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Summarz

BART has already been built. No matter what operations policy is
followed, how many riders the system attracts, or how cost-effectively
it is run, the capital costs have been incurred, and the bonds and
other instruments issued to obtain capital funds will have to be paid.

From the point of view of day-to-day systems operations, these capital

costs may be treated as irrelevant.

This report asks a series of questions about the operations pol-

icy of a rapid rail system. Specifically:

® It was promised that BART would cover its variable (operat-
ing) costs from the farebox. It has not done so. Was this
an unreasonable demand?

b BART now competes with a highly wused bus transit system
which is heavily subsidized. But when BART was conceived no

such system existed. What can BART do when faced with this
sort of competition?



From

On these routes where BART and AC Transit compete directly,
the 1levels of service are virtually identical. Does this
have anything to do with the operations losses? And is
there an operations plan which, by differentiating BART's
from AC's level of service, would enable the original prom-
ise to be met?

If BART and AC Transit were to merge and form a transit
"super-agency"”, would there be an incentive to eliminate bus
service entirely? ’

What about automobile travel? The effect of BART in peak-
period travel has been to make substantial inroads into bus
travel volumes, but comparatively 1little effect on total
auto travel is noted. 1Is this to be expected?

the nature of these questions it is immediately clear that:

They are "what-if" questions. That is, they ask about the
possibilities open to the system, possibilities which are
not actually observed.

Their answers require some sort of representation (model) of
Bay Area travel possibilities.

The bulk of the report sets up the model and solves it for a

number of transit scenarios in order to answer the questions posed.

To contribute to the answers, a model of transportation in +the Bay

Area should recognize that:

®

Consumers have preferences over different modes and modal
characteristics; and have a variety of options open to them.

Any discussion which ignores consumer behavior is doomed to
inadequacy.

Transit operations are characterized by an essential inter-
dependency. What BART does will not only determine its own
patronage and revenues, but will also alter the patronage
and revenues of competing modes. Where BART competes
directly with a bus system, to assume that the bus agency
will not alter its operations plan in response to BART deci-
sions flies in the face of reasonable expectations.

The questions as posed here assume a motivation on the part
of the transit agencies which is not necessarily the princi-
ple now guiding their actions. This motivation is to focus
on loss-minimizing behavior. That is, a particular type of
"what if" question is asked here: what would happen if BART
(and possibly, though not necessarily, AC Transit or any



other competing bus agency) acted in such a way as to minim=-
ize, or even more than cover, operating losses? Focussing
on operating costs 1is a consequence of the short-run
irrelevance of capital costs pointed out above.

The report suggests a framework embodying these considerations
with the following features:

® Consumers choose their preferred travel mode from among six
combinations of access and linehaul modes. These are: auto
alone; bus with auto access (kiss~and-ride):; bus, with walk
access; BART with auto access; BART with walk access; and
BART with feeder bus access.

® The BART District is conceived as operating its own feeder
service, and thus providing what.+. has been called
"integrated" service. This allows us to envision the possi-
bility ¢that BART may be motivated by loss-minimizing con-
cerns to operate a different type of feeder service than
that offered by a bus agency with its own (competing)’ con-
cerns.

® BART freely sets its operating characteristics to cover all
variable (operating) costs. These characteristics are the
fare on BART, the headway between successive trains, ‘and
possibly the train length as well. When it is in BART's
interest to run a feeder service, it freely selects the bus
fare, bus headway, and ease of feeder access.

® The competing bus system is conceived as having two possible
behavioral motivations. The first 1is loss-minimizing
behavior analogous to BART's, in which fare, headway, and
access ease are freely selected.

® A system charged to minimize loss with respect to operating
costs can cut operating losses to zero by not operating at
all. Of course, capital costs would still be incurred; but
these are irrelevant, since they are sunk costs.

® Zero output may be unacceptable as a public policy. Thus we
also conceive of the bus agency as pursuing the least-cost
way of achieving a specified minimal 1level of service at
some maximum fare. This may require money-losing (i.e.,
subsidized) bus operations. We may thus discuss BART's pos-
sibilities in the face of a subsidized bus agency.

The analysis resulting from these considerations is set out in
the bulk of the report; and the tables of Section 5 give some numeri-

cal answers to the "what-if" questions. We may summarize the major



conclusions in the form of some tentative answers to some policy ques-

tions, as follows:

o

BART was originally designed to cover operating costs from
the farebox. In retrospect, was this unreasonable? Not at
all. The results presented here, especially in Table 8,
show that there is room for both BART and a competing bus
system in the Bay Area transit market; and that cost-
covering operations are in many cases feasible for both
modes. Of course, this result is to some extent dependent
on the travel characteristics of the corridor in question--
the physical details of the corridor as well as, the demo-
graphic characteristics of the travelers--but the basic
result holds. BART can cover its costs from the farebox.

Would this result still hold if BART had to compete with a
heavily subsidized bus transit system? - In many cases, yes.
As Table 9 indicates, competition with a money-losing
{hence, subsidized) bus system is possible.

What changes would have to be made in BART's operations for
this to occur? Basically, BART would have to differentiate
its product from that of the bus system, something which, as
Table 1 indicates, it has thus far not tried to do. This
differentiation takes the form first, of a greatly improved
access system, to circumvent the difficulties of gaining
access to a fixed-route mode. Second, running shorter
trains more frequently has two benefits: it reduces BART's
excess capacity and it has the effect that average waiting
times of users is lowered, thus making the system more
attractive to potential riders. Third, Jjudging from the
available evidence on consumer preferences, riders are
prepared to pay premiums for this service: the equilibrium
{profit-maximizing) fares are considerably above current
levels.

Such high fares may simply be infeasible. Is there a way to
keep fares at current levels, and adjust other level-of-
service parameters to attract enough riders to cover costs?
It appears that this is not a practicable option. A certain
fare level seems an essential ingredient of cost-covering
operations. '

Would not a transit super-agency, running both transit modes
as a transit monopoly, £find it optimal to close down one
system altogether? WNo. As is apparent from Table 10, a
transit super—-agency, if it had the same loss-minimizing
motivations as the individual carriers, would never find it
optimal to close down one transit mode when, acting indepen-
dently, both could cover costs.




But isn't it a waste of resources to have two transit sys-
tems service a single corridor? There are three reasons why
this is not the case. First, it appears that there is an
optimal degree of product differentiation in the economy
(Lancaster, 1975); and only in exceptional circumstances
will a single product .be optimal. Note that the sort of
loss-minimizing equilibria considered here result in transit
"products" differentiated along both fare and service-
characteristics dimensions, in line with the qualitative
thrust of Lancaster's results. Thus, whether the relatively
undifferentiated products now offered by BART and the com-
peting express-bus services represent an efficient use of
resources, is doubtful. Second, it may appear odd that the
super-agency would want to maintain both systems. But a
moment's reflection on the structure of the economy at large
suggests that it is often good for a firm to produce compet-
ing products. To take a few obvious examples: General
Motors is organized into divisions which directly compete
with one another. The same holds for dry«cereal manufactur-
ers. And recently, under recordings of Beethoven's Fifth
Symphony, one company (Columbia) was represented with five
different versions, two (Phillips and RCA) with three. So
producing competing (and differentiable) products is by no
means surprising. The third reason is one touched on in the
introduction to the paper, namely, the economic value of
redundancy. Since it appears that ih many instances the
sort of competition modeled here would lead to both systems
being operational, this idea has only appeared indirectly.
However, it remains a reason to. consider seriously what
appears on its face to be wasteful duplication.

Doesn't it contravene our notions of public policy to have
differentiated (high-fare/high-quality and low-fare/lesser-
quality) services as are suggested here? This is to some
extent a question of empirical pclitics. However, it should
be noted that differentiated products in industries gen-
erally thought to be public utilities are by no means unk-
nown. For example, the Postal Service now offers highly
differentiated services (first class, registered, express,
airmail delivery) and our notions of public policy do not
appear to suffer violence. Again, electric and gas utili-
ties often offer discounts in price in exchange for a
lessening of service quality (for example: being first to be
cut off the network in case of emergency, or agreeing not to
place burdens on the network during the peak). In transpor-
tation, Amtrak offers differentiated passenger service: con-
ventional versus Metroliner trains (differentiated largely
on a travel-time dimension) and coach versus club-car ser-
vice (differentiated on a dimension of amenities while rid-
ing) at differing fares. So the existing spectrum of public
endeavors 1is by no means free of product differentiation of
the sort suggested here. These do not appear to be objec-
tionable. Whether a differentiated transit structure is
politically viable in the Bay Area is of course another




question. Still, there is no a priori reason not to con-
sider it. BAnd since it can result in losses on some systems
being eliminated, such a structure might be all to the good.

[REVEN




1. Introduction

1.1 The Problem

It was clear from the start that the new BART system would face
substantial competition from other modes. Chief among the competing
modes was the private car. Bay Area auto-ownership rates, are among
the nation's highest, and reliance on the private car was fostered by
an early full-freeway system.1 With a distribution of incomes skewed

towards the upper tail2 there was every reason to expect that substan-

tial numbers of commuters would elect to remain in their cars.

But BART did not face competition only from iutomobiles. In the
East Bay, service provided by the Alameda-Contéa Costa Transit Dis-
trict (AC Transit) is alsol competitive. AC Transit was the successor
to the Key System, which provided local East Bay service as well as
transbay service on rails over the San Francisco-Oakland Bay Bridge.
In 1955 the Key System petitioned the California Public Utilities Com~
mission to allow abandonment of the transbay lines, claiming they lost
money.3 In 1956 the AC Transit District was formed to coordinate tran-
sit in the East Bay. Two years later the Xey System ran its last
trains over the Bay Bridge, and on October 1, 1960, AC Transit bought
the physical assets of the Key System and its parent.company, the Bay

Area Public Service Corporation.4

AC Transit immediately began renno-
vating the old Key System buses, and adopted a policy of gradual

replacement of those vehicles.

Since that time AC Transit has provided what has been widely

regarded as extremely effective transit services. The system provides




extensive coverage of the East Bay, with express buses running to the
principal East Bay CBD in Oakland as well as both local and express
service to San Francisco. The district has gained a reputation for
cost efficiency, a reputation which is confirmed by comparing its
operating costs to those of other bus transit properties.5 In an era
of increasing reliance on the brivate car, AC Transit managed to
retain its ridership, and even increased patronage by about” eight per-
cent over the period 1962/1963 to 1976/1977.6 Thus, BART could expect

substantial competition from the bus system as well as from the car.
iy

It is interesting to note in this regard that BART's service
quality (including the fare) closely parallels the competing bus
system's. Table 1 shows those service characteristics directly set by
the management of the two systems, for a transbay trip from Berkeley
to San Francisco, where there is direct competition between the two
modes. As is apparent from that table, service characteristics are
quite similar: BART is slightly faster and costs slightly more than
regular bus service; for express buses, quality of bus service is vir-
tually identical to that of BART. The headway comparisons must be
read with caution. AC Transit runs scheduled service and is reputed
to adhere strictly to its schedule. At present, BART headway; are

subject to considerable variability.



TABLE 1

Berkeley-San Francisco Travel, 19771

-

In Vehicle
Headway Travel Time Fare
BART? 6 mins. 19 mins. § .65
Bus3--regular 10 mins. 23 mins. .55"
Bus3--express 9 mins. 19 mins. .65

Notes

1. Peak travel only (data are for the morning peak).
between Berkeley and Montgomery Street.

2. BART headways as planned for full operations.

3. Travel between University Avenue/Berkeley and
Terminal/San Francisco.

Travel

Transbay




The service operated by AC Transit has failed to cover its

operating costs in any year since its founding in 1960.7

BART was
expected to rely for its construction costs on general obligation
bonds secured by the property tax. On the other hand, it was expected
to pay for all rolling stock and operating expenses out of the fare-
box.8 The question may be raised, whether this was a reasonable expec-

tation, in light of the fact that BART provided a comparablé level of

service to that provided by a deficit bus system.

ey

Recent developments in transit supply patterné give point to this
doubt. In February of 1968, the Board of Estimate of New York City
awarded the first franchise to a private bus company to provide
express bus service between Fresh Meadows in’ Queens and midtown
Manhattan.9 The experiment was a success, with the result that there
are now some fifty express sus routes linking Manhattan and the
suburbs. Some are run by private companies, some by the Transit
Authority (TA) of New York City, but all share three characteristics.
First, they are all profitable. Second, the quality of service is
high: all routes provide peak service at short headways, good accessi-

bility, and high probability of getting a seat. '®

Third, +the fare,
though controlled by the Board of Estimate, is considerably higher
than the normal New York City TR fare: recently the express bus fare
was $1.50 while the fare for regular TA service was $.50 . Nor is
this development limited to bus lines. Among the properties providing
rail-based commuter service, the Illinois Central Gulf, the Chicago
and Northwestern Railroad, and the Lindenwold Hi-Speed Line come close

1

to meeting operating expenses out of farebox revenues. These systems

are also characterized by high levels of service and high fares. By




contrast, in 1975-1976 BART had operating costs of $59.0 million, and
gross fare and concession revenue of $21.7 million, thus covering only

thirty-seven percent of its costs from revenues.12

BART has already been built. There is no immediate reason to
re~examine the question of the total resource costs expended in pro—

viding trips by different modes.13

Rather, the question now is how, in
the short run, might BART adjust its variable factors of production to
reduce (if not cover) its operating losses? It is important to real-
ize that the Bay Area's transit industry has three main modes: the
rail systems of BART and the Southern Pacific; bus systems run by AC
Transit, Golden Gate Transit, SamTrans, Santa Clara C;unty Transit,
and San Francisco's Muni; and the private car. Tg assess the prospect
of loss-minimizing service, one needs to simulate the interdependen-
cies among the three sets of carriers. Further, it is important to
know just how the users of the system will react to short run changes

in service quality. What is needed, in short, is a full multi-modal

demand and supply model of Bay Area transit.

Besides answering the initial question, whether it is possible
for BART to live up to its promise to cover operating costs from the
farebox, such a framework would provide a way of answering some impor-
tant organizational questions. First among these is the relation
between BART and AC Transit in an era of fiscal 1limits. As already
indicated, neither system at present covers its operating costs. As
shown in Table 2, BART's 1975-1976 ;oss per passenger was $1.13 , com-
pared to $0.48 on AC Transit. From this it may seem that of the two

agencies, the financial situation of BART is the more precarious. But



this is wrong.

In June of 1978 the people of Falifornia approved Proposition 13.
This measure, placed on the ballot by initiative, imposed strict limi-
tations on the rates of property tax collected by local governments.
While in the fiscal years 1978/1979 and 1979/1980 state budget sur-
pluses cushioned the effect of reduced property tax revenues, it is
unlikely that this situation will persist. The eventual effects of
the property tax reduction will be different for BART and AC Transit:
Table 2 shows why. In 1975/1976 BART receivedhgber half its nono-

14

perating revenue from the use tax, and only thirteen percent from

property tax monies. By contrast, AC Transit obtains sixty percent of

15

its nonfare funds from property tax levies, with' the remainder split

between government grants and an apportionment of local transportation
funds generated within Alameda and Contra Costa Counties.16 Thus, the
effects of reductions in the property tax are likely to be much more

severe at AC Transit than at BART.
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TABLE 2

Operating Characteristics

197571976
REVENUES, COSTS, AND LOSSES BARTD? AC Transit?
Fare & Concession Revenue1 $21.7 million $18.4 million
Operating Cost 59.0 million 46.4 million
Loss 37.3 million 28.0 million
Loss Per Revenue Passenger $1.23 $ .48
SOURCES OF FUNDS TO MEET LOSS
Property Tax $ 5.0 million (13%)" $19.4 million (60%)
Transactions and Use Taxes 21.1 million (57%) -
Governmental Aid 1.6 million ( 4%) 5.9 million (18%)
other” 9.6 million (26%) 6.8 million (22%)
TOTAL: $37.3 million (100%) $32.1 million (100%)
NOTES:

1. Including contract service (13% of revenue) for AC Transit.

3. Source: BARTD Annual Report,
4. Net of bond principal and
interest (including "construction

million), $4.5 million; borrowing on

Source: AC Transit Annual Report.

1976.

interest. Includes, for BART,
funds, interest and other,", $2.9
capital account, $5.1 million.

For AC Transit: apportionment of local transportation funds.



Already by the summer of 1978 both agencies were aware of the
difficulty.. Some of the ideas mentioned informally involved some sort
of merger of the two systems—-perhabs under the auspices of the Metro-
politan Transportation Commission. Thus, it was thought, AC Transit
might reap the benefits of access to funds from sources other than the
property tax. The question arises as to the loss-minimizing operating
characteristics of such a combined system: might it not entail shut-
ting down one or the other system entirely? In a companion volume,
Landau, Chisholm, and Webber point to advantages_wpf redundancy in
systems-~that when one component is out of commission a hitherto
redundant component may be able to continue providing service. This
consideration is particularly relevant in the case of Bay Area public
transportation, where both BART and AC Transit are‘ periodically shut
down for extended periods because of labor disputes. If it turns out
that the action which minimizes short-run losses for a combined system
is to rely on one component alone, then it is worth considering the
social benefits of retaining redundancy. But first we must see if the

one-mode outcome might be preferred.

A second organizational question involves coordination between
the two systems. BART, as Webber (1976) has noted, "offers one route
in each compass direction, and hence only limited distribution across
the wurbanized area it serves;"17 and in designing the system with
widely-spaced stations, the planners sacrificed ease of access to high
vehicle speed. It was clear that to function well, BART would have
somehow to provide--either on its own or in conjunc;ion with another
transit operating company-—-easy access to the trains. The way chosen

was to link the BART system with whatever bus operation was locally




available--AC Transit in the East Bay and the Municipal Railway {(Muni)
in San Francisco. The degree of coordination was always a matter of
some dispute; as Adler (1978) h;s noted "all the public statements
made during the . . . 1950s and through the passage of the BARTD bond
issue in November 1962 would affirm (the) idea of complementarity. . .
thé regional system would be dependent on the delivery of patronage

18 On the other

through feeder and local service transit operations."
hand, no arrangements for coordination were written into the enabling
legislation of either AC Transit or BART. When BART opened, AC Tran-
sit did redirect some of its buses to bring them close to the BART

stations; but there has been constant dispute betweén the two systems

as to the degree to which buses should serve BART stations. At

L
’

present, there 1is a free transer from BART to AC Transit, but not in

the other direction.

There are, of course, technological difficulties in implementing
reduced-fare transfers from-general-route buses to BART. Nonetheless,
the question arises whether BART could do better given a. better
transfer system. That AC Transit might not find it in its own best
interest to provide such a service is clear; on many East Bay routes
the two systems compete directly at comparable levels of service.
Given the relatively low accessibility of BART, the only real advan-
tage of the bus system on routes where direct competition takes place
lies in its ease of access. So it is worth asking what kind of feeder

service (and at what fare) would do best for BART.
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1l.2 Scope and Methods

In the previous section I identified three broad questioqs of
current interest. First 1is the question of the self-sufficiency of
Bay Area transit modes: to what extent are they able to cover their
operating costs, and how should service characteristics be set to do
so. Related to this is the question whether BART 1is wise to offer
service very little differentiated from that of its principal transit
competitor, the bus. The second is an organizational question, predi-
cated on the declining availability of property—-tax funds to support
bus-system deficits. What would be the consequences of merging the
two agencies, and what sorts of service could we expect from a transit
monopoly? The third question involves the best level of provision of
a feeder service to the rapid-rail system. In this section I shall

discuss in broad outline a way of approaching these questions.

Two considerations motivate the analysis. The first of these is
the notion of competition. For reasons stated above, it is important
that we model consumers as having a wide choice of transportation
modes available to them. In the anlysis which follows I allow for a
total of six combinations of linehaul and access modes: auto only, bus
with walk access, bus with auto access, BART with walk access, BART
with bus access, and BART with auto access. It is also importapt to
focus on travel in which all these options may reasonably be expected
to obtain. For this reason I place the analysis in the context of a
corridor route, in this case a route connecting a residential area
with a CBD or major shopping center. There are several Bay Area tran-
sportation corridors in which the auto, bus, and BART modes compete;
among them the Berkeley-San Francisco, the Richmond-Oakland, and the

Richmond~San Francisco corridors. In each of these a bus route and a



major freeway closely parallel the BART line. On BART's Concord line,
the major source of competition is the private car, since Greyhound
bus service has been severely curtailed: I shall not discuss the more
restricted case of BART-auto competition. For an analysis of the pos-

sibilities of bus-auto competition see Viton (1980).

The second consideration which will play an important part in the
analysis 1is the notion of loss-minimization. This concept is the
driving force in the design of systemic service levels. It may be
approached in two ways. The first, absolute loss-minimization,
implies that unless a negative loss (excess of total revenue over
total cost) is achieved, service should cease. Since zero service can
be achieved at zero (variable) cost, the no-loss output is a 1lower
bound. However, it is clear that many urban transportation services
are constrained to provide at least some minimum level of service--say
at least five buses per hour at some maximum faré. In these cases,
one wants to investigate the constrained 1loss-minimizing service
characteristics, subject to given minimal service. To anticipate a
later result, loss-minimizing transit fares may be well above
currently observed fares. If these fares are considered infeasible
(for whatever reason) one may ask what service would be offered when
fares are constrained to be at current levels, but other quality-of-
service variables may be adjusted. Fixing minimal levelg of these

other variables means that the zero-loss position is no longer a lower

bound.

Focusing on loss-minimization {(or equivalently, on profit-

maximization) immediately suggests a way of modeling the structure of



competition. For expositional simplicity, consider only a single bus
mode aﬁd a single BART mode. The profit-maximizing bus level-of-
service (including the fare) will dépend in the usual way on consumer
preferences (demand) and also on the level-of-service offered by the
BART system. Suppose that the bus operator takes the BART service
level as given. He then sets his own profit-maximizing service level.
But of course since BART profits depend on bus service ievels, the
BARTD will have an incentive to change its offered service. Suppose
it does so, taking the previously set bus level-of-servicer as given.
In the next period the bus operator will again change service, react-
ing to BART service. Eventually (subject to certain technical condi-

tions)1? an equilibrium may be attained, in which neither agency has

T
.

an incentive to change further. It is the characteristic of such an

equilibrium that will be the object of our study.

This procedure is a simple generalization of a Cournot duopoly.'
In the usual formulation, each duopolist sets the quantity of a homo-
geneous product; price is determined by the demand for the total sup~
ply. The procedure adopted in the present study is a generalization
of the Cournot model in that the products provided by the different
transportation agencieé are regarded as distinct; and both price and
quantity (a vector of quality-of-service indicators) are set by each
agency. Thus, the model adopted here may be thought of as a combina-
tion of the Cournot duopoly model (in which the choice variable is
output) and the Bertrand duopoly model (in which the choice variable
is price).20 In what follows I shall refer to the equilibrium as a

Cournot (or Cournot-Nash) equilibrium even though one should,

strictly, speak of a Cournot-Nash-Bertrand equilibrium.



1.3 Outline of the Study

.The following sections develop formally the model sketched in the
last paragraphs. In Section 2 I discuss a model of the demand for the
different modes of urban transportation, and show an empirical esti-
mate of the mode~choice model. Since the mode-choice model shows which
aspects of service quality are considered important by consumers, its
consideration is logically prior to the supply-side discussion. Sec-
tion 3 develops the Cournot-Nash duopoly framework and sets up the
loss-minimizing problem for a combined BART-plungC-Transit agency.
Section 4 discusses empirical estimates of the sgpp;y and demographic

parameters. Finally, Section 5 shows simulation results for a wide

variety of potential urban transportation scenarios.
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2.  Demand

In this section I set gut the model of mode-choice on.which
the preferences of consumers for different transit services are based.
The model is the familiar disaggregate probabilistic mode-choice model
known as the "conditional logit" approach. Section 2.1 contains a
brief derivation of the functional form of the logit model; in Section

2.2 I show an empirical estimate of the logit form and discuss its

properties.
2.1 Mode-Choice Model
Following the notation of
Hausman and Wise (1978) , consider a representative

consumer indexed by i facing j =1,...,J choices in transportation
2 . .

mode. 1 The consumer is characterized by an observable vector ai ;

for example, elements of a; might include the i-th consumer's

income, length of residence in the community, age, or sex. The charac-

teristics of the j-th mode are given by an observable vector xi
here might appear the distance the consumer must walk to access mode
j , its costs, travel time, and so on. We suppose that the i-th

consumer has a utility function, linear in a vector of unknown weights

J

on the characteristics a; and xi . Then we may write the utility

associated with a choice of the j~th mode as

(2.1) vl = ud(xd,a,) , all j ,
i TiTiTTd

= zi% , all j ,
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j

where zi is the numerical concatenation of the elements of xi and

a; and B 1is the unknown weighting vector.
In the real world, oq course, we either cannot or do not
observe all the factors relevant to the mode-choice decision. We
suppose that actual consumers are distinguished from the representative
consumer by a stochastic term reflecting these unobserved or unobserv-
able differences in modes or in individuals. If the ;tochastic term
corresponding to the i-th consumer's choice of the j-th mode is Ez ’

then the utility associated with this choice is

(2.2) Wavlixdan +ed =23l

i i7i"1 i i i
The individual is assumed to make the discrete choice which maximizes
his utility. Due to the presence of random elements, we can analyze

only the probability that a given choice will be made. The probability

that the i-th consumer selects the j-th mode is

(2.3) P3 = Prob EI?>UJ,‘,U?>U?,...,U?>U‘.J]
1 1 1 1 1 b 1

= Prob E?B redsgl8ael ., 298524 e‘.]:l

1 1 1 b 1 b 1 b

| 1 j 3 1y J j 3 J/
= - < - - < -
Prob € - € (Zi Zi)B rever €5 = €5 (zi Zi)B

That is to say, the probability of selecting mode j is simply the
probability that mode j provides more utility than each of the other

modes in the choice set. Equation {2.3) can perhaps be made more
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cunmulative
transparent by observing that is just the joint/distribution function
. 1 3j 2 2
(Ash, 1970) of the J random variables ei - ei ‘ ei - ei reoey
. J ‘ | J

3 . . j -1, 2., ] oy
Ei Ei ’ evaluatgd at the point (Zi ai) B, (2 Zi) B,...,(zi ui) B .

Any selection of a distribution of the variables e:

]

will yield functional forms for the mode-choice probability Pi

Issues relevant to the selection are discussed at length by Domencich
and McFadden (1975): after examining the normal, arctan, and Weibull
distributions (all of which yield easily computed seléétion probabili-
ties in the case of binary choice), they observe that "the multiple-
choice generalizations of the {normall and arétan models are computa-

tionally intractable."22 Thus one is led to characterize the random

k . . . . . :
elements ei as having independent Weibull distributions, that is,

k -e-a
(2.4) Prob [ei <a]l =e .

Under this assumption it can be shown23 that the probability given in

equation (2.3) reduces to

j e
(2.5) Py .

Cbserve that this expression involves only the observable elements of

choice (and the unknown parameter vector B ). A further property of
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this model, known as the conditional or multinomial logit model, is that

p3

Py
1

(2.6) 1n =z - 208 .

That is, the (log) odds of choosiné mode j over mode k depend only
on the éharacteristics of the two modes in question. In particular,
the odds do not depend on the characteristics of any ques irrelevant
to the choice between j and k . For this reason, the property
expressed in (2.6) is known as the Independence from Irrelevant
_Alternatives property (IIA). It is worth empﬁ;;izing that it charac-
terizes the logit model; and there may pe instances where it cannot
plausibly be assumed to hold. A famous counter-example is the so-called
Red Bus-Blue Bus Case. Suppose that a population hés only two choices
available, automobile and a Red Bus. Suppose that twenty percent
select the bus. Then the odds (Pa/Prb) of selecting the automobile
over the bus are 80/20 = 4 . And now suppose that a second bus is
introduced, differing only in some insignificant way from the first—--
say that it is blue, for example. -What we would expect is that the
eighty percent of the population now going by car will continue to do
so, and that of the twenty percent bus users half will go on the Red
Bus and half on the Blue. But the logit model says otheryise. It
requires that (Pa/Prb) = 4 and that (Pa/Pb;) = 4 since the two
buses are perceived as identical. Then we predict that sixty percent
will go by car and that forty percent will go by bus, split equally

between the two types. There is clearly something illogical in the
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result that incroducing "more of the same" can induce a large switch
to transit. The reason is, of course, that the red bus and blue bus
are not independent of each other. The moral of this is that one must
be careful to use a logit model only when one has reason to believe
that the alternatives are truly distinct. When this assumption is
tenable,equations (2.5) and (2.6) show that the mode-choice probabi-
lities are simple functions of the data.

The statistical problem is to estimate the parameter vector
B . A random sample of a population character;égd by these mode-choice
probabilities can be regarded as a drawing from a multinomial distribu-~-

1.2 J

tion with parameters PiPi eeo Pi . One can then write down the like-

lihood function of the sample, which will depend on the unknown vector

*
’

8 . Domencich and McFadden (1975) discuss several ways to estimate B :
for example, maximum likelihood methods yield consistent asymptotically
_ normal estimates.24 Since we draw on the work of McFadden and Talvitie
for empirical estimates of the mode-choice probabilities, we need

dwell no longer on the details.
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2.2 Empirical Bay Area Model

B group of researchers at the University of California, Berkeley,
has recently completed a major study of the demand for travel in the
Bay Area. As part of their research they estimated disaggregate
mode-choice probability functions of the form of equati&h (2.5). .I
draw on their results to provide the empirical estimates of the models

{McFadden and Talvitie, 1977). RN

Table 3 shows the estimation results of a mode-choice model
estimated on a sampfe of 635 individual decisi?ns in the so-called
" post-BART" sample.25 This contains observations on the seven percent
of the population sampled who made part of their trips by BART. The
"independence from irrelevant alternatives" property discussed in the
last section makes prediction of a new mode's acceptability to the
population extremely straightforward, and McFadden and Talvitie do
report estimating a mode-choice model from a "pre-BART" sample. For
our purpose, which is to discuss the way in which travel demand
changes 1in response to changes in modal organization, it is more
appropriate to use the additional information generated by observed
choices involving BART. Further, as McFadden and Talvitie note, "the

estimates are fairly similar."26
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TABLE 3

Work-Trip Mode~Choice Model, Estimated Post-BART
with non-generic Auto and Transit on-vehicle time.

(Mode 1--Auto Alone; Mode 2--Bus, Walk Access; Mode 3--Bus, Auto Access;

Mode 4--BART, Walk Access; Mode 5--BART,

BART, Auto Access; Mode 7--Carpool)

Bus Access;

Mode 6--

Model: Multinomial Logit, Fitted by the Maximum Likelihood Method

Independent Variable Estimated " t
(The variable takes the described value in Coefficient Statistic
the alternatives listed in parentheses and

zero in nonlisted alternatives)
Cost divided by post-tax wage, in cents s
divided by cents per minute (1-7) ~-.0266 3.92
Auto on-vehicle time, in minutes (1, 3, 6, ~-.0473 3.48
Transit on=-vehicle time, in minutes (2-6) -.0197 2.03
Walk time, in minutes (2-6) -.0900 3.36
Transfer-wait time, in minutes (2-6) -. 0438 1.81
Number of transfers (2-6) -.120 0.856
Headway of first transit carrier, in
minutes (2-6) -.0290 2.60
Family income with ceiling of $7,500, in §
per year (1) -.000289 1.78
Family income minus $7,500 with floor of 0000522 0.364
Family income minus $10,500 with floor of
$0 and ceiling of $5,000, in $ per year (1) -.0000419 0.738
Number of persons in household who can
drive (1) 1.48 5.26
Number of persons in household who can
drive (3,6) 1.65 5.16
Number of persons in household who can
drive (7) 1.28 4.85
Dummy if person is head of household (1) . 668 3.19
Employment density at work location (1) -.00164 3.45
Home location in or near CBD
(2=in CBD, 1=near CBD, 0 otherwise) (1) . 1546 0.835
Autos per driver with a ceiling of one (1) 4.79 3.70
Autos per driver with a ceiling of one (3, 3.63 4.81
Autos per driver with a ceiling of one (7) 3.26 3.19
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Autos alone alternative dummy (1) -4.18 2.82
Bus-with-auto-access dummy (3) -8.24 6.67
BART-with-walk-access dummy (4) -2.28 3.36
BART-with-bus-access dummy (5) . - .473 0.708
BART-with-auto-access dummy (6) -7.30 5.93
Carpool alternative dummy (7) -5.31 5.56

Likelihood ratio index .4599

Log likelihood at zero -964.4

Log likelihood at convergence -520.9

Percent correctly predicted 67.24

Values of time saved as a percent of wage (t-~statistics in parentheses):

iV

Auto on-vehicle time 178 (2.53)
Transit on-vehicle time 74 (1.84)
Walk time 338, (2.46)
Transfer-wait time 165 (1.65)

Value of initial headways as a percent of wage: 109 (2.13)

)
’

All cost and time variables are calculated round-trip. Dependent
variable is alternative choice (one for chosen alternative, zero oth-
erwise) .

Number of people in sample who chose

Auto alone 378
Bus-with-walk-access 68
Bus~with-auto-access 9
BART~with-walk~access 4
BART-with—-auto-access 33
Carpool 137

[0)]
w
wn

Total sample size

Source: McFadden and Talvitie (1977), pp. 149-150.
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The following discussion of the model presented in Table 3 is
drawn from McFadden and Talvitie. First, the estimated model allows
for a wide choice of transportation modes. If one distinguishes

between the linehaul and access components of a trip, and counting as

"different modes" trips made on different combinations of linehaul and
access modes, then there are in all seven modes in a consumer's choice
set. Two involve the automobile alone, allowing for carpooling and
driving alone. Two involve the bus as a linehaul mode, with access
accomplished by walking or driving to the bus-stop. BAnd three involve
BART as a linehaul mode, with access by walk, b§ bus, or by automo-
bile. The coefficients themselves are generally estimated quite pre-
cisely; however, one cannot reject the hypothesis that the number of

transfers involved in changing +transit carriers has no effect on

mode-choice. Three of the demographic descriptors have relatively

imprecise estimates: two involve the relationship of family income to
mode-choice, and a dummy variable allowing for locational effects is
also not well-estimated. Finally, Table 3 reports an imprecise esti-

mate of one of the constant terms.
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Turning now to the summary measures of goodness—of-fit, observe
first that the model correctly predicted sixty-seven percent of the
choices of the sample population. It is instructive to see the gain
that this represents over a "chance" model. Without information on
the attributes and coefficients of Table 3 each person would be
"assigned a probability of taking a given mode equal to the aggregate
share of that mode."27 Under this assigmnment of probabilities the
total percent correct is forty-one percent. Thus, the estimates of
Table 3 represent a substantial improvement in prea;;tive power. This
is confirmed by the likelihood ratio index. As reported by Domencich
and McFadden, this is analogous to the conventional R2 measure of fit
in linear estimation, except that values of thé index are downward

28

biased. Thus, a reported likelihood ratio index of .46 represents a

better fit than would a similar R2 index.

McFadden and Talvitie also report on several tests of specifica-
tion involving the model of Table 3. They reject the hypothesis that,
contrary to the model, auto and transit on-vehicle times are valued
equally.29 In the model of Table 3, auto on-vehicle time is valued at
178 percent of the post-tax wage, while transit on-vehicle time is
valued at seventy-four percent of the wage. McFadden and Talvitie
note that this result runs counter to popular belief about the disu-
tility of transit travel, but observe that fhe belief may have its
roots in consideration of wait and access time as well as on-vehicle
time. They test and reject the hypothesis that the relationship
between utility and time is nonlinear.30 However, a modification of
the model to allow for differences in travel time and travel cost

between urban and suburban dwellers is accepted.31 This modified model




was not adopted in the present research, for two reasons. First,
there was a substantial increase in-the complexity of the model. An
additional five parameters were to be estimated, and to use the model
for prediction a further partitioning of the sample by demographic
characteristics would have to take place. Second, for the more com-
plicated model, the percentage of actual choices correctly predicted
fell slightly.32 Since the model is used here for explicit prediction

purposes, it was decided to retain the model of Table 3.

Finally, it is useful to review the discussion by McFadden and
Talvitie of the reasons for mispredictions in the model. They suggest

two possible culprits.33

First, the "independen?e from irrelevant
alternatives”" property, a feature of the logit model, may not hold.
If the five transit modes were not perceived as independent, then a
model requiring them to be so perceived would misprediét the choices
of the sample population. McFadden and Talvitie estimate two models
without this restriction, and conclude that "it seems that failure of

[the "independence from irrelevant alternatives" property] is not a

primary cause of the overprediction of transit.”

Second, they look to data problems in coding the walk times
experienced by consumers using the different modes. These times were
calculated from a standard set of network models designed to simulate
Bay Area conditions. The reseachers in McFadden's project made vari-
ous changes to the networks to convert them to 1975 conditions. How-
ever, 1if the original data were faulty, so would all the adjustments
have been. In particular, the number of bus 1lines anticipated to

exist may have been higher than the number actually present. This



would have the effect of increasing average walk access time.
"Secondly, there 1is often a tendency . . . to code the walk times of
those who actually use the system, rather than the average walk time
of the population segment. Third and finally, it is possible that
some walk times . . . were intentionally coded low in order to predict

a large BART patronage."34

The upshot of this discussion may be summarized as follows. if
the purpose of the mode-choice model is to predict~the choices of Bay
Area commuters when faced with service variations in the seven modes
presently available to them, then éhe logit model set out in Table 3
would appear to be the best available. It successfully predicted the
mode-choices of two-thirds of the sample population, a significant
improvement over "chance" predictions. However, the model is not free
from defects: in particular, a suspected incorrect coding of walk
times may result in overpredictions of the mode-share of Bus/walk,
BART/walk, and BART/bus combinations. The;e would appear to be no
way, short of recalculating all walk times in the sample, to remedy
the problem. Thus, although the model does represent our best
knowledge about Bay Area travel demand, results using this model can-

not be expected to be entirely free from error.

The model of Table 3 is used in the seguel to represent the
choices of Bay Area commuters. This concludes the discussion of
travel demand. The next section begins the specification of the sup~

ply side of the model.



This section presents the theoretical model of urban transporta-
tion supply sketched briefly in the introduction. The model is com-
pleted in Section 4 by empirical estimates of the supply-side parame-
ters. The plan of the present section is as follows. I first discuss
the situation of the traveler and argue that it is realistic t6 model
him as having no effect on the conditions facing him should he use his
car. I turn then to the issue of competition. It follows £from the
discussion of the consumer that it suffices to model competition
between the providers of transit services. The model used here con-
ceives of two suppliers, a bus company and the BART organization. I
show how reaction-function competition may be modeled and discuss the
concept of a reaction-function equilibrium. Following this, I discuss
the characteristics of an abstract market for transportation, and
present a model in which the decision variables of the transit agen-

cies translate precisely into those features of travel revealed as

important by the demand models of the last section.
3.1 Consumers

It is clear that we may model the user of the public modes as a
price-taker. However, the traveler who uses his car to travel on the
existing roadways is in a unique position. He alone has immediate
access to his means of transportation; and the consequent ease of
travel planning has no doubt contributed significantly to the popular-

ity of this means of locomotion. From the point of view of the
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economics of his actions, I suggest that they may be characterized by

two conditions.

First, it is reasonable to model the automobile user as a
"price—~taker." That 1s to say, he perceives the cost of travel as
given, and independent of his actions. Whether or not he decides to
use his car, the prices he faces will not change. In some important
respects this is quite clearly true. For example, an individual's
consumption of fuel and oil is likely to be miniscul'e when compared to
the total consumption. Under these circumstances, the effect on the
prices of these products of a change in individual travel demand
behavior will be negligible, and the assumption oﬁ,perfect elasticity
is wholly reasonable. The same can be said for many of the other
variable costs of travel, such as tire costs (per vehicle mile). The
assumption is less reasonable when applied to costs 1like auto
ir.surance; here, particularly, driving patterns do influence the
annual premium. Similarly, automobile depreciation costs may vary
with the intensity of driving; this might mean, for example, that
mileage-related depreciation might be greater for long work trips than
for shorter shopping trips. However these variations are likely to be
small. Most work on automobile operating costs assumes that deprecia-
tion per vehicle mile is constant.35 Simil;rly, insurance premiums per
vehicle-mile are wunlikely to show much variation as between a policy
based on auto travel to work and one assuming that work trips are made
on transit. Thus the assumption of price-taking behavior on the part

of automobile users does not appear to be unreasonable.

Second, I assume that the automobile user faces congestion
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conditions on the road which are invariant to the traffic on the road.
That is to say, a given road is characterized by an attainable speed,
and this speed 1is not related to the volume or composition of the
traffic on it. Such an assumption is quite clearly unrealistic, but
the following considerations suggest that as an approximation it may
be assumed to hold. As will appear in a later section, two types of
roads figure in the analysis: expressways (freeways) and arterials.
We shall model ﬁhe trips of concern to the analysis as.proceeding from
a given origin area to a given destination area. For that portion of
the trip taking place on the expressway, it may be assumed that travel
between the origin and destination of interest repéesents a smali por-
tion of all the traffic on a given expressway link; for example, trav-
eling on I-80 between Richmond and Oakland one is likely to find a
considerable proportion of traffic at a given time originating at, or
bound for, other points. Then the effect of a change in the travel
patterns of Richmond-Oakland travelers, which represents only a small

portion of total I-80 traffic at a given time, will be small in texms

of the attainable speed for all vehicles on the link in question.

The question of arterial speeds is less clear and less studied.
The explanation given above, that traffic bound for a given destina-
tion constitutes a small portion of total traffic volume, is wunlikely
to hold, simply because of smaller volumes. However, engineering stu-
dies suggest that the attainable speed on an arterial is as much
dependent on the geocmetric layout of the road (the frequency of inter-

sections and the provision of traffic lights and stop signs, and so
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36 To the extent that this is so, an

forth) as on traffic volume.
assumption that attainable speed 1is invariant to volume is more

plausible; and that assumption will be made in what follows.

oy
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3.2 Competition

I now set out the reaction-function approach to competition
between two transit agencies. For simplicity I suppose that to
each agency there corresponds a single travel demand. In the mode-choice
model presented in the last section this is not so: for example, for
the BART‘mode there are three separate classes of demand to be considered,
depending on the access mode. Inclusion of these classes aéds nothing
but notational complexity; I return to this issue later.

It will be convenient to denote by 1 and™ 2 the bus and BART
2 : . .
modes, respectively. Denote by xl and x the vectors of characteristics
of the two modes.3’ For example, xl might be the bus fare and vehicle

headway; x2 may be thought of as BART fare and headway.

Suppose there is a given traveling population of size Q , and that it
may be segmented into N homogeneous groups, where the homogeneity

is reflected in a socioeconomic paraméters vector a; - Then the
mode-choice probability for a member of the n-th group depends on the
characteristics x1 and x2 , and we may write (the piecise functional

form being given in Section 2):

(3.1) P1 = Pl(xl,xz,a ) ’
n n n

Pz = Pz (xlrxzra ) ’
n n n

(where we have subsumed into the characteristic vectors the weighting
vector B of equation (2.5)). 1If dn is the proportion of group n

to the travel population, then total demand for each mode is given by
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(3.2) p'xtxh) =g far
n
Dz(xl,xz) = Q Z ani
n

We can now form and study the profit functions of the two modes. If
xi , the k-th element of xl is the fare on model 1 and xi that on
mode 2, and if Cl(xl) and Cz(xz) are the total costs of providing

service at levels xl and x2 , respectively, then the profit expressions

PRV RS

are
(3.3) et x) = xptxhx0) - o)
Hz(xl,xz) = xiDz(xl,xz) - C(xz): .
We model each transit agency in behaving in a Cournot-like way. Each

takes the service quality vector of the other as given, and maximizes
profits. This leads to a set of reaction functions, one for each
agency, where the reaction function indicates the best choice of one's
1

own level-of-service vector conditional on that of the other. If x

and 22 are arbitrary fixed levels of service for modes 1 and 2 then the

reaction functions are defined by

1

(3.3a) Rl(iz) = max Hl(x ,iz) '

x1

max Hz(il,xz) .
x2

R (%)
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, . i . . Al A2
A reaction-function equilibrium is a pair of vectors x and x

which satisfy

(3.4) §1 = Rl(ﬁz) ,

%, = K(&)
This reaction function equilibrium will be the object of our empirical
study in Section 5; it represents a stable point in the sequential
reactions of one agency to the actions of the other. It is therefore
worth pausing to consider two issues related to the formulation.

First, as has been commonly observed, there is something
implausible in the assumption that the behavior.of each competitor
results from considering as given the actions oé the other. At each
stage of the competitive process each expects the service quality of
the other to remain fixed; but each time (until the attainment of
equilibrium) the expectation is not realized. One would surely expect
some learning to take place, and that each competitor wéuld realize
the folly of assuming that the other's service was fixed.

There are indeed incentives for this to happen. Suppose
that the first mode knows the reaction function of the second. Then
rather than maximizing

1

mt = <ttt %) - cixhy

1
K

and moving sequentially towards a reaction~function equilibrium, it is

much more reasonable to maximize
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H. = x;Dl(xl,Rz(xl)) - C(xl)

-~-that is, to take explicit account of the reaction of the other. It
can be shown that this sort of competition-- known in the single-output
case as Stackelberg compatition-- generally results in higher profits
for the leading firm.38

Three reasons may be adduced for not modeling competition
in this way. First, there is a conceptual difficulty if both firms try
to behave in this way. An equilibrium may not exist at all, and there
may be constant movement arougd disequilibrium positions. Second, as
the number of steps to the reaction fugction equilibrium decrease, there
is less room for learning, and a smaller chance of the anomaly of
continually unfulfilled expectations being notiéed. As will appear in
Section 5, the number of steps to a reaction-function equilibrium is
generally small; hence one may expect learning behavior to be less
important. The third difficulty is one of implgmentation. The
Stackelberg solution requires that the reaction functions be explicitly
incorporated into the demand functioﬁs. It Qill be shown in the next
section that an explicit solution for the reaction functions is not
possible; rather, recourse must be had to numerical algorithms to solve
at each stage the pair of problems (3.3). Thus it is empirically
infeasible to model this concept of competition.

The second issue related to the reaction function formulation
of the problem is that it might be supposed that one set of actors

has been left out entirely. The discussion thus far has focused only

on the transit carriers; no mention has been made of the competition
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from the automobile mode. However, this is wrdng: consideration

of the transit modes alone suffices to characterize the equilibrium.
The reason lies in the demand functions for transportation modes, or,
more specifically, in the mode-choice probabilities which form the

" basis for computing the total revenue of the transit modes. As we
-saw in Section 2., these are explicitly derived from considerations of
utility maximization. Thus at each stage of the searcﬁ'for reactioq-
function equilibria there is built in to the model an implicit utility
maximization on the part of price-taking consumers. Thus there is

no need to take explicit account of consumers at all.
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3.3 The Transportation Market

In this section I place the reaction-function competition
described in the last section in the more detailed context of an
abstract transportation market. This is shéwn schematically in
Figure 1.39 The structure of the market is one of transportation
between a set of origins and a given destination area, such as a
CBD or major shopping center. 1In the Bay Area, the type of market
envisaged in Figure 1 might be commutation betwggp Richmond and
Oakland or San Francisco,40 or between Orinda-~Lafayette and the
same CBOs.

The abstract structure of the market is as‘follows. One
has a circular residential area of radius r miies. We suppose that
origins are uniformly distributed over the radii of the residential
circle; thus the "average" resident lives r/2 miles from the center.
We assume too that the relevant socineconomic characteristics (to be
descrgbed in Section34) are also uniformly distributed. Thus we rule
out the possibility of (say) the left side af the residentigl area
being poor and the right side being rich. 1In this foimulation rich
and poor live together.41

Trip-making between origin and destination takes place as
follows. Suppose the trip-maker lives at H . If the selected mode
is the automobile the consumer drives from H to A , which has the
interpretation of a freeway entrance. He drives at freeway speeds

from A to C , the freeway exit, and then proceeds along arterial

streets from C to D to E , where he parks. From E he walks
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to work at W , assumed to be .25 miles away from the parking lot. IE£
he carpools, it is assumed that this results in a "carpool delay"”

at the residential location: theé rest of the trip is as given pre-
viously.

The description of bus trips is slightly more complicated.
From home at H the commuter either walks or drives to the nearest
bus stop, assumed to be located at G . When the next bus arrives
the commuter boards it; the bus proceéds along arterial streets to
B , which is also a freeway entrance. Note that.this formulation
introduces a perceived disadvantage for the bus, equivalent to the
fact that the bus takes a more circuitous route to the freeway. The
present structure, instead of increasing bus digpance traveled intro-
duces a circuity factor by having the bus travel from A to B
(a distance ofXI/2 miles) at the slower arterial speed. The automo-
bile user traverses the same distance at the faster expressway speed.
Note that this adequately captures the circuity-induced disadvantage
since modal choices depend only on travel time and not distance (from
Table 3). The bus proceeds on a freeway from B to C , proceeds
on arterial roads from C to D to E ; at E the commuter alights
and walks to work at W .,

Trips by BART are again slightly different. Here we have
three possible access modes. Assume that the BART station is located
at A . If the aécess mode is the automobile or by walking, the
consumer proceeds directly from H to A.: If the access mode is
automobile, it is assumed that free parkin§ is available at or immediately

adjacent to the BART station. If BART is adccessed by bus, then again
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he walks to the nearest bus stop, waits for the bus, and rides on a
bus to A . At the station he waits for the next train, which takes
him from A to E . Note that 'if the BART speed is high enough,
this represents an advantage in travel time over the competing modes
which travel at arterial speeds for XL/2‘ miles (auto) or XL miles
(bus). The BART station at the destination is assumed to be located
at E : from there one has the usual walk to work of W .

I turn now to a discussion of the concept of transit service
quality in this model. The demand model of Tablg 3 shows that consumer pref-

the following

erences are based on/measures: cost, on-vehicle time, walk time, transfer
wait time between transit modes, number of transfers and headway of
first transit carrier. From the assumptions d{scussed previously,
highway speeds, and hence travel times, are given. I shall make a similar
assumption that BART speeds are likewise given. The structure of
the market determines the number of transfers between transit modes.
Hence, the measures which are subject to agency determination are
fare, walk time, transfer wait ;ime, and headway of the first transit
carrier. We shall incorporate the last three in the
form of operating characteristics.

We now make the first major organizational assumption of
the model. Since we are interested in describing the outcome of a
BART/bus access system run to feed efficiently to the BART system,
we suppose that there is a feeder bus service distinct from the regular
bus service, and that it is run by BART only to feed into the rapid
rail system. Thus we conceive of a BART system which also runs its

ownt exclusive feeder buses for those who choose to get to the trains
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by bus. This means that along some of the residential streets
there will be in effect two bus lines: one destined for the CBD and
one for the nearest BART station. We.allow the bus systems to be
entirely separate, running at different levels of service and
charging different fares.42

Suppose that the bus system (BARI feeder system) runs R
(Rf) equally spaced bus routes over the residential aééa. From
'previous assumptions, the average commuter lives r/2 miles from the
freeway entrance/BART station at A in Figure-2: At this level of
bus services, the average commuter, who is assumed té walk at three
miles per hour, will take Tr/6R (ﬂr/SRf) hours to walk to the
nearest bus (feeder bus) stop. Thus, from the:description of the
level at which the resideqtial area is "covered" with bus routes
we can immediately deduce the average access walk time a commuter
faces. ([Recall that the location of the BART tracks is fixed.)

Similarly, denote hy ($f,$B)- the headway of buses
(feeder buses, BART trains) along their routes. If arrivals at bus
stops, (feeder stops, BART stations) follow a Poisson distribution,
then the relation of average wait at a stop is simply "wait equals
half the headway." Fisher and Viton (1974) have investigated other
distributions of arrivals under which this result holds approximately:
they conclude that for short headways (less that ten minutes), this
rule provides an aécurate representation of the true wait.43 So
from the system variables of vehicle headways, we may deduce the

average wait times. Then the results of the last paragraphs imply

that by considering only cost (auto cost, transit fares), number of
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routes in the residential area provided by the "integrated" and "feeder"
bus systems, and the headways of the transit modes we can capture all
the relevant measures of service quality revealed as important by the
choice model of Table 3. .

Finally, we restrict the mode-choice-model to a six-mode

model by assuming that the extent of carpooling, represented by an

average number of travelers per car, is fixed and not an cbject of

*

choice by the auto-using segment of the market.
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3.4 Mathematical Formulation

We now set up the structure from which we may write
the detailed equations for the profit functions of the bus and BART
operators. We index the modes by their indices in Table 3: thus,
for example, P: is the probability that a member of the n-th homoge-
neous group of travelers will choose to travel by BART; after walking
to the system. The last section showed how the independent variables
in these probabilities are related to the systgg;characteristics.
Again, we assume that the total traveling population in the period under
notice is Q .

First, we set up the profit expression for the bus system.

If, as we suppose, each rider is charged an identical fare £ , then

the bus operator choocses R , ¥ , and f to maximize

2 3
(3.5 I = of E (P + P)d =~ COHR

where C{Jy,R) is the cost of providing this level of service.
The BART operator provides in effect two modes: the BART

rapid-rail system and the feeder bus system. Denote by fB and ff

the BART and feeder fares, by Rf the number of feeder routes, and by

wB and wf the headways of BART trains and feeder buses. Then the

BART agency selects fB ' ff ' Rf ' wB ' gnd wf to maximize
B 4 5 6 5 B
(3.6) o = QfB E[}n Pt R d;]+ fo E Pn dn -C (Rf'wa'wf)
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where CB is the cost of providing the combined level of service.
This formulation is deceptively simple: recall that the probabilities
Pg are given by equation (2.5), and they are each non-linear
functions of all the choice variables. Writing out the necessary
conditions for maxima of equations (3.5) and (3.6) is a complicated and
tedious operation: no point would be served by the exercise since it
is clear from an inspection of the equations that a closed-form solu-
tion is ' not possible.

Finally we impose a set of constraints on each of the profit-
maximization problems. There is an upper limit to the number of persons

who can enter a single bus; we take this to be the seating capacity

(fifty) of a bus. Then we require that

(3.7) vo ) (1>r21 + Pi)dn <50 ,
n

5

yd < 50 ,
n n=

beQ Y (p
n
for the regular and feeder systems, respectively.
For BART there is also a capacity constraint, though it
depends on the number of cars in a train. If T 4is the number of

.cars, and we require that each car hold not more than 100 commuters:44

4 .5 6
. <
(3.8) V0 x{} (P) + P> + P)d_ < 100T

There is also, in the case of BART, a safe-headway requirement. Be-

cause of the confluence of three lines at Oakland, trains there must
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be 120 seconds apart, or six minutes on each of the three lines.
Therefore on the BART line we require

(3.9) v

A complete listing of all the detailed equations is in Appendix A.

The cost terms are discussed in the next section:' Though the
model formulation is quite general, the following additional assumptions
will be made. The demand model of the last section is for work-trips;
hence attention is focused on the peak period alone.

It is assumed that all peak travel is time-of-day inelastic, that is,
that there is no possibility of a peak travelér Fhoosing to travel
instead in the off-peak, when conditions of ser;ice may be more
congenial. Second, the influ-
ence of minor-direction traffic is ignored. 1In light of the focus on

the peak alone, this is a reasonable assumption, especially for CBD-bound
travel. For other periods it is of course gquestionable; however, given
the fact that off-peak travel volumes are low compared to peak volumes,
the results in Section 5 indicate that the possibilities of covering

variable costs in low-demand periods are quite limited.



3.5 Other Considerations

The formulation thus far has modeled reaction-function
competition between the two modes. Howeve;, as noted in the '
Introduction, several other questions are of interest. First, as has
been observed, with system parameters freely variable, the worst any
transit system can do is make zerolprofits. By shutting down opera-
tions altogether, a loss can be avoided. But one may also think of
public transit as being required to maintain a given level of service,
as described 5y the fare, wvehicle headway and (e;cept for the BART
trains) degree of system accessibility. With these constraints one
can no longer be sure the system will no longer incur a loss. 1In
terms of the formulation given above, we need:merely incorporate
additional constraints of the form £ < f*—ji.e., that bus fare be less
than some determined maximum £* . The same form is adopted for

other system constraints.

Second, the issue of a transit "super-agency" may be approached
by examining the profit expression of a transit monopolist. The
monopolist will select all service characteristics to maximize total
profit I + HB ; as given by the sum of equations (3.5) and (3.6),
subject to (3.7) - (3.9). In this problem, no reaction-function
considerations appear, ;ince the auto mode is a (competitive) residual

category.




4. Empirical Parameters

This section sets out the values of the cost and demographic
parameters used in the sequel. A number of treatments of Bay Area
transportation costs have appeared, and these are relied on heavily.

Likewise, for the demographic parameters, data from various censuses

are used.

oo

4.1 Transportation Costs

Table 4 compiles the costs of transportation in the Bay Area for
the three modes of interest. For the automobile I use as an exemplar
a compact car. It would be possible, though notationally difficult,
to consider different sizes of cars and then assign them to the dif-
ferent demographic groups; but this is not done here. The auto costs
include only the direct out-of-pocket costs, in order to make them
compatible with the way in which McFadden's researchers calculated
them.45 No external costs are assumed: this is in keeping with current
practice, though taxes, which are included, do cover most of the non-

congestion external costs.46
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TABLE 4

Transportation Costs

1. Automobile--Compact Car

Arterial Cost/vehicle milei $.0827

Linehaul Cost/vehicle mile .0597

Parking Cost/day 1.71
2. Bus

Cost/major direction peak vehicle--hour4 16.34

Cost/major direction peak vehicle-mile .3274
3. BART
Cost per peak car-mile6 7.27
Current cost/car-mile g 2.85
Vehicle Capital cost/car-mile 4.42

Notes

1The references below give costs in 1972 dollars. The figures in the
table multiply those costs by 1.3516, the 1972-1976 increase in the
San Francisco-Oakland consumer price index (Statistical Abstract of
the United States, 1978, Table 772).

2Keeler et al., 1975, pp. 84-86. Includes only costs of auto opera-
tion and maintenance.

3Rough average of all-day rates in 1978 for seven downtown Oakland
lots.

49iton, 1977, p. 50.

> Ibid. Includes $.0737 administrative expenses.

Okeeler et al., 1975, p. 122. @gix percent interest rate assumed. The
next two lines show the cost allocation between current and vehicle
capital costs.
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It is assumed that both the regular bus system and BART's feeder
bus system use the same technology, and are subject to the same costs.
In at least one instance we observe-feeder buses which are substan-
tially smaller than regular transit buses, but this innovation is not

discussed.47 All capital costs of buses are assigned to a four-hour

daily peak, and are included in these costs.

BART costs include the average costs of running the system, plus
a capital cost of the rolling stock. Thus it is assumed that in the
short-run rolling stock costs are variable: that is;\ that the fleet
could be easly disposed of. By the same reasoning, all other capital
costs are excluded: it is assumed that the ¢apital equipment (exclud-

ing rolling stock) is fixed, and that its costs would continue to be

incurred if no output were produced.

The model here implicitly assumes constant returns to density
over the relevant portion of the BART cost curve and the bus cost
function. The constant-costs assumption for buses is standard in the
literature. Pozdena and Merewitz present evidence that this is not so
for rapid-rail: in particular, they estimate that rapid-transit pro-
perties show economies of density in the short-run. However, even in
their Model 4, one cannot reject at the fifteen percent level of sta-
tistical significance the hypothesis of constant returns to density.48

Thus, in what follows, constant returns in the short-run are assumed;

and average and marginal costs are the same.

All costs are converted from 1972 to 1975 dollars. Clearly costs
have changed since 1975, but no attempt is made to take account of

them. Thre are two reasons for this. First, while the simple



-~ 54 -

adjustment procedure adopted here will be reasonable for the period
1972-1975, it is unlikely to be accurate for a longer period. To redo
the results of the Transportation Cost Study (Keeler, et al., (1975))
is not practicable. Second, insofar as gésoline costs are perceived

as the greatest change since 1972, Keeler, et al., suggest that the

per-trip costs will not be particularly sensitive to this item.

4.2 Physical Parameters

Table 5 summarizes the physical parameters to be wused in the
sequel. Note that the average trip length in,this formulation is
seventeen miles; this is slightly longer than the average Bay Area

trip length of sixteen miles.49

The trip described here may be thought
of as an approximation to Richmond-San Francisco travel; though in the
abstract-market framework adopted here, this interpretation is not
necessary. Recall that we assume that speeds on any road segment are

invariant to the volume of travel on that road;50 see Viton (1977) for

a simple model in which speed does depend on traffic.
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TABLE 5

Transportation Market Parameters

Reference SPEEDS
Symbol Segment in Fig. 1 Distance (mi) Auto Bus BART
L Linehaul BC 12 40 40 -
r Residential AI 2 25 12 -
XL Circuity AB, CD 4 25 12 -
BART Line AE 17 - - 45

R
Transfer Times Minutes

Bus to BART (150 yds, 3 mph)
Auto to BART (100 yds, 3 mph)

—_
-
—_ =]

4.3 Demographic Characteristics

Table 6 lists the demographic variables used in estimating the
mode-choice probabilities, and the distribution of Bay Area incomes.
Pre-tax income, household size, and autos per household, and <their
distributions, are based on the 1975 Survey of Housing and Transporta-
tion conducted jointly by the U.S. Department of Transportation and
u.s. Department of Housing and Urban Development. The post-tax wage
was constructed using average Federal and California tax rates,51 and

assuming a forty-hour work week and a fifty-week work year.

A rough estimate of the number of drivers per household may be
obtained by assuming that the household contains two adults and then

estimating the probability that the remaining members are over sixteen
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(and hence eligible for drivers' 1licenses). Based on 1970 data,
forty-six percent of children were over sixteen in 197052 and based on

data for the California population we take the probability of having a

driver's license, given that one is of age, to be .9 .53

Because of the aggregation involved in constructing the data, it

€.
must be considered as an approximation to the actual situation: how-

ever, the socioceconomic data are of relatively 1less importance in
determining mode~choice probabilities than the characteristics of the

transportation market.54
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5. Competition

I now present some results of the inter-modal competition model

for several cases of interest.55

The approach taken here is to make
the size of the market (the number of trips from origin to destination
in a given peak hour) a parameter; and then to discuss the competitive
possibilities dependent on that market size. Reqq%l that the model is
a route model: with three East Bay routes, a given market size is
equivalent, assuming equal demands on each 1line, to a system-wide
market three times that size. Also nofe that, although the term "com-
petition" is used, in fact there can be a sub;tantial exercise of
market power. Each of the two transit modes perceives a downward-
sloping demand curve, and, with price-taking consumers, sets fare and
level-of-service to maximize profits. To the extent that this results
in large profits, some sort of taxing or regulatory authority would be
needed to balance social and private benefits. However, this question
is not discussed here. 1 focus only on the nature of the competition
between the two operators, and leave open the knotty question of the
distribution of gains to market power. Note too that we focus on peak

travel: to the extent that off-peak service is required, peak-period

profits might be used to subsidize it.

It is worth re-emphasizing that this is a simulation model,
designed to answer a series of "what-if" questions. Those answers
depend on the driving assumptions of the conceptual framework. The

crucial behavioral assumptions are that at least one of the transit
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firms try to minimize losses; and that they react to each other's
decisions. Thus, when, as will be seen, we conclude that ﬁhere are
significant possibilities for BART's covering its variable costs, it
must be recognized that this depends.on the BART management acting as
reacting loss-minimizers. Clearly, there may be reasons of public
policy why this assumption might not be desirable in actual
operations--for example, there may be a political or agocial bias
against the concomitantly necessary high fares. But it is important
to distinguish\this type of reason for subsidized™ service from the
implicitly-made claim that rapid-rail services cannot cover costs.
Both the results of the simulation model and at least one actual
example--the early history of the Lindenwold Line in Philadelphia
(Morlok and Viton (1980))--suggest that this latter claim 1is wrong.
It would therefore appear that the focus of policy discussions should

shift from questions of whether BART can cover its costs to whether it

should do so.

Finally, two more technical comments. Recall that we shall dis-
cuss only equilibria, and not the interim points on the reaction func-
tions. Roberts and Sonnenschein (1977) have pointed to the possibil-
ity of multiple equilibria in complex models; and indeed, no proof of
unigueness is attempted here. However, in 1light of the findings
below, it is the existence of profitable equilibria that is important.
Second, in all cases reported here, the rate of convergence was suffi-
ciently fast-—-at most four iterations were required--to make plausible

the Cournot assumptions (see Section 3.2).
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5.1 Fixed Ten-Car BART Trains

BART's original plan for full-operation called for the scheduling
of ten-car trains in the peak, and five-car trains in the off-peak.56
By 1975 this level of operation had not been reached: as Merewitz
{1975) shows, the average peak train size ranged from seven cars on
the Concord-Daly City line to four in Richmond-Fremont service. This
level of service appears to be partly the result of the delivery of
defective cars, and the BART District initiated a legal action for

.
damages against the car manufacturers, which has now been resolved in

BART's favor. The eventual aim is still to run ten-car peak trains;

and therefore this case is worth analyzing.

L)
’

Table 7 summarizeS the outcome.>’! If the aim of BART were to
minimize loss with no constraints on the level of service {and hence
zero variable costs are incurred at zero output) then only at high
levels of corridor travel--approximately 10,000 per peak hour or
more~-should servige be provided at all. In cases where travel
volumes range from 2,500 to 7,500 per peak hour, only the integrated
{express) bus system covers its costs. In these situations, the best
strategy 1is to close down BART operations. It is true that the capi-
tal costs of the system will still be incurred; but at least no opera-
tions losses will accrue. Finally, when travel volumes are low--1,000
per peak hour or less--no public mode is able to cover its variable
costs. This is in 1line with a previous result of Keeler, et al.--
that at low volumes, the full costs of operating a private car are

58

lower than those on an integrated bus mode. However, that study did

not explicitly consider the nature of the competition.
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In the single case where BART is competitive with the bus
service and the private car, it attains a respectable thirty-two
percent share of the market, wﬂile the bus system carries
thirty~-seven percent. As to the level of service offered by the
two public modes, we obseve that the profit-maximizing BART fare
is actually less than the fare set by the express-bus operator.
The reason has to do with the constraint imposed on the BAﬁT sys-
tem, that it run ten-car trains. With this constraint, the aver-
age walk plus wait time of a commuter on the BART. system with
10,000 peak-hour travellers is fifteen minutes; by contrast, the
more flexible 1level of capacity provided by +the integrated
express bus system gives bus users an average wai? plus walk time

of fourteen minutes. The lower BART fare compensates for the

higher user (time) costs.

Observe, too, the nature of the BART feeder service. With
equipment type and costs identical to those of the integrated bus
system, the feeder is designed to provide substantially better
service. The feeder system operates twenty-six routes in the
residential area, while access to the integrated bus system is
over eleven routes. Feeder headways are seven minutes, as com-
pared to sixteen on the regular bus system. Finally, the feeder
service 1is provided free: in 1975 a commuter using bus access to
BART paid an average fare of $.125 .59 The result of +this effi-
cient feeder service is apparent in the choices of the consumers.
The BART plus feeder system carries thirty-two percent of the

commuting population: of these, twenty-four percent get to the

trains by feeder bus, and seven percent use a kiss-and-ride



- 63 -

access mode.

In this case, the extent of product differentiation is not
large. Both public modes provide expensive but high-quality ser-
vice, at roughly comparable travel times and fares. In this
respect the equilibrium is not unlike the qualitative situation
now observed (recall Table 1). But of course to cover- costs,
both modes exploit their market power in the equilibrium

presented here.

. e

5.2 BART with Free Choice of Train Size

The results of the last section indicate that BART faces
very limited possibilities of covering its variable costs when it
is constrained to provide service by ten-car trains. The fact
that the stations were built +to handle long trains, however,
should not blind us to the possibility of running shorter tains,
as indeed 1is now being done. 1In this section we ask if there
might not be considerable virtue in the necessity, and whether
the eventual operating policy as originally foreseen might not
profitably be changed. For these purposes, we assume that BART
can freely select the size of its trains, constrained in only
three respects. The first constraint, a teqhnological necessity,
is that trains have at least two cars. The second constraint is
that each car have in it no more than 100 persons. As previously
noted, this 1load factor is derived on a space-equivalent basis:

at 100 persons per BART car, each commuter has space equivalent
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to that he would occupy on a bus seat. The third constraint is
also technological. It is assumed that, no matter what size
trains are run, there must be a minimum of 120 seconds between
trains as they go through Oakland.. This 1is equivalent, with
three 1lines feeding into Oaklahd, to minimum headways of six

minutes on each line. It is possible that safe headways would

fall as train size decreased, but this is not investigated here.

The competitive possibilities are shown in Table 8, and they
are striking }n that, while with ten=-car trains BART could only
cover variable costs at travel densities of 10,000-v;er hour or
more, when the system can adjust the size of its trains, it can
compete at any travel volume exceeding 2,500 commuters per hour.
Just on this basis, then, one may conclude that BART would be

ill-advised to insist on ten-car train service.60

It is clear why
there is a gain to such a policy. With ten-car trains, BART
would be forced to wait for more commuters to arrive at a sta-
tion, in order to reduce excess capacity. But this imposes a
greater time burden on commuters, and they are less willing to
use the system. Comparing Tables 7 and 8, and assuming 10, 000
commuters per peak hour, we see that when operating ten-car
trains BART runs at a headway of nineteen minutes, while with its
best choice of train size headways are six minutes. Note, too,
that people appear to be willing to pay for the increased con-

venience: the fare charged goes from $2.03 (ten-car train) to

$3.39 (variable train size).
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The BART plus feeder system always chooses to provide a free
feeder service to the trains; and this is provided at headways
less than those provided by the com?etitive bus system. The BART
system, too, provides significantly greater coverage of the
residential area than does the bus system--in the case of 10,000
hourly commuters, twenty-five routes are provided by the feeder

system, as opposed to sixteen by buses.

In these cases product differentiation takes place in that
the combined BART plus feeder system is perce;ggd to provide
better service at a higher price. Comparing the two at a travel
volume of 10,000 commuters per peak hour, access time to the bus
system is twenty-five minutes; while to the feeder system it is

: .
4.9 minutes. Average waiting times are 5.5 ﬁinutes for the
express bus option, and seven or three minutes for BART, depend-
ing on whether or not the feeder system is used. What this
means can be seen in the distribution demands over the various
income groups.61 If we look at the lowest ana highest income
classes (groupsl1 and 5) the following emerges. First, auto use
differs considerably: thirty-nine percent of group 1 use the car,
while sixty-two percent of group 5 do so. Substantial differ-
ences emerge in transit use as well. The low-income commuters
overwhelmingly use the bus--seventy=-eight percent of transit
travel takes place on this mode, with virtually all (ninety-six
percent) walking to the system. By contrast, sixty-five percent
of transit travel by the high-income commuters is made on BART,

with only thirty percent of that population electing to use the

feeder service. With high values of time, the members of group 5
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tend heavily to use their cars to get to the BART system.

These differences in travel patterns are also reflected in
the fares charged. The bus fare is $2.30, while the BART system
charges $3.39 . Clearly, the wealthy consumers are willing to
pay for the superior service option BART offers. This is in
line with the empirical examples discussed by Morlok and Viton

(1980). "

And one conclusion stands out clearly. If it is desired
to operate BART in such a wéy as to cover variable costs (and
even make a contribution, through the exploitation of market
power, to capital costs) then it appears best to regard the sta-
tion size as sunk investment, and run small trains frequently.
And if this is done, cost-covering operations are feasible even

at quite low corridor travel volumes.

5.3 Quality-of-Service Competition

It will be observed from Tables 7 and 8 that where BART 1is
able to cover its costs, it does so by charging an extremely high
fare. When unconstrained by the necessity of running ten-car
trains, BART fares vary between $2.23 and $3.39 per trip. This
is substantially more than originally planned. For example, for
the trip described here, the initial (1972) fare structure for
BART, as discussed by Pozdena (1972) would result in a fare of

$.75 . At the fare levels prevalent in 1975/76 an express bus



trip would cost $.65 . Evidently, both modes are exploiting

their market power in the model outcomes.

Inter-modal competition can be thought of as occurring in
two parts: fare competition and service quality competition,
where service quality 1is defined to exclude the fare. In
scheduled trunk airline service, for example, regulation by the
Civil Aeronautics Board has severely limited fare competition,
and the result has been that the competitive struggle has been
expressed in service-quality competition (Keeler, }977). There
are even results suggesting that with three or more competitors
in a given market, service~quality competition with fares sub-

stantiallly above marginal cost may lead to to0 good a service

prevailing (Eads, 1975).

There is thus some precedent in the transportation industry
to 1look at service-quality competition with fixed fares. 1In the
case of the two competing public modes of interest in this study,
the question 4is relatively easy to resolve. At fares at their
1975/76 levels (integrated bus, $.75 ; BART, $.65 ; feeder Dbus,
$.13) no mode can cover its variable costs; and hence, under the
assumptions underlying the model, would all shut down, leaving
the private car the only available mode. 1In practice, this con-
clusion may be slightly modified by considering minor-direction
traffic: recall from the discussion of Section 3 that all costs
are assigned to the major direction, and that there is essen-
tially no travel in the minor direction. Under these assump-

tions, one may calculate the minimal fares necessary to cover



variable c¢osts, at a full load: bus, $.83 ; BART, $2.47 ; and
feeder bus, $.14 . But to the extent that service competition is
to take place, fares must be maintained at levels much above

these, since service competition would mean running at less than

full loads.

5.4 Unprofitable Bus System .

As against the results thus far presented, it can be argued
that they' do not fairly present the potential fo6f¥ BART, for two
reasons. The first is that the model so far discussed presents
the integrated bus systems as a profit-maximizing duopolist, and
this does not adequately capture the motivations ?f AC Transit.
The second reason is derived from the first: when BART was being
planned, it was reasonable to view the possibilities of covering
variable costs in the light of the prevailing system of bus tran-
sit in which good but money-losing service was the rule. As
pointed out in Section 1, however, BART has nqt in general moved
to exploit any opportunities here, since serxvice levels are quiﬁe
similar to those of the competing linehaul bus. The question of
what BART could do in the face of a linehaul bus system with no

cost-covering constraint is nonetheless interesting.

With free choice of fares and service levels, the bus
system's best action is to shut down when variable costs cannot
be covered. This does not hold when the choice variables are
constrained. In that case, satisfaction of the constraints may
be possible only by ;osing money. In that case the model gives

the loss-minimizing level of service, subject to satisfaction of
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the constraint.

To discuss a constrained bus system we conceive of two sets
of constraints. The first is the fare. To the extent that the
BART planners took the competing bus system into account, they
probably did so in such a fashion as to assume that the basic
low-fare service would continue. The second set of constraints
directly affects the quality of bus service offered. Rather than
put constraints directly on the two remaining cgglce variables
gbus headway and route coverage) we impose a user-perceiéed ser-
vice constraint: that average wait plus access time be less than
some specified amount. This leaves the bus systeﬁ free to adjust

headways and route coverage to lower costs as much as possible,

just as long as this basic service is provided.

We therefore make two assumptions about the nature of the
bus system. The first is that the fare be set at 1975/76 levels,
that is, $.65 per rider. We also assume that the average wait
plus access time for bus users must be less than twenty minutes.
The question of interest is whether BART can still cover variable
costs, given this bus competition; and we assume that BART can

freely select its train size.

Table 9 shows the result. Two general features are of
interest: first, the bus system always provides service, though
it never covers its costs. Second, as far as mode shares are

concerned, the bus system carries a significantly larger share of
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the traffic. And although the bus service characteristics are

very different from those of Table 8, the BART service

characteristics are much the same.
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Turning now to the details of the service, recall that the
bus system is 1in fact operating under three constraints, the
third being the service constraint éommon to all the problems
studied, that all passengers be seated. This, in conjunction
with the other two (3.65 fare, wait plus access time 1less than

.twenty minutes) accounts for the rather different service charac-
teristics at different travel volumes. As the number ofm trav-
elers increases, it becomes progressively easier to.run full
buses and maintain the required 1level of service. At large
travel volumes the number of people who want to ride the $.65
express bus is large: to accommodate them seated, many buses must
be run. But one can reduce.the number of routes Fo make service

’

less attractive, and this is what happens.62

The BART and feeder service is unremarkable. At all travel
volumes over 2,500 per hour BART is able to distinguish its
high-fare service from the low-fare, relatively time=-costly bus
service, and cover its costs. Again the feeder service is free;

BART's share is between twelve and twenty-six percent.

5.5 A Single Transit Agency

Up to now we have modeled the public modes as two competing
systems.. It has often been suggested to merge the agencies inté
a single Bay Area transit agency, and the loss of deficit financ-
ing attributed to Proposition 13 in the case of the bus system
has given added urgency to this question. It is of interest to
examine the price and level-of-service which would be offered by

such a super-agency and to compare them with those offered by the
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separate agencies competing against each other. We assume in
this section that there are no administrative . economies of

merger. .

Qualitatively it is eésy to say what ought to occur. Since
the single agency would possess more market power than the
separate transit operators, one would expect it to use this power
to raise fares and cut service quality, just as a classicailmono-
polist offers less output at a higher price than an industry made
up of 'competitors. What we want to know in the present context

is how dramatic a reduction in service would be instituted by the

super-agency.

To answer this question we examine the produc;:-choice deci-
sions of a transit m;nopolist. The monopolist selects three
headways (bus, feeder, and BART); designs two route systems (bus
and BART); chooses three fares, and the size of the BART trains
to maximize total system profits. These are given by the sum of
(3.5) and (3.6), and the monopolist is as usual constrained by

(3.7)=-(3.9).

Table 10 gives some répresentative answers for the situation
in which all fare/service quality variables may be freely set.
The following conclusions follow from that table: these conclu-~
sions, insofar as they are qualitative, hold for all cases of
competition examined. First, as expected, service quality on
both modes suffers: in the case of 10,000 hourly travelers in the
market, the BART plus feeder service results in average wait plus

walk time of <ten minutes, as compared with nine minutes in the



competing case. For bus service, under the super—-agency, average
wait plus walk time is eleven minutes, as compared to six under
competition. Second, and perhaps.ﬁore important, the fares on
all modes rise. The integrated profit-maximizing bus systems's
fare increases by $.59 , while the BART plus feeder bus system
fare rises $.87 . Not surprisingly, auto travel increases: the

transit mode share falls from sixty-five percent when the two

modes compete to fifty-two percent under a super-agency.

. e

The same results hold qualitatively for the other travel
~volumes of Table 10, as well as for the other cases.of competi-
tion examined previously. In no case would a super-agency close
down oﬁe system when competition between the tho separately is
feasible. By the same token, in none of the cases would a mode
which under competition could not compete be resurrected by the
super-agency. However, there may be traffic volumes at which
this latter situation could occur, since the super-agency does
make use of its market power to increase profits. If one mode
could at best incur a very small loss under competition then it
would shut down. However, the additional power inherent in the
super-agency could very well lead to its resurrection; however,

to repeat, this does not occur in any case examined here.
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6. Conclusions

We began this investigation with a number of questions relating
to the organizational form and style of operation of Bay Area transit
modes. On the basis of the rsults reported in Section 5 we may now

summarize the answers obtained.

First, we wished té know if BART was capabl'e"~ of covering its
operating costs, as it haa originally promised. The answer, as is
apparent from Tables 7 through 10, is that there exists a wide variety
of circumstances in which this is indeed possible., One important case
severely limiting the scope of this answer is when BART runs ten-car
trains. Here BART is competitive only at the highest levels of travel
volumes in the corridor in question. This suggests that the best

strategy for BART is to run frequent, short trains.

Second, we observed that as presently operated, the BART system
is imperfectly distinguished from the competing bus system (Table 1).
The results here suggest that this is not an optimal policy for a BART
system interested in covering costs. Given the revealed preferences of
Bay Area commuters, and given that BART operates with small trains,
Table 8 indicates that the fare could be raised considerably. This
conclusion also holds for the case in which the bus system does not

have to meet its operating costs.

Third, the question of the feeder system to BART arises. We

observed that, as presently constituted, feeder service is provided by
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the bus company, having redesigned several of its routes to approach
BART stations; and that an average fare of $.13 is charged (assuming
that the average user makes a round-trip daily, one leg of which is at
full fare, $.25, the other free). The results presented here in&icate
that even when a feeder system is constrained to operate the same
{large) vehicle +types as the regular bus system, it always povides
free feeder service, and provides better service in the seﬁse of lower
combined wait—and-walk time. The feeder service could presumably do
even better by using smaller vehicles and thereby incurring lower

operating costs. Thus, there may be considerable advantages to BART

from integrating its linehaul and feeder operations.

Finally, there is the question of operating t%e transit systems
as one through. a super—-agency. The results of Section 5.5 indicate
that a transit monopoly, though it would lead to worsened service (and
raised fares) on both modes, would not rely on a single mode only.
Where "competition" would result in two modes, so would a single tran-

sit monopolist operate both modes.

These observations limit the scope of the redundancy questions
raised in the introduction. There, to recall, the question arose as
to whether it might not be better to keep both systems in operation
when economic forces would, if allowed to operate freely, result in a
single public mode of transportation being foered. However, the
results of +this analysis ;uggest that the question is relevant only
when the BART system was constrained to run ten-car trains; and this,

it was argued, was not the best BART policy. In the other cases, the

transit market could support two competing public modes. Moreover,




these modes would be able to cover their operating costs. Even when,
for reasons of social policy, it was decided toc ignore profitability

considerations in the bus mode, a cost-covering BART operation could

still be feasible.
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NOTES

1. Webber (1976), pp. 1-2.
2. For example, in 1970, comparable distributions of income were:

Income San Francisco-

U.s. U.S. Urban . Oakland SMSA

Over $10,000 15.3 16.5 22.5
Over $15,000 5.2 5.7 7.9
Over $25,000 1.5 1.6 2.2

Source: U.S. Survey of Population (1970). o
3. See, for a survey of this history, Adler (1978).
4. Ibid.
5. Merewitz (1977).
6. AC Transit Annual Reports, 1962-1977.
7. Ibid.

8. BARTD Organic Act. Stat. 1957 c. 1056, p. 2309, Sec. 3. West's

California Codes, Sec. 29038.

9. Pignataro and Falcocchio (1976).



10.

11.

12.

13.

14.

15.

16.

17.

18,

19.

20,
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Morlok and Viton (1980): Pignataro and Falcocchio, op. cit.
Morlok and Viton, op. cit.

BARTD Annual Report 1975/1976.

See, for this, Webber, op. cit.; Keeler, et al. (1975), Viton

(1976).
BARTD Annual Report 1975/1976.
AC Transit Annual Report 1975/1976.

This apportionment is made by +the Metropolitan Transportation

Commission. Some govermment grants are also tied to property-tax

*
s

collections.

Webber, op. cit., p. 6.

Adler, EE'_EEE" p. 42.

See, for example, Intriligator (1971).

For a simple model of two duopolists providing substitutable pro-
ducts; see, recently, Dixit (1979). Dixit's analysis is for the
linear case; while, as will be apparent, the problem to be dis-
cussed here 1is severely non-linear. It is interesting to note
that in the Dixit model it is possible for a joint-profit-
maximizer to produ;e none of one of the goods, while the duopol-
ists produce positive quantities of both. This is the redundancy
concept discussed earlier; as we shall see, it does not obtain in

the BART/AC case.




21,

22,

23.

24.

25,

26.

27,

28.

29,

30.

31,

32.

33.

34.

35.

36.

37.

- 32 -
See also Domencich and McFadden (1975), McFadden (1975).
Domenqich and McFadden, op. EEE" p. 66.
Ibid., p. 68.
Ibid., Chapter 5.
McFadden and Talvitie (1977), pp- 148 et seq.
Ibid., p. 148.
Ibid., p. 139.
Domencich and McFadden, op. cit., p. 124.
McFadden and Talvitie, op. cit., p. 165.
Ibid., p. 166,

Ibid., pp. 169 et seq.

Ibid., comparing pp. 172 and 150.

Ibid., pp. 151 et seqg.

Ibid., p. 159.

For example, Keeler, et al., (1975), Chapter 3, Section 3.1.

See, for example, Morlok (1978).

Three characteristics will be just the attributes revealed

important by the mode-choice model of Table 3.

as




38.

39.

40.

41.

42.

43.

44.

45.

- 83 -
See, for example, Intriligator, op. cit.

This model first appears in Pozdena (1975). It has received

extensive use in the analysis of Bay Area transportation: see the

references of note 13, supra.

Note that with facilities given, the modelling of transbay trips
does not pose the same conceptual difficulties encountered in

estimating the full resource costs of such trips (Viton, 1976).

The model is easily adapted to the analysis of other residential
patterns.

There exists at least one such feeder service, from the Univer-

.
’

sity of California to the University Avenue, Berkeley, station.
The difficulties of ensuring that such a service is used only for
BART-bound travel are not discussed here. It is also assumed
that the vehicle types run by the two bus operations are the
same. For the costs of smaller buses, see, e.g., Fisher and

Viton (1974).
Fisher and Viton, op. cit., pp. 18-22.

In fact, the seating capacity of BART cars is approximately 72.
The procedure adopted here, due to Keeler, et al., corrects for

different amounts of space per rider provided by the two modes.

Reid (1977), p. 42.




46.

47.

48,

49.

50.

51.

52.

53.

54.

55.

56.
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Viton (1978a).
See note 42 supra.

Pozdena and Merewitz (1978); t—-statistics calculated from Table

I, p. 76.
Urban Transportation Factbook (1974), I-19.

Section 3.1, supra.

“n

Thus there are built into the model assumptions about the nature

and extent of itemized deductions, etc.
Census of Population (1970).

FHWA (1972). The actual probabilities ranged from .81 to 1.0 for
the population sixteen years of age and older (the working popu-

lation of interest here) .

It is possible, though computationally expensive, to increase the

fineness of the socioeconomic partition used here.

The numerical analysis used the ACDPAK algorithm, written by M.J.
Best of the University of Waterloo. See Best (1975) and Best and
Ritter (1974) for properties. Work performed on the DEC-10 com-

puter at the Wharton School, University of Pennsylvania.

Merewitz (1975), p. 23.



57.

58.

59.

60.

61.

62.
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In all the results presented here, answers are rounded as fol-
lows: headways (nearest minute); number of routes (nearest
integer); fares (cents); mode share (nearest one percent). A
single mode share is presented, averaged over all users, though
the analysis is done in terms of the individual groups of
travellers shown in Table 6. BAn equilibrium was attained when
the mode choices of the individual groups were statioﬂéry to an
error of one percent. The initial point for all problems was:
Buses per hour, forty; Bus routes, ten; BART  fare, $1.50; BART

train size (when not constrained), two cars; Bus fare $1.50.

Keeler, et al., op cit., pp. 128~129.

.
]

That is, $.25 local fare when transferring from bus to BART and a

free transfer in the other direction.

Of course, this assumes that AC Transit behaves in Cournot
fashion. See infra for BART possibilities when AC behaves other-

wise.

The detail discussed below is based on the 5 x 6 matrix of mode~
choice probabilities by income classes; of which only a summary

appears in Table 8.

Why between 7,500 and 10,000 commuters per hour the bus service
provided to satisfy the wait~plus-walk constraint changes so sud-

denly is not clear.
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