and made more mistakes on av­
erage when interacting with ARTI than with the operators. 

• Telephone information services' potential to generate more 
transit trips is higher if people requesting information are already 
frequent transit riders and the information is provided them by a 
human operator. Therefore, there is a link between the quality of 
transit information provided and the propensity to use public 
transportation. 
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TABLE 4 Directions Provided by Operators and Recorded 
by Callers 

Percentage of calls where the information is .... 
Element of information 

provided by the recorded by the caller 
operator 

Access 243 113 

Departure point 913 803 

Bus line 1003 983 

Direction 883 913 

Departure time 873 903 

Arrival point 963 83% 

Arrival time 803 863 

Fare 83 21% 

Egress 313 -
Other 213 -
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Personal Rapid Transit Study in 
Gothenburg, Sweden 

Bo BLIDE 

The Gothenburg Traffic Authority found that new traffic policy goals 
identified during recent years are very difficult to achieve by conven­
tional public transport techniques. Consequently new system concepts 
must be studied. Personal rapid transit (PRT) is one of them. The PRT 
project in Gothenburg, Sweden, was initiated in 1991. After prestudies 
an enlarged study, which is described, was started in summer 1992. 
The object of the study was to investigate whether PRT could take 
over as the only public transport system and replace the present sys­
tem (light rail and buses). The work concentrated on four parallel 
activities: (a) design of a PRT track network covering a major part of 
the city and the central parts of two adjacent communities, (b) estab­
lishment of the travel demand in the area (trip matrices), (c) devel­
opment of a control system suitable for a large PRT system, and ( d), 
development of a simulation program for the analysis of PRT system 
functions, with special emphasis on operational strategies, travel stan­
dard, capacity, productivity, and resources needed. The approach to 
the problem and the techniques used and developed in the study are 
described. The result of the study is that it appears theoretically pos­
sible to operate very large PRT systems. The system studied in Goth­
enburg includes 700 track km (counted in single tracks), 650 stations, 
and 17,000 vehicles. One question still to be answered is whether.it 
is possible to attain satisfactory reliability for all the components 
involved. 

Gothenburg is Sweden's second largest city, with 433,000 inhab­
itants. Including the suburbs, the population is 730,000. The pres­
ent public transport system is a mixed light rail-bus system with 
nine tram lines and 30 bus routes. The number of daily trips by 
public transport in the city is about 300,000, including trips by 
passengers who transfer from regional bus and train services. Up 
to 65 percent of public transport operations in the city are financed 
by local taxes. 

During recent years new traffic policy goals th~t are practically 
impossible to real~ze with a conventional public transport system 
hav.e been identified. Consequently new system concepts ml,lst be 
studied. Personal rapid transit (PRT) is one of them. 

STUDY OBJECTIVES 

The PRT project in Gothenburg was initiated in 1991. After pre­
studies an enlarged study, which is described in this paper, was 
started in summer 1992. The object of the study has been to in­
vestigate whether PRT could take over as the only public transport 
system and replace the present system (light rail and buses). 

MODEL CONCEPT 

According to a decision by the Traffic Committee of Gothenburg 
the model PRT concept should be a system of cars with rubber 

Gothenburg Traffic Authority, Box 2403, S-40316 Gothenburg, Sweden. 

wheels on elevated tracks. In some sensitive parts of the city, 
mainly in the central area, it is anticipated that tunnel solutions 
must be discussed. 

TRAVEL DEMAND 

Trip Matrices 

The calculations of travel demand were based on existing public 
transport trip matrices and existing statistics concerning car travel 
(area-area matrices). 

The information was translated into station-station matrices for 
the alternative PRT networks studied. Matrices have been prepared 
for the time periods 0600 to 0900, 0900 to 1500, and 1500 to 
1900 hr. The statistical material also made it possible to study 
shorter time periods, down to 30 min. For. the capacity tests of 
the networks the half-hour of the morning and afternoon peak 
periods with maximum ridership levels were used. 

Figure 1 shows the distribution of the present public transport 
ridership between 0500 and 2200 hr on a half-hour basis. 

The share (in percent) of the maximum hour and half-hour in 
each time period is (a) time period-0600-0900, 0900-1500, 
1500-1900; (b) maximum hour-50, 22, 34 percent; and (c) 
maximum ,half-hour-30, 11, 17 percent. 

% OF DAILY TRIPS &..,_ ______________________________________ __ 

O 5 O 6 O 7 O 8 0 9 1 O 11 12 13 14 15 16 1 7 1 8 19 2 0 21 22 KL 

1 WORK TRIPS 11 SCHOOL TRIPS a OTHER TRIPS 

FIGURE 1 Distribution of present public transport ridership 
between 0500 and 2200 hr on half-hour basis. 
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Increased Public Transport Ridership 

A citywide PRT system should be able to cope with a considerable 
increase in public transport ridership in comparison with the pres­
ent ridership. There can be various reasons for such an increase. 

•Improved travel standard makes today's public transport rid­
ers travel more. 

• Better level of service attracts a portion of the present car 
riders, especially for origin-destination combinations for which 
present public transport services are poor. 

•Car riders are "forced" to leave their cars by traffic policy 
measures, such as high parking fees and road pricing. 

• A change of the ''global'' conditions for car use, such as 
supply and price of fuel. 

In the study described here an expansion of public transport 
ridership is created by a transfer of car riders from the car trip 
matrices to the matrices containing the present public transport 
trips. The matrices are prepared on a station-station level for the 
PRT system. 

The transfer of car trips has not been made evenly for all origin­
destination combinations, because the present modal split is not 
the same for the central area and the rest of the city. In the city 
as a whole 25 percent of the trips made are by public transport, 
but for the central area the figure is considerably higher (55 per­
cent). By testing the capacity (in percent) of the PRT system the 
transfer was accomplished in a stepwise manner as shown in the 
in-text table. 

Transferred 
Car Riders 

Step 1 
Step 2 
Step 3 

Central 
Area (percent) 

10 
20 
30 

Other Trip 
Combinations 
(percent) 

24 
48 
72 

In Step 3 almost 60 percent of the car riders during the morning 
peak period was transferred, corresponding to an 80 percent in­
crease in the number of public transport riders. The simulations 
indicated that the PRT system could cope with this situation. The 
figures on the performance of the system refer to Step 3, which 
is believed to cover the transfer potential of people attracted by 
the high standard of the new system and people forced to use the 
new system by traffic policy measures that are already available 
or being discussed. 

TIME GAPS 

The possible minimum time gap between two cars is a basic factor 
in the design of a PRT system and for the calculation of its ca­
pacity. The time gap is defined as the shortest possible time dis­
tance between two cars that can be allowed if Car 2 in Figure 2 
should be able to stop without any car damage or personal injuries 
if Car 1 comes to an abrupt stop. 

The time gap depends on the following factors: 

• In what way Car 1 stops. 
• Time it takes to inform Car 2 of the stop. 
• Time it takes for Car 2 to evaluate the information and to 

give braking order. 
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FIGURE 2 Time gap. 

• Time it takes for the brakes to work to full effect. 
• Time for deceleration to a standstill. 

Of these time factors the last one is by far the longest. 
Concerning the way in which Car 1 stops, two cases have been 

studied: (a) the car is brought to a brick-wall stop, (b) the car 
completely breaks down, slides along the track, and stops as fast 
as friction allows. Assuming an operating speed of 13 m/sec and 
a maximum deceleration of 6 m/sec2 the minimum time gap is 1.6 
sec in Case a and 0.8 sec in Case b. In simulations of the system 
an average speed of 10 m/sec (36 km/hr) has been used to com­
pensate for lower speeds at curves and switches. 

A special risk case arises if a car is brought to a stop according 
to Case b and finally stops at a merge point where two track links 
meet. In this case a special detecting system in the track is needed 
if the time gap of 0.8 sec is used. 

The choice of time gap depends, however, not only on technical 
factors but also on psychological ones. To what extent are people 
prepared to ride in automatically guided vehicles at the actual 
speed and distance gaps? No such studies have been done within 
the framework of the present study. It should be observed, how­
ever, that the construction time for a system of the actual size is 
long, and is probably the time before the minimum time gaps must 
be used. Therefore there will be time for people to get used to 
the new situation. 

In the evaluation of the capacity and travel standard of the PRT 
system the effects of both time gaps were studied. 

OPERATIONAL STRATEGIES 

A strict PRT operation means that the passenger rides directly 
from start station to the destination, alone or with the company 
he or she chooses. It was estimated that the average number of 
people per car in peak hours would be 1.25, the same as in private 
cars today. This implies a poor use of the car and track network 
capacity, especially considering that, on average, less than 50 per­
cent of the cars in the system is running with passengers. The 
others are either on their way to a new mission or are waiting at 
stations or depots. 

It was found to be important to increase the occupancy of the 
cars, at least in the morning and afternoon peak periods, to in­
crease the ability of the system to cope with a growing number 
of passengers. 

An increase in the occupancy requires an organized coordina­
tion of trips. There are two main ways of doing that: (a) route 
operation and (b) ride sharing. 

Route operation was abandoned at an early stage. The important 
quality of direct trips would require a great number of routes even 
if a considerable portion of the trips would still be strictly PRT. 
Furthermore the route network would have to be changed several 
times during the day because of variations in travel patterns. 
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A more flexible way to coordinate trips would be through some 
sort of organized ride sharing. Ride sharing between prechosen 
pairs of stations was found to have little effect. The same. arrange­
ment for groups of stations had a better effect on car occupancy 
but had two disadvantages: (a) there would be several intermediate 
stops for many passengers and (b) the prechosen groups of sta­
tions would have to be changed a number of times each day be­
cause of the varying travel pattern. Instead it was decided to test 
a more dynamic type of ride sharing that is more flexible and 
better exploits the possibilities of a modern control system. 

A station is used for ride sharing if the number of incoming 
passengers is at least two per minute. Passengers with destinations 
likely to result in ride sharing wait for a certain maximum time, 
in the present study 3 min, before their car arrives. Then the car 
leaves whether fellow passengers have arrived or not. The match­
ing of passengers is based on the first passenger's destination or­
der. Other passengers are accept~d if they have the same desti­
nation or a shorter or longer trip in the same direction. In the 
present study ''the same direction'' means that no passenger in a 
ride-sharing group has a destination that results in more than a 30 
percent detour for anyone. The simulations indicate that this de­
touring possibility will be used to a fairly low degree. 

Ride sharing is arranged only from one and the same station, 
which means that the passenger "knows" the company he or she 
is going to ride with from the start and there are no unpleasant 
surprises en route. Moreover tests with a pick-up-en-route strategy 
showed little effect on average car occupancy. 

With this type of ride sharing it was possible to increase the 
average car occupancy from 1.25 to 1.90 (52 percent) in peak 
hours, which leads to a 30 to 35 percent decrease in the size of 
the car fleet needed. 

In Figure 3 the trip from Station 0 to Station 1 is initially 
booked. A new passenger to Station 2 is accepted if Station 2 is 
close to the route between Stations 0 and 1 (within the small oval 
in Figure 3). Alternatively a passenger to Station 3 can be ac­
cepted if Station 1 is close to the direct route from Stations 0 to 
3 (within the large oval in Figure 3). The ovals represent a 30 
percent increase in the riding time compared with that of the short­
est route. 

Assume that the trip to Stat.ion 2 is accepted. With two desti­
nations locked (Stations 1 and 2), a third station can be accepted 
according to one of the following examples. 

Points 0, 1, and 2 are now given. Station 4 can be accepted if 
it is close to the route between Stations 0 and 2. Station 5 can be 
accepted if it is close to the route between Stations 2 and 1. Sta­
tion 3 can be accepted if Station 1 is close to the route between 
Stations 0 and 3 (Figure 4). 

Matched passengers are gradually grouped until they fill up a 
car or until the first passenger has waited for 3 min. 

3 
0 

FIGURE 3 Ride sharing. 
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FIGURE 4 Extended ride sharing. 

EMPTY CAR HANDLING: DEPOT SYSTEM 

The handling of empty cars is one of the big problems in a large 
PRT system. In the initial computer simulations of the Gothenburg 
system it became clear that the stations would not be able to house 
all their needed empty cars without becoming unacceptably large. 
Therefore special depots for empty cars were introduced at stra­
tegic locations in the network to (a) secure the provision of empty 
cars to subareas in a way that gives short and "guaranteed" wait­
ing times and (b) work as buffers for empty cars to minimize the 
sizes of the stations. For a more detailed description of vehicle 
distribution see the paper by Andreasson (this Record). 

CONTROL SYSTEM 

Four control system principles have been studied and compared: 
synchronous control, asynchronous control, quasisynchronous 
control, and point-synchronous control. The characteristics of the 
four control system principles are briefly described. 

Synchronous Control 

• A car does not start its transport mission until a time gap is 
available and booked the whole way (through all the switches) 
between the start station and the destination. 

• The search for and booking of time gaps must be made in a 
central computer, which then updates booking tables for each 
switch. The supervision of time gaps and cars is made via the 
communication system between local systems and the cars. 

• The cars are driven at a speed that must be coordinated and 
synchronized with the generated time gaps. 

• In case of disturbances in the system all cars must stop and 
wait for a replanning of routes and time gaps. 

Asynchronous Control 

• Each car in the system is allowed to adjust its running ac­
cording to events that occur en route. The cars can, within certain 
limits, accelerate and decelerate as traffic conditions demand. The 
cars behave like cars on a road system. 

• A transport mission can start without the whole route to the 
destination being planned and clearance through all switches se­
cured. Continuous route choices are made during the trip. 

• During capacity disturbances in the track network either 
queues are allowed to be formed or the control system gives the 
cars alternative routes without disturbing the reliability of the 
system. 
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Quasisynchronous Control 

• The generation of time gaps is made at a central level, but 
the assignment of time gaps is made locally (at switches). 

• A tran_sport mission starts as soon as a time gap is available 
at the start station. 

• The cars operate at a constant speed, which must be the same 
as and synchronized with the time gaps. At merge conflicts or 
disturbances the cars are allowed to back a distance corresponding 
to a multiple of the time gap. 

•At disturbances in the system queues may develop, but re­
distribution of routes can be made. Queues can be organized at 
time gap or shorter distances. 

Disadvantages of Synchronous, Asynchronous, and 
Quasisynchronous Controls 

Synchronous, asynchronous, and quasisynchronous controls were 
found to have disadvantages when applied to a large PRT system. 
The synchronous control is very rigid in its operation, centralized, 
and sensitive to disturbances (each disturbance has a significant 
consequence on the operation). The use of asynchronous control 
carries the risk of congestion, which is difficult to control. Quasi­
synchronous control corresponds best to the demands of a large 
system, but it demands the synchronism of time gaps, which com­
plicates the control at switches. 

Point-Synchronous Control 

It was decided to try to combine the advantages. of the three types 
of controls in a new one: the point~synchiofious control. The fol­
lowing principles from the otheqypes of controls were chosen: 

. . . 

• Synchronous control: the assignment of time gaps and an 
even speed at switches to provide high capacity. 

•Asynchronous control: simplicity, in which each car controls 
its own. speed; decentralization, in which all decisions are .inade 
in cooperation between the car and the following switch; robust­
ness, in which disturbances are dealt with locally without central 
replanning; and flexibility, in which rerouting can be made 
continuously. · 

• Quasisynchronous control: time gap assignment for the next 
switch and methods for giving . priority and for the continuous 
choice of routes. · 

The point-synchronous control principle can be s~id to be asyn­
chronous control with adaptation to locally created time gaps at 
switches. The speed is adjusted by .the car for arrival at the next 
switch at the right time and the right speed, just as ·a pedestrian 
advances toward a self-revolving door. 

SIMULATION SYSTEM 

The purpose of the simulation studies was to evaluate different 
track networks, control principles, and operation strategies. The 
evaluation included several aspects: (a) travel standard, (b) capac­
ity, (c) productivity, and (d) resources needed. 
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For simulation results, see the later section System Analysis. 
For a description of the simulation system see the paper by An­
dreasson (this Record). 

RELIABILITY 

Extensive automation of different functions in society has been 
going on for a long time. Automation as such is consequently not 
an unknown concept. There have been a number of applications 
with automated vehicles in the industrial sector for more than a 
decade. In the public transport area there are well-tried automated 
systems for rail-bound vehicles as well as buses. 

None of these systems, however, has anything like the com­
plexity of a large PRT system in the number of possible origin­
destination combinations, the number of switches, and the number 
of vehicles. 

When reading the section System Analysis one should bear in 
mind that the results are based on simulations that presume 100 
percent reliability for .all components. Even if the control system 
can deal with disturbance_s in the operation, a PRT system of the 
actual dimensions will demand reliabilities of both vehicles and 
other installations that are greater than those of today's vehicles 
and systems. 

NETWORK STUDIES 

Network Design 

A combination of two network models has been in the design of 
track networks, the spider net model and the grid network, both 
of which are in general use in traffic planning. 

The spider net model is generally used to design plans for the 
main arterials for car traffic in a city. The model has the advantage 
of easing traffic pressure on the central area and of creating direct 
connections in tangential travel combinations. 

The grid model is used mainly in older parts of cities that were 
designed in blocks and with little thought of the larger travel rieeds 
of the inhabitants. For both car and PRT traffic the grid model 
has the advantage that the corridors are easy to· arrange for one­
way traffic, which can provide higher capacity, simpler intersec­
tion design, less space demand, and lower costs. 

To exploit the economic and space-saving advantages of the 
grid model, it was used in the central area of the city and in some 
residential and industrial areas according to the principle described 
below. The major configuration of the citywide track network fol­
lows the spider net model. The network for the final. simulations 
is shown in Figure 5. 

The network has the following dimensions: 

• 728 track km (counted in single tracks and including station 
and depot tracks). 

• 391 stations (654 station directions; see later for information 
concerning stations). . 

Capacity 

The theoretical capacity of a track link at a speed of 10 m/sec is, 
if all time gaps have one car, 2.250 cars/hr at a time gap of 1.6 
sec and 4.500 cars/hr at a time gap of 0.8 sec. 
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FIGURE S PRT network in Gothenburg study. 
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The simulation, however, used the possibility that empty cars 
could be run with a shorter safety distance between them. This 
resulted in link use of up to 2.800 cars/hr in the 1.6-sec time gap 
case. The capacity of a track link depends on the percentage of 
empty cars in the flow and in which order they arrive (the pos­
sibility of forming platoons). The greatest benefit of this type of 
operation is reached when both capacity demand and empty car 
percentage are highest in the. central area. 

STATIONS 

Design 

There are two main types of stations: on-line stations and off-line 
stations. On-line stations have the disadvantage that cars stopping 
at the station delay other cars. They can only be used on links 
with very low traffic flows or as cul-de-sac stations on links with 
no other stations. In the Gothenburg system practically all stations 
are off-line (Figure 6). 

In two-way track sections the two station directions can be split 
up, which means that the station pattern is better at covering the 
area and implies shorter average walking distances. In contrast to 
route traffic a PRT system offers a direct trip from all station 
directions even if the riding time is a bit longer from the most 
unfavorable direction. It is the passenger's choice whether he or 
she wants to walk or ride loneer (Figure 6). 
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FIGURE 6 Off-line stations. 

The principal function of an off-line station in the Gothenburg 
study is shown in Figure 7. 

The standard station has one entrance from and one exit to the 
main track. The station has an arrival zone, an empty car buffer 
zone, and a departure zone. The car buffer zone is installed to 
provide as short a waiting time as possible. The number of empty 
cars in the zone should correspond to the car consumption during 
a time period equal to the running time from the nearest car depot. 
If the station is used for ride sharing it should be provided with 
an extra exit track as shown in Figure 7. 

With ride sharing, arranged according to the principles de­
scribed in the section Operational Strategies, cars can use the ar­
rival zone of a station and continue to the main track without 
being delayed by the car buffer zone or disturbing the operation 
at the departure zone. This additional exit also has the function 
that arrived and emptied cars can easily be sent away if the buffer 
zone is full. 

Capacity 

The capacities of the stations and the main tracks should harmo­
nize to take care of the forecasted number of passengers. 

There are no empiric figures concerning the maximum capaci­
ties of PRT stations. In different papers it has been assumed that 
one car could depart every 10 sec. To be on safer ground prelim­
inary capacity calculations were carried out. They indicate that a 
station where three cars can be boarded simultaneously could send 
away at least 500 passengers per hour. 

SYSTEM ANALYSIS 

Simulations and analyses of the PRT system of the four loading 
cases presented in the section Travel Demand were performed. 

1111111111111 
Arrivals Empty car buffer Departures 

14 •t 
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Arrivals Departures 
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FIGURE 7 Stations without and with ride sharing. 
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The performance figures presented refer to the highest-load case. 
Simulations were made for both the 1.6- and the 0.8-sec time 
gaps. 

TRAVEL STANDARD 

The travel standard that a PRT system can offer is a crucial factor 
in the evaluation of the system. It should motivate the costs and 
other efforts connected with its realization. 

The concept of travel standard has many components. Con­
cerning most of the components PRT is superior to conventional 
public transport. A few important ones follow. 

• Travel time. The travel time is shorter because of 100 percent 
direct trips, shorter trip lengths, higher average speeds, and the 
complete absence of disturbances from other traffic. 

•Headway. The concept of headway does not exist in a PRT 
system. Instead there is a waiting time for an ordered car that is 
considerably shorter than the average waiting time in the present 
public transport system. The so-called hidden waiting time often 
discussed in connection with conventional public transport dis­
appears completely. 

• Transfers. The transfer frequency is 0 percent. 
e Punctuality. The concept of punctuality does not exist be­

cause there are no timetables. 
• Comfort. All passengers are seated. 

The travel standard components mostly used in traffic planning 
are travel time and trip length, the first as a good measure of the 
"travel sacrifice" of the passengers and the second as a measure 
of the ''traffic work'' and a base for the calculation of energy 
consumption. Both components are easy to quantify and are 
thereby useful instruments in a comparison with other types of 
public transport systems. 

Comparison with Present Public Transport System 

Table 1 shows the average travel time (excluding walking time, 
which is estimated to be the same as that in the existing system) 
in the PRT system outlined here compared with that of the present 
public transport system (light railand bus). For the present system 

TABLE 1 Average Travel Time in PRT System Compared with 
That in Present Public Transport System 

System Riding time Waiting time Transfer time Total 

Present, 
real time 

PRT, 
real time 
O car riders 2) 
3on2 car riders 

Present, 
weighted time 1) 

PRT, 
weighted time 1) 
0 car riders 2) 
3on2 car riders 

17.3 min 

10.3 min 
11.2 min 

17.3 min 

10.3 min 
11.2 min 

5.1 min 

1.5 min Omin 
1.5 min 0 min 

10.2 min 3.8 min 

3.0 min 0 min 
3.0 min 0 min 

1) Riding time weight 1, waiting and transfer times weight 2. 
2) Concerning car riders see Travel Demand 

24.3 min 

11.8 min 
12.7 min 

31.3 min 

13.3 min 
14.2 min 

% 

100 

48 
52 

100 

42 
45 
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the figures represent an average for the morning period from 0600 
to 0900 hr, whereas the figures for the PRT are valid for the half­
hour of the same period in which ridership is at a maximum. No 
transfer penalty has been included in the calculations for the pres­
ent system. 

The detailed presentation below refers to the half-hour of the 
morning peak period in which ridership is at a maximum. The 
same observations for the afternoon peak period are then provided. 

Trip Length 

The average trip length is 6. 7 km at a time gap of 1.6 sec and 
6.4 km at a time gap of 0.8 sec. This is because of the higher 
capacity use of the network at the longer time gap, which leads 
to a more extensive rerouting (bottlenecks). Some of these bottle­
necks could be removed by a more carefully detailed design of 
the network. There was, however, no time or reason for such a 
detailed study. 

In the present public transport system the average trip length is 
7.2 km. The difference is an effect of the· spider net model used 
for the PRT system (see the section Network Studies), whereas 
the present system is radially oriented. 

At this point it should be observed that the present public trans­
port riders are mainly riding in the travel combinations where 
public transport provides good service. A major part of the trans­
ferred car riders would have considerably longer trip lengths in 
the present public transport system. 

Travel Time 

As shown in Table 1 the travel times of the present public trans­
port riders would be reduced by more than 50 percent in a PRT 
system. For the transferred car riders the travel times would not 
be as short as they are today by car, but PRT would be a fairly 
acceptable alternative. 

Waiting Times 

The waiting times at stations are approximately the same in both 
time gap alternatives (1.5 min). Part of the waiting time is 
needed for the short walk from the ticketing machine to the de­
parture point. The average waiting time includes the somewhat 
longer waiting times for some of the ride-sharing passengers. 
Some 99 percent of the passengers have waiting times shorter than 
4 min. 

Delays 

At high capacity use of the system queues can develop at certain 
merge points. This is observed by the control system, which re­
routes the traffic around these points. In the simulation, however, 
this does not happen instantaneously and certain delays can arise 
before the queue has disappeared. In a full-scale control system 
the rerouting can be accomplished more quickly, which will re-

. duce delays. The average delay because of speed adaptations at 
switches is small, less than 1 minute in both time gap alternatives. 
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The maximum delay, which happens to a very limited number 
of passengers, is also small in the time gap alternative of 0.8 sec 
and is probably even smaller outside peak hours. In the time gap 
alternative of 1.6 sec the maximum delay was found to be more 
than 5 min in the highest loading alternatives, but it involves a 
limited number of passengers. The maximum delay depends on 
the bottleneck effects discussed and it is possible to reduce this 
by a more detailed network design. It indicates, however, a rather 
large sensibility for disturbances, as is the case in a car traffic 
system with a high capacity use. 

Capacity 

The system can cope with the high travel demand without any 
inconveniences other than th~ maximum delays presented. The 
number of passengers at the stations at the end of the half-hour 
in which ridership is at a maximum corresponds to a normal in­
flow, and the passengers will have the same waiting time as the 

· average. With the present daily variation of traveling the PRT 
system could provide more than 600,000 trips per day. 

Productivity 

Fully 40 percent of the passengers in the half-hour in which rid­
ership is at a maximum are ride sharing, which results in an av­
erage car occupancy of 1.9 persons. 

The number of passenger and car kilometers is practically the 
same in the two time gap alternatives, 1.6 and 0.8 sec. The number 
of empty car kilometers is about 45 percent of the total. 

The number of transport missions per car hour in the period in 
which ridership is at a maximum is slightly more than two, which 
indicates that each car carries out 20 to 25 missions per day and 
serves 35 to 45 passengers per day. 

Resources 

The car fleet needed for the operation in the half-hour of the morn­
ing period in which ridership is at a maximum is 15,000 cars with 
the time gap alternative of 0.8 sec and 17,000 cars with the time 
gap alternative of 1.6 sec. 

Depots 

The PRT system has been provided with 45 depots for empty cars 
(see the section Empty Car Handling). The depots have the fol­
lowing functions: 

• To secure the provision of empty cars to subareas in a way 
that gives short and guaranteed waiting times. 

• To work as buffers for empty cars to minimize the sizes of 
the stations. 

The sizes of the depots needed vary between 50 and 250 cars, 
depending on the size of the subarea (number of stations) it must 
serve. A more sophisticated control system in which not all empty 
cars must go via a depot should bring down the depot sizes. 
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Altogether the depots can house about 7,000 cars, which means 
a total track length of 25 km. 

Stations 

The 654 stations (one directional) are of various sizes, depending 
on the different needs for empty car buffers. Only 9 percent of 
the stations demand a car buffer of more than 10 cars. A detailed 
study of the depot function would probably reduce the size of the 
largest stations to this figure or less. 

Night Storage of Cars 

The outlined depots can house about 40 percent of the car fleet 
and the stations can house about 30 percent. The other 30 percent 
must be stored somewhere else at times when the PRT system is 
closed or is seldom used. The most economical way of doing this 
is to use the track sections in the network. Such sections can be 
one direction in two-way track links that are closed in a way that 
travel is not affected except for longer trips, because of rerouting 
around them. The track length needed for 5,000 cars is about 20 
km, which can easily be found in the network. 

AFTERNOON PEAK PERIOD 

Travel times and trip lengths during the afternoon period are prac­
tically the same as those during the morning period. 

The waiting times, both the average and the maximum, do not 
show any differences between the two time periods, nor do the 
delays because of high capacity use. 

Ride sharing is somewhat higher in the afternoon period, prob­
ably because a higher percentage of the passengers will have their 
start stations in a concentrated central area. The average occu­
pancy of the cars is, however, the same as that in the morning 
period because of the lower concentration of passengers at the rest 
of the stations. 

Also in the afternoon the travel demand can be accommodated 
without any passenger queues at stations at the end of the peak 
hour. 

The percentage of productive cars is the same as that in the 
morning period. 

The number of transport missions per car hour in the afternoon 
peak period is slightly lower than that in the morning peak period. 

The same total car fleet was used for the simulations in both 
time periods. 

CONCLUSIONS 

The following conclusions drawn from the studies presented in 
this paper and the discussions during the work can be made. 

•A PRT system provides a travel standard that is clearly su­
perior to a conventional public transport system. The travel time 
(excluding walking time) would be reduced by 50 percent or 
more. Walking times are estimated to be the same as those in the 
present system. 
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This superior travel standard is also created for origin­
destination combinations in which the public transport service 

_ presently is poor, which makes PRT an acceptable alternative to 
car riding even if today's car travel times cannot be provided on 
all trips. 

• A PRT system that covers most of the city can be given a 
capacity that allows an increase in public transport ridership by 
up to 80 percent, corresponding to a transfer of close to 60 percent 
of the present car riders in the city during peak hours. 

This is estimated to cover the possible transfer of car riders 
because of the attractiveness of the PRT system and the number 
of people who can be encouraged to leave their cars by present 
or future traffic policy measures. 

• A PRT system with the characteristics described above is 
large. It includes some 700 track km and more than 600 stations. 
As a comparison, the total length of the present tram and bus 
routes is about 600 km and the number of stops is somewhat 
greater than 600. 
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• The realization of such a system is expensive, because an 
automated system demands an infrastructure of its own that is 
completely separate from that for other traffic. 

• A large PRT system will demand a high degree of reliability 
of all the components included, hardware as well as software. 
Estimation of the possibility of reaching the necessary reliability 
demands extensive studies and full-scale tests. 

• The architectural aspects of the PRT system have not been 
studied in detail. Discussions, however, point to the difficulty of 
using elevated tracks in the central area of the city. Tunnels may 
have to be considered. 

• From a land use point of view the effects of an increased and 
more evenly distributed accessibility are of a long-term nature. 

• Present knowledge is not sufficient to implement a PRT sys­
tem large enough to function as the only public transport in a city. 
An immediate decision is not necessary, however. 

Publication of this paper sponsored by Committee on New Transportation 
Systems and Technology. 
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Vehicle Distribution in Large Personal 
Rapid Transit Systems 

INGMAR ANDREASSON 

Point-synchronous control for large personal rapid transit (PRT) sys­
tems that offers a possibility of increasing the link capacity for empty 
vehicles is described. Two different principles for the redistribution 
of empty vehicles are outlined. Depots for empty vehicles are intro­
duced so that the passenger stations can be kept smaller. The methods 
were developed and tested on the basis of a simulation model for PRT 
systems. The model includes facilities for ride sharing and a number 
of control options. The described methods have been evaluated on 
tentative PRT networks for Gavle and Gothenburg, Sweden. The 
Gothenburg network has 654 stations, 4,200 links, and 12,800 vehi­
cles. Simulation results indicate that point-synchronous control per­
forms better than synchronous control, close spacing of empty vehi­
cles can increase link capacity by up to 80 percent, depots can reduce 
station sizes to one-third and reduce call time to one-third, and waiting 
times are the same with or without depots. 

A personal rapid transit (PRT) system provides on-demand trans­
port for individual passengers or small parties. The service is di­
rect between off-line stations in a network of tracks and switches. 

The travel demand is generally unbalanced, particularly in the 
peak hours, with some stations serving mainly as origins and oth­
ers mainly as destinations. ·Hence empty vehicles end up where 
they are not needed, with growing deficits at other stations. In a 
large network with long-distance commuting the task of balancing 
supply and demand of empty vehicles constitutes a major 
problem. 

In a PRT system with high demand link capacity is a limiting 
factor and over half of the vehicle flow on many links may be 
empty vehicles. The time to call an empty vehicle may be very 
long. It is therefore necessary to call vehicles before they are 
needed on the basis of the predicted supply and demand at each 
station. 

With random passenger arrivals and large call times vehicle 
buffers at stations would need to be quite large. Such large stations 
would be difficult to place in the city structure. 

This paper describes methods for empty vehicle management 
first in systems in which stations are used as sole vehicle buffers 
and second in systems with separate depots for empty vehicles. 
So-called point-synchronous control is described. Point­
synchronous control ·allows different speeds for and closer spacing 
of empty vehicles. A simulation model was used to develop and 
evaluate various control ideas. The conclusions are based on sim­
ulation results for- a large tentative PRT network for the city of 
Gothenburg, Sweden. 

POINT-SYNCHRONOUS CONTROL 

Simulation models have been developed for synchronous control 
and what is called point-synchronous control. In synchronous con-

LogistikCentrum, Taljegllrdsgatan 11, S-431 53, MOlndal, Sweden. 

trol all vehicles move synchronously over the network and no 
vehicle is allowed to depart from a station before a free slot is 
available all the way to the destination. 

With point-synchronous control a vehicle starts as soon as the 
exit is free and then modifies its path and speed as it goes along. 
A vehicle books its passage through the next node and then con­
trols its speed on the basis of the remaining time and distance to 
its booked passage time (Figure 1). Booking points on two incom­
ing links are located at equal distances to the merge point. The 
synchronization in each node ensures that conflicts are avoided 
and that the node capacity is used to its maximum. 

Bookings and route choices are made successively and locally 
on the basis of ~he momentary situation. The control is decen­
tralized to each vehicle and its next downstream node. Po!nt­
synchronous control allows for different speeds on different links, 
different speeds for different vehicles, and. different slot frequen­
cies for different nodes. 

Point-synchronous control can also b.e viewed as a method of 
realizing collision avoidance in an asynchronous control system, 
ensuring synchronism at merge points. 

PRT SIMULATION MODEL 

Simulation models have been developed both for synchronous 
control and for point-synchronous control. The latter model is de­
scribed here. A description of synchronous simulation has been 
provided elsewhere (J). The purpose of the models is to evaluate 
alternative PRT networks for given demand matrices and to study 
alternative control principles. 

Passenger groups are generated randomly, with exponential in­
tervals and group size being either fixed (typically 1.25 persons) 
or ,random, with probability pn of group size n. Passengers inter­
changing from route services (buses or trams) can be generated 
in bursts at fixed intervals. Origins and destinations of trips are 
drawn from given matrices of probabilities. Passengers may be 
matched for ride sharing in various ways as discussed in the paper 
by Blide (this Record). Passengers are placed in queues at the 
departure station in the best direction of departure (stations on 
double-track sections). 

Each vehicle is traced through the system as time is incre­
mented in steps equal to the time slot between node passages 
(typically 1.6 sec). It gets successive slot allocations for passing 
each node and is given route directions on the basis of the quickest 
path in each diverge as described below. 

Simulations start with vehicles distributed over stations accord­
ing to expected demand. An initial period (typically 30 min) is 
simulated before statistics are collected. 



96 

FIGURE 1 Point-synchronous control resembles pedestrians 
approaching self-revolving door. 

The model has been programmed in Simula on a Macintosh 
computer. Graphics and animations are available. 

POINT-SYNCHRONOUS VERSUS SYNCHRONOUS 
CONTROL IN G.AVLE 

The same PRT network (Figure 2) for the city of Gavle (91 sta­
tions, 372 links, and 1,350 vehicles) was simulated both with syn­
chronous control and with point-synchronous control. 

The Gavle studies have been summarized previously (1). Fur­
ther studies are being done for the system in Gavle to (a) rec­
ommend stages of implementation, (b) outline architectural design 
and integration into the street environment, and (c) analyze the 
socioeconomic costs and benefits of the possible implementation 
of a PRT system. 

Simulation results reported previously (2) and summarized in 
Table 1 indicate that point-synchronous control performs better 
than synchronous control in all respects studied. 

FIGURE 2 PRT network for Gavle showing passenger flow 
and use of stations (evening peak). 
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TABLE 1 Performance of Different Control Systems 

Synchronous control Point-synchronous 

Vehicle fleet needed 1346 vehicles -4% 

Waiting-time 2.2 mins -14% 

Riding-time 11.5 mins -2 % 

Maximum link flow 1700 veh/hr +30% 

An important additional advantage of point-synchronous con­
trol is its robustness toward disturbances. A vehicle breakdown in 
a synchronous system would affect the overall plan, and each 
vehicle would have to be rescheduled. In a point-synchronous sys­
tem all control is local and can immediately adapt to the new 
situation. A blocked link would cause the nearest upstream diverge 
to send all vehicles the other way. Diverges farther back would 
change their directions as soon as the path tables were 
recalculated. 

CHOICE OF ROUTES 

Each vehicle carries its destination and transmits that to the next 
downstream diverge controller. Each diverge controller keeps a 
table of the shortest running times to each destination. The diverge 
controller checks the latest observed running times to the follow­
ing diverges downstream (left and right), adds the remaining run­
ning times (from tables) to the desired destination, picks the short­
est alternative unless it is blocked, and transmits a left or right 
back to the vehicle. 

The tables of running times are recomputed regularly and are 
based on statistics on link times including delays. A modified 
forward label correction method building the shortest path trees 
between nonstation diverges was used. Recalculation of all 2 mil­
lion paths in Gothenburg by this method takes 160 sec on a Pow­
erbook 170 (25 MHz). 

PLATOONING OF EMPTY VEIDCLES 

Empty vehicles do not need a safety distance between them. They 
can be allowed to pick up on each other to form platoons so that 
several empty vehicles can pass through a node in the same time 
slot. This will increase the capacity of the system. Safety distances 
need to be ensured before and after loaded vehicles only. It is 
advantageous if empty vehicles group together, and the weaving 
algorithms are made to do that. 

With 16-m slots (1.6 sec at 10 m/sec) and 3.5-m vehicles it is 
possible to pack four empty vehicles into the same slot. The the­
oretical link capacity increases from 2,250 to 9,000 vehicles/hr if 
all vehicles are empty. In simulations with a mix of loaded and 
empty vehicles link flows of more than 4,000 vehicles/hr ( +80 
percent) with a time slot of 1.6 sec have been observed. 

With the link capacity increased by platooning the average sim­
ulated delays owing to congestion were reduced from 0.9 to 0.6 
min per passenger trip (-30 percent). 
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WEAVING EMPTY VEHICLES IN MERGES 

A weaving algorithm for merges has been designed to serve two 
purposes: (a) to maximize node capacity by weaving empty ve­
hicles together and (b) to avoid queues spilling back past the up­
stream node, hindering flows in other directions. 

In each merge and in each time step a vehicle is selected for 
passage by the following algorithm (selecting the first alternative 
whose condition is fulfilled): 

1. If the outgoing link has no free space then the merge is 
blocked, 

2. If one incoming link is empty then choose the other, 
3. If one incoming vehicle has not arrived then choose the other 

link, 
4. If the previous vehicle was loaded or both incoming vehicles 

are loaded then choose the link with the least free space· behind 
the incoming queue (to avoid spillback of queues), 

5. If the next vehicle on the link from where the previous 
(empty) vehicle came is also empty then choose that vehicle, or 

6. Otherwise take the empty vehicle from the opposite incoming 
link (and add an extra space for weaving) 

Weaving of empty vehicles and avoiding of queue spillback are 
important for the overall network capacity. 

REDISTRIBUTION BETWEEN STATIONS 

Various procedures for the redistribution of empty vehicles be­
tween passenger stations have been evaluated by simulations. 
They are based on predicted demand at each station and actual as 
well as predicted supply (including vehicles scheduled to arrive). 
Vehicles are called when the supply falls below a call level and 
are sent off when the supply exceeds a (higher) send level. These 
levels are individual for each station and are calculated from the 
travel demand matrix. Currently the following procedure is used: 

1. For each station (and direction) the number of vehicles 
needed per minute is determined from the travel demand matrix. 
For stations with ride sharing (high demand) the vehicle need is 
reduced. The required fleet is calculated as the vehicles needed at 
stations to cover the demand during a given number of minutes 
(8 to 30 min depending on the average trip time). 

2. Vehicles are initially placed at each station in proportion to 
its demand. The call level is specified as a fraction of the initial 
supply (typically about one-third). 

3. As pass('.ngers are ready to depart from a station with a ve­
hicle supply below the call level, an empty vehicle is called from 
the nearest station with a surplus (over its call level). 

4. For each station a supply forecast is maintained: 
-Supply forecast = vehicles at the station + vehicles on their 
way in. 
- When a station gets overfilled it sends off a vehicle to the 
station with the lowest forecast supply in relation to its call 
level. 

DEPOTS FOR EMPTY VEHICLES 

Special parking areas for empty vehicles-so-called depots­
have been introduced into the network so that the station buffers 
can be made smaller. 
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The distribution and redistribution of empty vehicles with de­
pots ·have been made as follows: 

1. The vehicle demand is calculated in the same way as it is 
without depots. 

2. Vehicles are placed at each single station to cover the need 
only during the time it takes to bring an empty vehicle from the 
nearest depot. This initial supply is also the call level for that 
station. Remaining vehicle need for each station is placed at the 
nearest depot. The call level of a depot is specified as a fraction 
of its initial supply. 

3. As passengers are ready to depart from a station with a ve­
hicle supply below the call level an empty vehicle is called from 
the nearest depot. 

4. For each depot a supply forecast is maintained: 
-Supply forecast = vehicles at the depot - unserved calls 
out + vehicles on their way in. 
- When a station gets overfilled it sends off a vehicle to the 
depot with the lowest forecast supply in relation to its call 
level. When a depot gets empty or the supply forecast falls 
below the call level then it calls a vehicle from the nearest 
other depot with a surplus (forecast exceeding the call level). 

With the introduction of depots in the Gothenburg network the 
average call time for empty vehicles was reduced from 14 to 5 

FIGURE 3 PRT network for dense parts of Gothenburg with 
stations and depots (larger circles). 
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min. Waiting times for passengers remained the same (average 1.3 
min). Empty running mileage increased by 23 percent, so that the 
fraction of the fleet running empty at any time went up from 27 to 
34 percent. Station sizes could be significantly reduced. Without 
depots the 90th percentile of station sizes was 21 vehicle births. 
With depots the same percentile went down to six vehicle births. 

to 3 min of waiting, two intermediate stops, and 30 percent detour 
for any passenger). Table 2 is a summary from one of the runs. 

The PRT study for Gothenburg is now focusing on a smaller 
network for the central city. That network has about 30 km of 
track and 42 stations and is planned to supplement existing bus 
and tram routes. 

CONCLUSIONS 

The average depot has room.for 250 vehicles, which is needed 
to park 88 percent of the fleet at night. The remaining 12 percent 
of the fleet is parked at stations. During the peak half-hour 6 
percent of the fleet is at stations and 22 percent is at depots, 
totaling 28 percent standing vehicles. •Point-synchronous control performs better than synchronous 

control. 

APPLICATION FOR GOTHENBURG 
• Closer spacing of empty vehicles can increase link capacity 

by up to 80 percent. 

A tentative PRT network (654 single stations and 4,200 links) has 
been designed to cover the needs for the entire city of Gothenburg 
(see the paper by Blide, this Record). Into that network were in­
troduced 45 depots for empty vehicles. The number of depots and 
their locations were not optimized. They were placed where space 
was thought to be available, with the objective of developing and 
testing the principle of depot management (Figure 3). 

• Depots can reduce station size to one-third and reduce call 
time to one-third. 

• Waiting times are the same with or without depots. 
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TABLE 2 Excerpt from Output of Gothenburg Simulation 

SUMMARY GOTHENBURG PRT NETWORK version 4.1, 7.30-8.00 am. 
716 track kms 
654 single stations 

1396 diverges and equally many merges 
12795 cabs 

1.6 secs slot interval 
10 m/sec normal speed 
20 secs for loading + acceleration 

2 pass/min at station for sharing; 
30 % acceptable detour for sharing, 
30 initial minutes without statistics 
30 minutes in study period 

max 3.0 mins wait 
max 2 intermediate stops 

27191 passengers departed in study period 
23 % of stations have ride-sharing with 
57 % matched departing share stations, 

1.3 minutes waiting for cab, 
11.0 minutes riding, 

max 
max 

0.6 mins congestion & stopping delay, max 
6.3 kilometers average trip, max 

34 kilometers/h average speed 
6.6 minutes per empty trip, 
4.2 kilometers per empty trip, 

12.8 minutes call time 
1.76 passengers per loaded cab 

4.3 passengers departed per cab hour 
2.1 loaded cabs departed per cab hour 

39 % of cabs running with passengers 
27 % of cabs running empty 

max 
max 

34 % of cabs waiting at stations or depots 

65 
37 

18.6 
51. 4 
6.3 

30.2 

34.8 
22.0 

507 cabs/hour on average link, max 2849 
467 passengers/hour on average link, max 3556 

64131 vehicle kilometers empty 
85240 vehicle kilometers with passengers 

150320 passenger kilometers 

% of passengers 
% of all 

99 % < 3.0 
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PRT networks for Gothenburg were designed under the leadership 
of B. Blide, project manager for the Gothenburg PRT study. 
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Overview of Automated People Mover 
System in Taipei 

L. DAVID SHEN AND SHI-SHENG LAI 

The $920 million ~utomated people mover (APM) system in Taipei, 
Taiwan, Republic of China is part of an ambitious $17.4 billion Taipei 
Rapid Transit System. The 11.6-km, 12-station APM syst~m was 
scheduled to open in early 1994. The fully automated, dnverless, 
rubber tire on concrete track system is based Off the French VAL 
system design with a maximum capacity of 30,000 passengers per 
hour per direction. The minimum headway is 60 sec, and the top speed 
is 80 km/hr (50 mph). It is estimated that 27,340 passengers will use 
the Taipei APM system during the peak hour in the year 2001. The 
peak-hour traffic is expected to more than double to 55,900 passen~er~ 
in 2021. Approximately two-thirds of the passengers on the Ta1pe1 
APM system are expected to walk to and from the APM stations. This 
is the first time that a medium-capacity trunk-line APM system has 
been designed to accommodate significant traveling needs in a major 
city of more than 2 million people. If the operation turns out to be 
successful, similar applications of APM as a medium- to heavy­
capacity trunk-line service could be expected in other cities. 

Construction of the $920 million automated people mover (APM) 
system in Taipei, Taiwan, Republic of China (ROC), is almost 
finished. The system was scheduled to open in early 1994. It is 
part of the ambitious $17.4 billion Taipei Rapid Transit System 
(TRTS) (J). The 11.6-km 12-station APM system is the only 
medium-capacity transit system of TRTS. The fully automated, 
driverless, rubber tire on concrete track system is based on the 
French VAL system design with a capacity of 5,000 to 30,000 
passengers per hour per direction (2). 

Taipei, the provisional capital and largest city of the ROC on 
Taiwan, has undergone dramatic economic growth in the last dec­
ade. With the highest foreign exchange reserve ($86.5 billion) in 
the world and one of the highest standards of living in Asia, Tai­
wan has slowly transformed itself from a predominantly agricul­
tural society into a major industrial power. As a result Taipei's 
population has increased a minimum of 2 percent per year since 
1978, when it already had a population of slightly more than 2 
million (3). 

The increase in automobile ownership during the same period 
of time, however, has been phenomenal. In 1980 Taipei had 
182,000 cars. The figure multiplied threefold to more than 
570,000 cars. in 1992 and continues to grow at an alarming rate 
of 5,000 cars per month. In addition it has more than 860,000 
motorcycles, and the number keeps on growing at a rate of 7,000 
new motorcycles per month. 

The concentration of people and vehicles in this densely pop­
ulated city of only 274 km2 has created a nightmare for its 2. 7 
million residents. Traffic jams are so common that city streets look 

L. D. Shen, Department of Civil and Environmental Engineering, Lehman 
Center for Transportation Research, Florida International University, The 
State University of Florida at Miami, Miami, Fla. 33199. S.-S. Lai, 
Department of Rapid Transit Systems, 9th Floor, 16, Nan-King East Road, 
Section 4, Taipei, Taiwan, 105 Republic of China. 

more like parking lots than roads during rush hours. Taipei is rated 
as one of the busiest and most congested cities in Asia, and prob­
ably the world. 

To alleviate traffic congestion, pollution, and the strain on in­
adequate transportation facilities in this bustling city, the govern­
ment of the ROC has started an ambitious mass rapid transit sys­
tem project with four high-capacity rapid rail transit lines and one 
medium-capacity APM line to improve traffic flow in the Taipei 
metropolitan area (population, 6 million; area, 1,824 km2

). The 
Taipei APM system is going to be the first medium-capacity au­
tomated trunk-line APM service ever been built in a major city 
of more than 2 million people. The purpose of this paper is to 
present an overview of this challenging project. 

BACKGROUND 

With a population density of 9,854 people per km2 (25,226 people 
per mi2), Taipei has one of the highest population densities in the 
world. Uneven development and overconcentration of population 
are major causes of excessive growth in the Taipei metropolitan 
area. In the last 2 years the value of urban properties has inflated 
an average of three times, and land value has quadrupled in Taipei. 
For example land in central Taipei is now worth $2,000/ft2, and 
today the cost of an apartment averages about $900/ft2 ( 4). 

The kind of traffic found in Taipei would make commuters in 
Los Angeles decide to stay home for a day of television rather 
than brave the chaos. Sorting out the day-to-day traffic of a city 
of 3.5 million commuters, over half a million cars, 4,200 buses 
(operating on 300 routes), 860,000 motorcycles, and 36,000 taxis 
is an impossible task for any transportation engineer (5;6,p.111). 
A severe lack of parking spaces, crowded narrow roads, ubiqui­
tous traffic accidents, endless traffic jams, and the smog created 
by the uncontrolled growth of motor vehicles are just a few items 
in the endless list of urban headaches in Taipei. When citizens are 
asked questions about political, economic, or diplomatic issues, 
chances are there will be as many opinions as there are people. 
Yet change the topic to traffic and there will be a universal agree-

. ment: the place is a mess. 
In an effort to address the above growth-related problems the 

government of the ROC is implementing the large-scale Six-Year 
National Development Plan totaling $300 billion to improve the 
infrastructure systems on the island for economic development 
into the 21st century. Nearly one-third of the expenditures will be 
spent on transportation projects. The $920 million Taipei APM 
system is part of this ambitious plan and is scheduled to be the 
first rapid mass transit system to open. The planned route of the 
Taipei APM system is shown in Figure 1. The abbreviation for 
the APM system is BR, which stands for brown line. Because of 
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FIGURE 1 Planned route of Taipei APM system. 

construction and testing problems the original opening date had 
been pushed from 1992 to 1994. 

This is the first time that a medium-capacity trunk-line APM 
system has been designed to accommodate significant traveling 
needs in a major city: up to 30,000 passengers per hour per di­
rection. If Taipei's APM system turns out to be successful a new 
chapter in mass transit is certainly going to be recorded. 

SYSTEM 

Except for a 0.8-km tunnel section the remaining 10.8 km of the 
Taipei APM system is elevated. The vertical clearance of the 
guideway structure is between 5 and 7 m. The span between the 
cast-in-place supporting columns is 25 m long. Because of the 
high cost of land, nearly the entire Taipei APM system is elevated 
over the medians of existing major arterials. For route design the 
minimum horizontal radius is 35 m and the maximum vertical 
grade is 6 percent (7). 

The air-conditioned APM vehicle is 2.56 m wide and 3.51 m 
high (interior height is 2.045 m). The length of the two-car train 
is 27.56 m. The vehicle is powered by two 120-kW direct current 
motors on 750 V. The Taipei APM system is designed to operate 
in four-car consists. The normal capacity ( 4 people per m2

) for 
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each car is 24 seated passengers and 60 standing passengers. The 
crash capacity (6 people per m2

) for each car is 24 seated passen­
gers and 101 standing passengers (2). 

The driverless vehicle is fully automated. The minimum head­
way is 60 sec. The maximum capacity is 30,000 passengers per 
hour per direction. The. average operating speed is 34 km/hr. The 
cruising speed is 60 km/hr. The top speed is 80 km/hr (2). 

All station platforms are of lateral design. The $263 million 
vehicles and system contract awarded to MATRA of France calls 
for 102 air-conditioned, wide-body VAL 256 vehicles to be op­
erated initially in four-car consists; to accommodate future traffic 
all stations are designed for six-car consists (8). Elevators and 
escalators are provided at all stations to facilitate the use of 
the stations for disabled people. There are two types of station 
design (9). 

1. Type I: Elevated station over the street median. The entrance 
and exit are located at the building adjacent to the roadway, and 
the building is connected to the station by an enclosed pedestrian 
bridge. For passengers who want to change the direction of their 
travel, they must take the elevators or escalators to the third floor, 
which is above the track, to complete their changes. Station BR 6 
at the Science and Technology Building is an example of Type I 
design (Figure 2). Except for Stations BR 9 and BR 12, all stations 
are of Type I design. The cross-section diagram for Station BR 12 
(Mucha Station) is shown in Figure 3. The profile diagram for 
Mucha Station is shown in Figure 4. 

FIGURE 2 Cross-section diagram of Science and Technology 
Building Station. 
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FIGURE 3 Cross-section diagram of Mucha Station. 
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FIGURE 4 Profile diagram of Mucha Station. 

2. Type II: Integrated station. The entrance and exit are located 
at the ground floor of the same station building. Stations BR 9 
and BR 12 are of such design. 

It is estimated that 27 ,340 passengers will use the Taipei APM 
system during the peak hour in 2001. The peak-hour traffic is 
expected to· more than double to 55,900 passengers in 2021 (7). 
This kind of heavy peak-hour traffic is unheard of for any existing 
APM system. However because of the high population density 
and extremely crowded streets in Taipei, these figures have a high 
possibility of becoming reality. The peak-hour passenger traffic 
forecast for the 12 stations in Taipei's APM system is shown in 
Table 1. 

When it opens in 1994, approximately two-thirds of the APM 
system's passengers are expected to walk to and from the APM 
stations. The remaining one-third are expected to use bus, taxi, 
park-and-ride, and kiss-and-ride as feeders for this medium-
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capacity transit system (7). The proposed operating schedule for 
the Taipei APM system is shown in Table 2 (10). 

SUMMARY 

The $920 million Taipei APM project is only part of· a bigger 
government plan-the $300 billion Six-Year National Develop­
mept Plan-that is looking ahead to Taiwan's infrastructure re­
quirements for economic development into the 21st century. This 
is the first time tha_t a medium-capacity trunk-line APM system 
has been designed to accommodate the significant travel needs of 
a major city of more than 2 million people. Because of construc­
tion and testing problems the original opening· date had been 
pushed from 1992 to 1994. However if the operation is successful 
similar applications of APM as medium- to heavy-capac;ity trunk­
line service could evolve in other cities. 



TABLE 1 Peak-Hour Passenger Traffic Forecast for Taipei APM System 

Entering Exiting 
Station Name Station No. Year Passengers Passengers 

Sun Yat-Sen Jr. High BR 2 2001 680 1,290 
2021 6,600 17,800 

Nanking E. Rd. BR 3* 2001 4,130 8,460 
2021 5,900 18,600 

Chunghsiao E. Rd. BR 4* 2001 1,440 2,870 
2021 4,900 14,200 

Ta-An BR 5* 2001 2,210 2,580 
2021 6,900 10,600 

Science-Tech Bldg. BR 6 2001 3,170 2,970 
. 2021 5,200 5,100 

Liuchangli BR 7 2001 480 440 
2021 4,400 2,200 

Linkuang BR 8 2001 3,040 960 
2021 4,800 2,800 

Hsinhai BR 9 2001 850 240 
2021 1,500 500 

Wanfan Hospital BR 10 2001 6,150 2,550 
2021 9,300 2,900 

Wanfan Community BR 11* 2001 1,200 100 
2021 1,800 400 

Mucha· BR 12 2001 2,840 1,300 
2021 2,400 600 

Taipei City .Zoo BR 13 2001 1,150 510 
2021 2,200 1,400 

Total 2001 27,340 24,270 
2021 55,900 77,100 

* Transfer station to Rapid Transit (RRT) lines. 
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TABLE 2 Proposed Operating Schedule for Taipei APM System 

Station to Station Distance (meters) 

Northbound Train 

BR 13 - BR 12 680.12 
. BR 12 - BR 11 514.02 

BR 11-BR 10 1137.64 
BR 10 - BR 9 758.19 
BR 9 - BR 8 1598.09 
BR 8 - BR 7 821.42 
BR 7 - BR 6 1132.43 
BR 6 - BR 5 745.00 
BR 5 - BR 4 891.99 
BR 4 - BR 3 1268.01 
BR 3 - BR 2 931.00 

Station to Station Distance (meters) 

Southbound Train 

BR 2 - BR 3 931.00 
BR 3 - BR 4 1267.99 
BR 4 - BR 5 892.01 
BR 5 - BR 6 745.00 
BR 6 - BR 7 1135.57 
BR 7 - BR 8 821.59 
BR 8 - BR 9 1593.06 
BR 9 - BR 10 763.71 
BR 10 - BR 11 1140.32 
BR 11 - BR 12 513.01 
BR 12 - BR 13 683.28 
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Travel Time (seconds) Dwell Time (seconds) 

60.20 17.00 (BR 13) 
49.20 17.00 (BR 12) 
98.10 17.00 (BR 11) 

101.30 17.00 (BR 10) 
118. 70 17.00 (BR 9) 
65.50 17.00 (BR 8) 

113.70 17.00 (BR 7) 
59.50 17.00 (BR 6) 
67.40 17.00 (BR 5) 
86.80 17.00 (BR 4) 
69.50 17.00 (BR 3) 

Travel Time (seconds) Dwell Time (seconds) 

69.40 17.00 (BR 2) 
86.70 17.00 (BR 3) 
67.60 17.00 (BR 4) 
59.70 17.00 (BR 5) 

113.40 17.00 (BR 6) 
65.70 17.00 (BR 7) 

119.60 17.00 (BR 8) 
103.70 17.00 (BR 9) 
100.90 17.00 (BR 10) 
48.10 17.00(BR 11) 
61.50 17.00 (BR 12) 
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