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I. introduction

The road capacity investment solution to
relieve ever—growing traffic congestion is
no longer feasible alterjnatiQe for many gov-
ernments. As an alternative, many public
agencies are considering to implement the
congestion pricing policy. The idea behind
congestion pricing is to charge for the use
of underpriced or unpriced transportation fa-
cilities so as to reduce the excess transporta-
tion demand. However, congestion pricing is
not just a matter of setting prices on the
use of transportation facilities. Since the de-
mand change induced by congestion pricing
will influence the supply characteristics of
the transportation system, congestion pricing
should be dealt in the context of a transpor-
tation equilibrium analysis. In other words,
congestion prices and the transportation
service levels must be decided simul-
taneously 'so as to minimize the transporta-
tion system provision costs and user’s travel
time costs. '

As the travel pattern over an urban
space become more complex, the spatial
structure- of the transportation system .and
spatial taste variation over an urban space
becomes more important factors in the
transportation equilibrium analysis. However,
previously developed transportation equilibri-
um models (Keeler and Small 1977, Talvitie
1980, Viton 1983) have important limita-
tions because that they failed to account for
the spatial variability of traffic congestion

and values of travel time over an urban

space. There have been many confirmations,
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both theoretically and empirically, that the
value of travel time varies with income
(Hau 1986, Jara—D az and Videla 1989).
Haurin’s (1980) study reveals that there are
strong interdependencies between population
density, household location and income in an
urban area. Since the population distribution,
the transportation networks structure and
the commuters’ work places are not uni-
formly distributed over an urban space, a
desirable transportation equilibrium model
should incorporate those spatial variations
which affect transportation equilibrium condi-
tions.

The purpose of this study is to develop a
transportation equilibrium model for an
urban area where there is a significant spa-
tial variation in taste and traffic congestion
level. From the model, we can observe how
the optimal investment levels of transporta-
tion facility, auto congestion pricing sched-
ules and bus fare structure vary over an
urban space. The remainder of this paper is
organized as follows. Section II describes
the urban spatial structure and assumptions
under which the transportation equilibrium
model is developed. Section I outlines the
proposed supply model of the transportation
equilibrium. Section IV explains the demaud
model to be incorporated into the transporta-
tion equilibrium model and outlines the de-
mand and supply adjustment process. Sec-
tion V explains the required empirical pa-
rameters drawn from previous works. The
characteﬁstic of urban transportation equilib-
rium under various pricing options and the

result comparison between the model and
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previous works are presented in Section VI. -
Fihally, section VI explains important

findings of the model and some conclusion

drawn from the findings.

II. The Structure of Urban Tran-
sportation Corridor '

This study extends Viton's(1983) urban
space configuration so as to incorporates
heterogeneous shadow prices of travel time
in the urban area. Viton(1983) considered a
simple urban “transportation corridor with a
single origin and destination- pair under an
assumption that homogeneous .individuals

live in the origin (the residential area) and

work at the Centra_l Business District
(CBD) - destination. - The extension of an
‘urbani space configura‘ti'oﬂ;gﬁg"l} wtudy is
based: on the “new -urban economics® stan-
dard monocentric city, where the city is rep-
resented by a set.of “homogeneous concentric
rings?from the CBD to the urban boundary
(Richardson 1977, Peterson 1985).
The study focuses on a typical u;ban
transport.ation corridor - ‘taken. from a
‘ moncxi:entric city. The CBD is located in
the center qf the city as a workplace. Sever-
al residential areas are located along the
highway. Commuters working in the CBD
are assumed to live in residential areas.

Residential
Area ¥

n

Highway ;

Residentfa
fAirea )
Resi A & n
i
CBD n
'[dl { d:

{ Distance

(Figure 1y A Proposed Transportation Corridor in An Urban Area

This study considers only morning peak—
" hour traffic to find the optimal highway ca-
pacity (CBD—bound only), bus ééwice lev-
els and congestion price. A typical morning

peak hour work trip in the model is com-
posed| of a local journey ' over local
residetirtial streets; a' line=haul trip over a
ifixed'[highwa'y and another journey over
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loca_l-' streets within the destination area. In
each residential area, two modes (auto and
a public bus transit) are available for
residents’ use. The bus mode runs as a local
bus in residential areas' and in the CBD
area, and as an express bus on the high-
way. A bus commuter will walk to the
nearest bus route and wait at the bus—stop
until the next bus arrives. If a commuter
takes his/her own auto, it is assumed that
he/she drives directly from his/her home.
The location and route of the highway is
assumed to be predetermined by engineering
factors. The optimal highway lane capacity
in the k—th residential segment(w,) is to
be determined by the optimization model.
We assume that the highway is designed to
handle traffic without queues (bottlenecks)
at the highway interchanges. The node of
highway corridor is located on the center of
each circular residential area. Local streets
in the residential area and the CBD area
are placed radially from this node (highway
interchange). The actual travel distance and
the travel speed in the residential area and
the CBD area are depend' on the geometric
layout of the urban arterial road network
and on traffic volume. the investment prob-
lem of such roads is not considered in this
model. The issue of the urban transportation
network structure and of urban arterial
roads investmeni are -important and should
be incorporated in the model. However, how
to incorporate those sort of issues is re-
mained to be resolved in the further study.
The auto—obtainable speed on those urban
arterial streets is assumed to be S*(miles

per hour). Since buses are required to stop
frequently at bus—stops to load and unload
passengers in both the residential and the
CBD areas, buses are assumed to run at
one half of the auto—obtainable speed in
the residential and CBD areas.

.Population density in each residential area
is assumed to decline from the center".
Without specifying the exact population den-
sity function of each residential area, the
representative resident in each residential
area is assumed to located at rk/2 miles
away from the center of the residential area
3. The traffic density generated from each
residential area depends on the its popula-
tion size. We further assume that there is a
predetermined number of peak—hour com-
muters(Ny) in the k—th residential area. It

is also assumed that there is no peak~—

spreading or shifting®. Relaxing this assump-
tion might be a subject for further research
such as a flexible working hour schedule

and a dynamic transportation equilibrium

1) This assumption is supported by both theoretical and
empirical justifications. Well known population density
functions are the quadratic exponential, the linear
gamma, the negative square root exponential and log—
normal function. See Alperovich (1983), Nairn and O’
neil (1988).

2) Here, 1 assume that population density in residential
area k declinés from its center so that the average per-
son lives a hall of r, away from the center. To satisly
this assumption all we need to do is to find a negative

population density function which satisfy the following

properties: J¢&™™* x - f(x)dx=% r, where f(x) is a

population density function.
3) There is an empirical study supporting this assump-
tion (Gordon, Kumar and Richardson 1990).
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model.

The destinations of all residents are a one

—mile long and one—mile wide CBD desti-
nation square area. the average commuter’s
destination is simply assumed to located 1/2
miles away from the CBD center. Of course,
it is relatively easy to relax this assumption
if the distribution of residents’ destination in
the CBD area is known. There is no bus
terminal or bus storage facility available in

the CBD area. Once & bus reaches its desti- '

nation within the CBD, the bus agency must
immediately send. all buses back to their
originating residential areas at the speed S*
* miles per hour. This assumption enables
us to disregard the major and minor direc-
tion considerations in Viton's model.

II The Supply Model

1. Highway Construction and Main-
tenance costs

Using Keeler and Small's(1977) highway
construction and maintenance cost function
definition, we can specify the highway ren-
tal cost (Ci{wy)) of .k—th' link with road

width (w,) as follow:Cu(wy) = ¢=—=r ) K

(Wk)'*'M(Wk)"?'TA(Wk),- , 1
where, v is interest rate, L is the effective
life—time of the highway, K(wy) is the con-
struction cost of the highway link k with
lane width w, M(wi) is the maintenance
cost of link k, A(w,) is the land acquisition
cost of link k.

2. The Full Costs of the Auto Mode

Tﬁe full costs associatéd with an aum'trip
mcludes auto operatmg and maintenance
costs, social extemal costs, and the user’s
cost. When the auto operating costs includ-
ing Fgasoline and maintenance are ‘Aq(dol-
lars per- hlghway-mnle) and Ao,(dollars per -
local~street mile), the auto operating and
maintenance cost{Am) of a vehicle leaving
fromz area k becomes Am = Aa(ly) + As

,[(rg‘ +1)/2]. If the social external cost is

Ag(dollars per auto—mile) and it is assumed
to be invariant to road types, the external
cost;produced by an auto-—vehicle departing
fro’mi area k becomes Ag = AJL: + (141
k)/Zj). The user’s cost of the.a’ut‘.q in—vehi-
cle travel time (Ay) for an average auto
com;”nuter living in the k—th residential

k A4 L
area is Ay = V.k[rk+1 + Z.'l %], where' V
i=l ‘O

i is the value of auto travel time of an
avexjage commuter in the k—th residential
area.

_ When passenger load factor per auto vehi-
cle 1s p, the sum of auio operating, external
and user cost (TAC) of transporting El,
E2,.., and Ey passengers from the 1—st, the
2-nd, ..., the K-—th residential area be-
comes ‘

TAC= £ [ (Au+ANE[0)+ AsE)]
ﬁ [ Au(L)+Aq ( "H
+420y) (——') + m

Y+ ALL,
f;+1
55
+5€1 8. (2) .

x-l




70 Journal of Korea Transportation Research Society Vol. 12, No. 4, 1934

3. The Full Cost of Bus Mode

Suppose there are R« routes laid out
along the radii in the k—th residential area.
If the peak—hour bus headway in area k is
h, (hours), the bus agéncy sends a bus
every hy (hours) from the terminal to cover
R. feeder routes in the residential area k.
On every feeder route in the residential
area k, a bus runs every Ry hours as a
local bus. During peak-—hours, fi(=1/hy)
local buses per hour feed into the highway
from the residential area k. A bus traverses
2(ry+1) miles on local streets per round
trip. The bus also has to run di, do.,de
miles at speeds of S), S;...,S, respectively,

k
and Li(= ;’l d;)miles at the attainable high-

way speed of S** for the return trip.

Suppose that bus agency’s operating costs
including capital depreciation and relevant
external costs of pollution and noise can be
summarized by non—overlapping bus—mil-
age costs B, (dollars per bus—mile) and
bus operating time costs B, (dollars per bus
—hour), then, the agencies’ operating cost
for a single bus round trip from residential
area k to the CBD (TDCQ becomes

/]
TDC; = Bal n+l+ 2,41 *2+Bil %
(3 +3& 4l 2 s

The bus user’s costs of time and effort
vary with the level of bus service. From the
study of travel demand model (McFadden
1974, Mohring 1987), a_bus user’s cost liv-
ing in the k—th resider;tial area Is charac-
terized by ,'L_he following - three values of

time:

Vi = value of bus in—vehicle time for
commuters living in the k—th area,

Va = value of bus waiting time for com-
muters living in the k—th residential area,

Vowe = value of walking time for com-
muters living in the k—th residential areé..
In reality, the actual walking distance from
home to bus stop depends on the road lay-
out, bus routes and the location of bus stops
in the residential area.

In this study, buses operate on the road
which is radially laid out from the center of
the residential area. If the bus agency is
serving Rk bus routes for area k and a per-
son walks 3—miles per hour along the cir-

cumference of the circle with r/2 mile radi-

us, then the walk access time becomes 7%
12Ry
hours. As a result, the cost of walking time

for an average commuter in the k—th
. . 78"

residential area becomes VI_ZK dollars.

Fisher and Viton (1974) found that half of

the headway is a good approximation of the
actual waiting time for relatively short
headways. Given the half —of —the—headway
approximation for waiting time, the cost of
the waiting time of a commuter living in
the k—th residential area becomes V[ (0.5)
Rihe] dollars. The cost of bus in—vehicle

travel time for an average bus commuter

departing from the k—th area is Vi [T—z—g—l

+ .

Therefore, the total bus costs (TBCy) of
servicing fi buses for transporting Qx bus

™M
@le

i
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passengers in the residential area k is the
sum of the bus agency costs, the bus users'
walking time costs, the bus users' waiting
time costs and the bus users’ .in—vehicle

travel time costs.

TBC, = fiTDCy+ Q,[ V"'“*(—l%%;)
R etl  dy | dy
+V,,,,(Rk2)+Vu( 1> +51+S::
d; )
ool +35.)1 (4)

V. The Demand and Equilibrium
Model

1. Urban Travel Demand Model

The supply model in the previous section
requires as inputs. aggregated auto and bus
passenger volumes (E,, Q) for each
residential area k along the corridor and
various value of time derived from the de-
mand model. The logit model (see Ben—
Akiva and Lermans 1985) is ‘widely. “used
for the analysis of transportation demand.
However, most travel demand models devel-
oped so far implicitly assume that travel de-
mands are spatially invariant. In. this study,

a spatial travel demand model developed by .

Jung (1991) using expansion method is
adopted. In his model specification, the rep-
resentative indirect conditional utility of an
individual i for the auto alternative () is

defined as
Li= B1x(Auto— in—vehicle time) (5)
+8:x[ (Auto— in—vehicle time)
+(Travel distance)]
+ B3> (Cost + Wage) > (Inner— city dummy)
+B4x (Cost = Wage)x { Middle~ 8ity: dummy)
+Bs % (Cost+ Wage) x (Suburban dummy)
+e )

and the representative indirect’ conditional

utility of an individual i for the bus transit
alternative (Ibi) is defined as .

In=BsX(Bus~ in—vekhicle time)
'+ X [(Bus= in— vehicle time) = ( Income))
+ By X ( Bus — walk - access time)
X Inner—city 'dummy)
+ B85 x (Bus ~ walk - access time)
*(Not — inner ~ city dummy)

+810* (Bus headivays)
' *(Not — suburban dimmy)

+B8y % (Bus headways) = (Suburban dimmy)
1+ B Cost + Wage) < (Inner— city dummy)

+ B x (Cost + Wage) > (Middle - city dummy)
-+ B> (Cost = Wage) < suburban dummy) »

+ 815 % (Bus— dummy)
te (6)

In each residential area, residents’ socio—
economic icharacteristics and their taste of ,
the tramporﬁﬁon system characteristics are
assﬁrﬁed to be homogeneous. From the
above travel demand model, we are able to
estimate the bus mode choice probability (P;
«(bus)) that an individual i living in area k
choése a bus mode. The aggregate passen-
ger volume for bus mode from area k be-
comes Qu(= Pu(bus) Ni), where N, denotes
the traffic density (per hour) from the k—
th area.

2. Transportation Equilibrium Model

1) Optimal Peak—Load Investment and Bus
Service Levels

For any given peak—time traffic level
and ‘values of time, the peak—time invest-
ment level and service—level which mini-
mize! the total social costs are called the op-
timal. The total social cost associated with
the urban transportation is composed of bus
ag‘é‘n%zy"s operating costs, bus users’ costs for

time iand effort, auto users’ auto operating
- costs, auto users’-costs for time and “effort,

}
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social external costs, and highway construc-
tion and maintenance costs. If the peak peri-
od lasts T hours per day, the following mini-
mization problem (equation 7) yields esti-
mates of the optimal highway capacity and
bus service levels. In this minimization prob-
lem, the highway capacity and bus service
levels are determined simultaneously so as
to minimize the total social cost associated
with urban transportation system.

Ml TC= ?; T [TDC,(-’}-) (7)
Vo () + Ve (F81L)
v y,+1 é )
+E{ V...( + _15)1
HARLD) + Ag (’*“)]( )
+A.<L.+%i)<%>]+§lc,(m>
where,

T = the peak period (in hours)

TDCy = the agency’s bus operating cost
for a single bus round trip from residential
area k to the CBD (in dollars), k=1,...K,

hy = the bus headway in residential area
k (in hours), k=1,..X,

= the radius of the ;'esidential area k
(in miles), k=1,...,K,

Ry = the number of bus routes in the
residential area k, k=1,...,K,

S’ = the travel speed on local streets in
residential areas and the CBD (in miles per
hour),

S; = the travel speed on the j—th link of
the highway (in miles per hour), j=1.,...K,

d; = the length of the k—th link of the
highway (in miles), j=1,..,.K,

@ = the number of bus passengers per
hour in the residential area k, k=1,...K,

E: = the number of auto passengers per
hour in the residential area k, k=1,... K,

Ly = the line—haul travel distance in
miles, k=1,..K,

p = the passenger load factor per auto
vehicle,

Ay = the auto operating cost per high-
way mile (in dollars),

A, = the auto operating cost per local
street mile (in dollars),

A. = the social external cost per auto-—
mile (in dollars),

Va = the value of auto travel time for a
representative commuter in the k~—th
residential area, k=1,..,K,

Vi = the value of bus in—vehicle time
for a commuter lfving in the k—th area (§
/hour), k=1,..K,

Vu = the value of bus waiting time for
commuters living in the k—th residential
area (in dollars per hour)k=1,.. K,

Vewx = the value of walking time for
commuters living in the k—th residential
area (in dollars per hour), k=1,...K,

Ci(wy) = the construction cost of a ca-
pacity wk lane in the k—th link of the
highway (in dollars per lane—mile per day).

Since buses have a limited passenger ca-
pacity, we add a constraint that no buses
carry more than 50 passengers (the conven-
tional bus capacity) at a time. By solving
the minimization problem (Equation 7) with
50, we
find the optimal highway capacity(w,) and

the bus capacity constraint, hQ <

the optimal bus service levels(Ri, and h).
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The optimal highway capacity will be ex-
~panded to the ‘point. where the marginal cost
of an additional unit of highway capacity is

equal to the marginal benefit of users and

the agency brought about by the additional
capacity investment. Similarly, the optimal
bus service levels are determined by the
point where the marginal - cost of an
additional bus service improvement is equal
to the marginal value of commuters’ cost
savings (see Keeler and Small 1977 for de-
tails).

2) Optimal Prices for Transportation System

According to the first—best pricihg rule,
the marginal ..cost pricing structure is the
pricing structure which maximizes the sum
of consumers’ and producers” surplus. For a
given long—run optimal investment level de-
termined by Equation 7, the optimal short—
run congestion toll is simply the difference
between the marginal cost (the optimal
priee)' and average variable cost incurred di-
rectly by a commuter. The difference is
composed of the ihcremental costs that an
additional commuter imposes on other com-
muters in the system (Viton 1983 and Mor-
rison 1986).

When there is an additional bus passenger
to carry, the rharginal cost associated with
this passenger depends on the excess (carry-
ing) capacity of the currently running
buses. When the existing buses are full, the

bus agency has to run an additional bus to

carry the addmonal bus p&ssenger The
additional bus increases the bus agency’s
operating costs' and slows down all “vehicles

on ihe highway as well. Thus, the increased
bus ! agencys operatmg cost is - B;,[Z' 55 ./af

=i
z f,] + TDCi, where Bh is the hourly bus
opefatmg cost (in dollars per. bus—hour).
Thxs extra bus imposes congesﬁqn effect on
bothz bus users and auto users. The cost of

increased in—vehicle travel time of both

auto and bus users caused by an additional_

bus‘for area k is" Z’ as,/af (Vu—Va) +

Z’ (Q,V‘,.+E Va)], where Vg, is: the value of
auto in—vehicle time, and Vy is the value
of bus in—vehicle time. On the other hand,
running an additional bus to the k—th area
will shorten the bus headway and bus wait-
ing ;time'in the k—th area. The value ‘of re-
duced waiting time due to the reduced
headway in the k—th area is V.u(QR./2)(3

h/okk), where Vy, is value of bus waiting

time' for commuters living in the k—th
residential area (in dollars per hour). There-
fore, the optimal bus toll per bus when

' ,buses are full is ©(8)

TG + B E w5t aS/afk £i+ % 517

1=y ., =

(V= Va) + £ @Vt EiVa)] - V2R Qf‘ .

4) Given a fixed peak hour travel demand (N.), ‘an
additit)nal bus passenger converted from auto users de-
creases the number of auto vehicle by . 1/p and in-
crease the number of bus vehicle by 1. Thus, traffic -
volume generated from the k—th area becomes [(M—

1)+ (Ei~1)/p), where p is a passenger load factor.

This traffic volume chaniges is implicitly explamed in

- the speed function (3S/af.). Of course, a conveﬂ.ed bus
vpassenker from the auto wser slightly influences on. the
: users’ icost of m—vehlcle “travel time on the system.

. ‘This a{'nount is explamed by Z ﬁ— (Ve Vo).



% Journal of Korea Transportation Research Society Vol. 12, No. 4, 1994

and this toll should be equally distributed
among @Qu/fx bus riders.

When buses are not full (there are empty
seats in each bus), the marginal cost should
be determined based on the marginal conges-
tion effect caused by the currently operating
buses (Morrison 1986, Keeler and Small
1977). The existing buses still impose con-
gestion effects on bus users, auto users and
the bus agency. Thus, the optimal bus toll

per bus when bus is not full becomes®

i d: X
2, 55,/57, L(Vo— Var+ 2 (EiVu+QiVu+/B)).(9)
Similarly, an additional auto from the k—
th area not only slows down the traffic on
the highway bui also increases travel time
and operating costs for auto and bus users.
The optimal auto toll per auto departing
from the k—th area may be shown to be®
EasroEl (Va=Va) + B (EVa + G¥e
+ B (10)

3) Equilibrium Computation Process

The equilibrium model should allow for
the interaction between demand and supply.
Viton’s  (1983)

adjustment mechanism, which ensures con-

demand and supply

vergence to a local the optimum, (if any),
is adopted. The optimal congestion tolls
(fare) calculated from the previous supply
model (Equation 8, 9 and 10) will be the
equilibrium prices if no demand and supply
adjustment process occurs at these prices. If
the equilibrium is not achieved, the demand
and supply adjustment process will be iterat-

ed until no demand and supply adjustment

process occurs (see Figure 2). The iteration
process is as follows:

Step 1: The total passenger travel densi-
ties (Ni) for each area on the corridor are
assumed. These will be based on the under-
lying population distribution. A base set of
levels of modal service and initial highway
widths are also assumed. The initial conges-
tion tolls are assumed to be zero.

Step 2 :Estimate the initial passenger
travel volume for each area by modes using
the demand model in Equation 5 and 6. De-
note by Ey and |Q,, the initial auto and bus
passenger travel volumes of area k,
respectively.

Step 3 : Using the initial travel volume E,
and Qi the optimal highway capacity and
bus service levels are found using the sup-
ply model (i.e. minimizing total costs given
by Equation 7). The optimal tolls for bus
and auto under the optimized service charac

5) When the existing buses are not full, an additional
bus passenger converted from auto users decreases only
the number of auto vehicle by 1/p. Thus, traffic vol-
ume generated from the k—th area becomes [I; + (E,
—1)/p], where p is a passenger load factor. This traf-
fic volume changes is implicitly explained in the speed
function (aSy/ afy).

6) Given a fixed peak hour travel demand (N.), an
additional auto user converted from bus passengers in-
creases the number of auto vehicle by 1/p. Thus, traf-
fic volume generated from the k—th area becomes [f,
+ (Ei+1)/p), where p is a passenger load factor.
This traffic volume changes is implicitly explained in
the speed function(3Sy ofy). Of course, a converted
auto user from bus passengers slightly influences on
the users’ cost of in—vehicle travel time on the system.

x4
This amount is explained by ,-Zn yd'ﬁ(v.,-—vﬁ).
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teristics given by the supply model are de-
termined by Equations 8, 9 and 10.

Step 4 : New mode choice probabilities by
area are recalculated given the optimal toll
and the service characteristics obtained by
the step 3. Denote by :E; and ,Q, the new
auto and bus passenger travel volume of
area k, respectively.

Step 5:Test the following convergence
criteria.

FGE: — E) | < ¢ k=1,..K and | (,Q
r — A < g k=1..K,

where, ¢ is some predetermined criterion.
If the convergence criteria are not satisfied,
iterate from step 3, replacing the initial pas-
senger volumes with E, and Qi otherwise
stop the iteration. '

This process ensures to reach at a de-
mand and supply equilibrium. This demand—
supply adjustment algorithm is not guaran-
teed to converge to a solution. Nor, if a so-
lution is found, is it known to be globally
optimal. (To establish this would require
analysis of the convexity properties of the
complicated objective function and the con-
straints, and it is beyond the scope of the
this paper). To ensure the: local solution
found by the algorithm is umique for a cer-
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tain range of decision variables, I have re-
peated the computation process with many
different set of starting values”. None-
theless, I bélieve that the local optima found
by this algorithm are sufficiently interesting
to be worth presenting, even in the absence

of convergence or global results.

V. Empirical Parameters for the
Model

1. The Structure of An Urban
Transportation Corridor

The transportation equilibrium model de-
veloped in the previous section is now ap-
plied to find spatial transportation equilibri-
um conditions (number of lanes, bus routes,
bus headways and congestion tolls) for a
simulated urban highway corridor. The corri-
dor consists of one destination zone (CBD
area) and three residential origins. The sim-
ulated corridor is designed to resemble the I
—~580 corridor in San Francisco Bay Area.
The detail characteristics of the simulated
corridor is shown in Table—1.

<Tab|e 1> The Structure of The Simulated Corridor

Area 1 Area 2 Area 3
Radius of the Residential area(ry) 2 miles 3 miles ‘5 miles
‘Line—haul Length(Ly) 6 miles 12 miles 21 miles
Traffic density per lane(Ny) 4,000 . 2,000 1,000

7) This approach can be considered as a sort of a very simplified algorithm of solving the nonconvex bi—level programming problem

(see Boyce and Kim 1987 for detail).
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< Figure 3> The Structure of The Simulated Corridor

2. Speed and Flow Relationship on
the Roadway

To explain the relationship between the
traffic volume and travel speed on the high-
way, the US. Bureau of Public. Road
(BPR) link performance functions (equation
11) ,which is most widely used in the traf-
fic engineering literature, is adopted.

o= T+ a( 2y,
where, Ty is total travel time on link k, T%
is free—flow travel time on link k, TV, and
Cy are traffic flow (volume) and link capac-
ity, respectively, on link k, and « and A are
empirical model parameters. The highway

link capacity in this model is also assumed -

to be 2000 passenger cars per hour per lane
(pephpl) in order to compare‘ ﬁie model’s
resulis with the results of previous studies.
Since we are unable to. find the aand B pa-

rameters that best fit the highway system in
the San Francisco Bay Area, the typxcal

values of 0.15 and 4.0 for a and B as sug-

gested by BPR engineers are used. As sug-
gested by Sheffi (1985, p.358), the free—
flow - traffic speed (T% ) is set to be 55
miles per hour. In the CBD area and
residential areas, the _attainable auto travel
speed is assumed to be 25 miles per hour.
Since buses are expected to have greater
impact on highway congestion than autos, a
1.6 passenger—car equivalency rate of a
bus is used to convert congestion impact of
buses to passenger—car equivalents.

3. nghway Constructlon and Maln-
tenance Costs

Hiéﬁway construction and maintenance

. cost f:stlmates are adopted form the work of
: Keglép and Small(1977) Since . their. esti
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mates are based on an auto—only highway,

the original Keeler and Small estimates are

adjusted to find the highway daily rental
cost per lane—mile® (See Table 2).

< Table 2> Highway Rental costs per day per lane—mile

Area 1 Area 2 Area 3

Daily Highway Rental Cost per lane—mile

$539.03 $180.13 $180.13

Source : 1. Keeler and Small (1977),p.10.
2. Viton (1983), p.89.

4. Cost Parameters Associated with
Auto—mode

Keeler and Small (1975) adjusted The
Federal Highway Administration (FHA) esti-
mates® to reflect a higher prevailing wage
in the San Francisco Bay Area and to dis-
tinguish freeway and arterial driving costs'®.

The average operating and maintenance cost

for a compact car, for example, is $0.04
per vehicle mile. Crude estimates of accident
costs are 3.79 cents per mile for freeways
and 1.58 cents per mile for arterial streets
(Keeler et al., 1975). The air pollution cost
and the vehicle noise cost estimates are

drawn from the work of Keeler et al.
(1975) and Small (1977).

< Table 3 > Automobile cost Parameters (in 1972 price)

Highways Local Streets
Capital costs (cents per mile) 251 2.51
Operating costs (cents per mile) 4.17 4.17
External cost (cents per mile) 1.02 1.02
Total cost (cents per mile) 7.70 © 770

Sources : 1. Keeler, et al. (1975), p.52—91.
2. Viton (1985), p.90.

8) Keeler and Small estimates are multiplied by the factor 1.4 to get general purpose highway costs. Daily highway rental costs are de-

rived based on the infinile life—time for highway construction, 35 years life—time for highway construction, and 255 business days per

year.
9) Meyer, Cain and Pohl (1965), pp.213—-214.

10) The adjustment is made based on engineering data that suggest that urban arterial driving costs 21% more than freeway driving in

maintenance, 11% more in gasoline, and 300% more in tire wear.
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5. Cost Parameters Associated with
Bus—mode

Bus operating and maintenance costs are
drawn from the work of Fisher and Viton
(1974). They find »that the average cost of

a standard —size (50—passenger) bus is $9.

28T + $.3007M, where T is bus operating .

- time in hours and M is bus operating dis-
tance in miles. Since Fisher and Viton calcu-
lated the average total bus costs without
distinguishing peak and non-—peak hour bus
operation, two modifications are made to
their average costs to reflect peak hour bus
operating costs.

First, since capitél investments are likely
to be made to meet the peak—intensive de-
mand, & larger portion of the capital cost
should be allocated to the peak. 50% of
the capital cost is: allocated to the morning

peak hours.® This cost allocation (equiva-

lent to freeing .the off —peak of any capital
costs) will ensure that we do not overesti-
mate the efficiency of pﬁblic transit (bus).
For a bus whose purchase price is 42,000
dollays, the capital cost per major direction
peak:-hour operation is 9.63 dollars under
the assumption of an industry standard 12
years vehicle life—time, 255 business days
per year and a 6% interest rate.

Second, ‘social external costs (air pollution
and noise” pollution) are not accounted for
in Fisher and Viton's total cost. The air
pollution and knois‘e cost of buses are simply
assumed to be twice thpseb of autos. After
adjusiting for these two modifiéations, the
bus operating time—based cost is 18.91 dol-
lars per peak—hour bus, and bus mileage—
based operating costs are 0.2999_dollars per
mile on arterials and 0.30 dollars per ‘mile
on héghways. '

i

< Table 4 > Bus Cost Parameters (in 1972 Prices)

Local Stréets

\\ Highways

Peak Hour Costs (doliars per hour) 1891 1891
Capital Costs (dollars per hour) 963 - 9.63
Labor Costs (dollars per hour) 9.28 9.28
Bus—mile cost (cents per mile) 20.99 30.01

Sources : 1. Fisher and Viton (1974), p.6.
2. Viton (1985), p.92.

11) There is & strong argument against this approach because some bus equipments are used during off —peak periods as well (see

Scherer 1976, Guldmann 1986 for the discussion of the cost allocatlon) This argument implies that some portion of bus capital costs
should be allocated to orf—peak periods. However, the o[f-peak ,use ‘of bns equipment is not known until the optimal capital
allocation for the peak is determined. The problem of allocating bus capital cost between peak and off ~peak periods remains to be

solved.
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6. Travel Demand Models and Val-
ues of Travel Time

travel demand model specification from a
sample of 810 commuters in the San Fran-

cisco Bay Area in 1972.9 The parameter of

The empirical parameter of the demand the model along with descriptive statistics

model is adopted from the work of Jung associated with the estimates are shown in

(1991). He developed a spatially varying Table 5.

< Table 5 > Empirical Travel Demand Model

] Spatially Varying Model

Independent Variables Estimates t—value
Auto in—vehicle time (in tenth min.) (1) —~0.003269 —3.36
Auto in—vehicle time divided by travel distance (in miles)(1) ~0.014886 -1.73
Bus in—vehicle time (in tenth min.) (2) ~0.002166 —3.01
Bus in—vehicle time divided by income (in dollars) (2) 2.81293 2.64
Bus walkk time (in tenth min.) In—CBD living commuters (2) ~0.002633 —349
Bus walk time (in tenth min.
Near —CBD or s(uburban living) commuters (2) ~0.003758 —333
Bus Headways (in tenth min.) n—CBD and Near—CBD ving commuters ~0.013566 —4.87
Bus Headways (in tenth min.) Suburb Living Commuters (2) ~0.115426 -1.78
Cost divide by wage (in cent) In—CBD living commuters (1,2) - ~0.005161 -342
Cost divide by wage (in cent) Near—CBD living commuters (1,2) ~—0.002180 —243
Cost divide by wage (in cent} Suburb living commuters (1,2) —0.001669 -2.41
Bus alternative specific dummy (2) —0.380465 —~0.52
log likelihood function at 3= 0 ~561.45
log fikeihood function at * —328.13

Note : * Model applied: 1=auto, 2=bus.

Another important parameter in the equi- Note that the value of time derived from

librium model to be supplied from the de-
mand side is the value of travel time.”® Val-
ues of times are computed from the demand
model (Table 5) are shown in Table 6.

the spatially varying demand model varies
with residental location, travel distance and

wage.

12) The original date set’ contains a sample of 991 workers' work trip behaviors before Boy Area Rapid Transit (BART) system
opens for service in the San Francisco Bay Area in 1972. See McFadden and Associates (1977) and Talvitie (1976) for details on

the data set.

13) See Small (1992), p.19 for details on the value of travel time.
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<Table 6> Values of Travel Time Derived From The Travel Demand” Model

. Area 1 Area 2 - Area 3
Income (in dollars per year) $14,920 - $14,519 $21,280
Post—tax Wage (dollars per hour) $4.26 $4.19 $6.59
Highway travel distance (miles) 6 - 12 21
Value of Time (dollars per hour) , _
. Auto in—vehicle time value $4.75 $8.66 $13.86
The Spatially —— - - -
Varying Demand Bus m—vel.ucle time value $1.6:{3 $3.79 $8.03
Model Bus walk time value $2.17 $17.22 $14.84
Bus waiting time value $11.20 $26.07 $21.43

Note : Travel time values for area 1, 2, and 3 are adjusted to reflect a travel distance.

IV. Urban Transportation Pricirig
Structure

1. Three Transportation Pricing Pol-
icies

Since the demand and supply interaction
is allowed in the transportation equilibrium
model, the equilibrium conditions is expected

' to vary with transportation pricing policies.

To observe the impact of transportation pric-

ing policies on transportation equilibrium, I
have developed three different spatial trans-
portation pricing policy scenarios:

Policy 1: Marginal cost (MC) pricing rule
is applied for both auto and bus,

Policy 2: MC pricing rule is applied for
for bus and there is no auto congestion toll,

Policy 3: The break—even condition is
imposed on bus agency and MC pricing rule
is applied for auto.

1) The Pareto—Optimal Service Level When
the optimal Pricing Policy is Implemented

Téansportation equilibrium characteristics
whefn the optimal investment and marginal

- costs pricing policies are implemented are

simulated. The calculated equlhbnum“’ is
shown in Table 7. If correct pricing and in-
vestment policies are implemented, a bus
mode market shares is about 90.96% in
area 1. But, its market share drops to 69%‘
in areas 2 and 59% in area 3. A hlgh mar-
ket share of the bus mode in area 1 is par-
tially due to relatively lower travel time val-
ues of commuters in area 1 and and higher
bus ‘service levels in area 1. The low bus
market share in area 3 is partly due to its
residents’ higher auto ownership as well as
higher travel time values. The result implies
that bus transporiation is less competitive
against auto in a suburban area where high

income commuters live.

14) 'l"he equilibrium computation was done on a 33—
mhz | IBM 486-PC Compatible using the. DBCONF
mhlti;variable nonlinear minimization - routine in lMSL-
(Proﬁlem—SoIvmg Software Systems 1987). ngrams
was [complled under version 5.0 of Microsoft FOR-

. ?RA%\I




Viton’s (1983) uniform transportation
equilibrium model predicted an 80% market
share by the bus mode in a residential area
with a 2,000 passenger hourly travel vol-
ume. This model predicts a 69% market
share for area 2 which has similar physical
characteristics to those in Viton’s model.
There are two reasons for the differences in
these two models.

First, values of travel time drawn from
work of Jung (1991) are significantly
higher than those used in Viton’s model.
Keeler and Small (1977) show that a 10\&
value of travel time increases the optimal
toll and leads to constructing fewer lanes,
thus allowing highways to be congested. The
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high values of travel time used in this study
causes us to build more lanes and to lower
the congestion tolls. Thus, lower congestion
tolls and a less congested highway are ex-
pected to contribute a higher market share
by the auto mode.

Second, the peak—hour bus operating cost
in this model is significantly higher than the
average hourly bus operation cost used in
Viton's model. Since bus operating costs in
this model increase as the bus service dis-
tance increases, bus becomes less efficient
transportation means as the service distance
increases. As shown in Table 7, the bus
service levels between areas 1 and 3 are

significantly different.

< Table 7> Transportation Equilibrium Characteristics Under the Optimal Investment
. and Pricing Policies {The Base Model, Policy 1)

Area 1 Area 2 Area 3

Modal Split at the Auto 9.04% 31.27% 41.33%

Equilibrium Bus 90.96% 68.73% 58.67 %
Auto Congestion Tolls Per Trip 38.95 57.92 88.15
(in cents) Per vehicle—mile 6.49 4.83 4.20
- Per Trip 2.78 8.44 16.84

Bus Fares (in cents)

Per Vehicle—mile 0.46 0.70 0.80
Bus headway (min.) 3.17 5.18 13.88
Bus Number of bus routes 4 5 8
Service Bus Walk—Access Time (min.) 8.17 9.33 - 10.10
Level Bus Waiting Time (min.) 1.56 2.58 6.94
Number of Passenger per Bus 50 23 17
Public Agency’s Highway construction costs 2,181 639 395
Costs Per Day Bus Agency | Capital costs 654 868 816
(in dollars) Costs Operationg Costs 1,416 1,963 1,877
Bus Agency’s Losses per day (in dollars) 1,953 2,715 2,594
Subsidy per bus Passenger (in dollars) 0.54 1.97 442
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The optimal auto congestion toll (per high-
way vehlcle —mile) decreases as travel dis-
tance increases. On the other hand, the opti-
mal ‘bus fare (per passenger vehicle —mile)
increases as travel distance increases be-
cause bus ridership decreases as the ’service
distance increases (hence marginal costs
must be divided amongst fewer passengers)
and because peak—hour bus operating cost
increases with service distance (see Table
7). Thus, the optirhal spatial toll price struc-
ture should be constructed to give a travel
distance discount for an auto and a distance
premium foi‘ a bus.

Under the marginal cost pricing structure,
the bus agency has to bear a huge deficit.
Since the revenue generated from tolls is
not sufficient enough to cover bus operating
costs, tax monies must subsidize bus opera-
tion. Subsidies per bus ‘passenger are $0.54,
$1,97 and $4.42

respectively, in order to provide bus service

in areas 1, 2 and 3,

at the optimal levels. As a result, the mar-

ginal cost pricing policy benefits rich subur-

ban bus commuters -most because they pay
less than 1% of their average costs.

2) The Impact of Auto oongestlon tolls on
the Transportation Equllbnum |
To observe the effects of autp congesuon
tolls lon transportatnon equilibrium, 1 run the
same model as the base model ‘(shown in
Table 7) without auto congestlon tolls (see
Table 8). Bus market shares, bus service
level; and bus _fares are almost the same as
the base model. However, highway'construcj
tion and maintenance costs are mcreased by
$217 $49 and $23 in areas 1 2 and 3

respectlvely Thus, the introduction of auto

, congestxon tolls not only generates $869 of

toll revenues per day. but also results in a
savmg of $289 in highway construction '
and !maintenance costs per.day. The conges-
tion toll revenue and highway construction
cost saving combined amount to $590,580
per year (in 1972 prices) for this corridor
-(assﬁming 255 business days per year).

< Table 8 > Equilibrium Characteristics When Price Policy 2 (MC Pricing for Bus and
. No Auto Congestion Tolls) is implemented

‘Area 1

Area 2 Area 3
Modal Split at the Auto 111.70% $ 35.61% 45.00%
Equilibrium Bus 88.03% 64.39% 55.00%
Highway Construction and Maintenance Costs( $ /day) $2,397 $688 $417

The Equilibrium Conditions When the
Break—even Condition is imposed on the

Bus Agency

Under marginal cost pricing, the bus agen-
cy is losing about $3.7 million per year.

There will be few local governments evhich
is afford to bear such a huge deficit for a

, longttime. In order to find the transporta-
~ tion equilibrium conditions when the break—
. even| coridition is imposed on the bus agency
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t(policy 3). The characteristics of the equi-
librium are shown in Table 9. Compared to
the equilibrium condition of policy 1, auto
congestion tolls are almost the same as
those in the policy 1. However, bus fares
have increased dramatically. Bus fare (per

mile) for area 1, 2 and 3 are 11.37 cents,

24.04 cents and 28.37 cents, respectively.
These fares are 6 to 21 times higher than
those under policy 1. Still, the optimal spa-
tial toll structure (a distance discount for
auto and a distance premium for bus) re-

mains unchanged.

< Table 9> Equilibrium Characteristics When AC Pricing for Bus and
MC Pricing for Auto are Appiied (Policy 3)

Area 1 Area 2 Area 3

Modal Split at the Auto 52.03% 74.27% 72.62%

Equilibrium Bus 47.97% 25.73% 27.38%
Auto Congestion Tolls Per Trip 36.72 55.21 84.80
(in cents) Per vehicle—mile 6.12 4.66 4.04
B Per Trip 68.23 288.51 596.20

Bus Fares (in cents)

Per Vehicle—mile 11.37 24.04 28.09

2. Welfare Analysis of various
transportation pricing policies

To analyze welfare impacts of transporta-

tion pricing policies, the commuter’s welfare

change due to price changes is evaluated

using the method developed by Small and
Rosen (1981, equation 5.9). The formula to

measure the consumer’s welfare changes is'
vi

AW = _AL[ lnﬁl:exp(V;)] ;

H
where V, is the observed systematic compo-
nent of the utility of alternative i, 4 is a
marginal utility of income which converts
the change of the expected utilities to mone-
tary units, V% is the utility function before

price changes, and VY is the utility function

after price changes. The marginal utilities of
income ( by the stochastic version of Roy’s
Identity) and the expected utility under
three different pricing policies are presented
in Table 10. The sign of the compensating
variations is adjusted so that positive com-
pensating variations indicate a positive wel-

fare change.

_—_—

15) The term inside brackets is measured in abstract
units of utility as known Tinclusive price’, ‘composite
price’, or expected utility”. the parametéer 1 is the
marginal utility of income (obtained by Roy’s Identity)

and is expressed in "units of cents per munite”.



KETBRRE B -+0 5 S0P, 1908

<Table 10 > Expected Utilities under Four Transportation Pricing Policies

v Area -1 Area 2 Area 3
Marginal Utility of Income 0.0073 0.0031 ' 0.0015
A Policy 1 -0.9109 -1.0522 ~1.1847
" Expected Utility e :
. . Policy 2 -(.8881 . ~1.0034 —1.1379
(Inclusive Prices) - ;
Policy 3 -0.8861 ~1.2191 —1.5267

The welfare effects of introducing auto
congestion tolls (policy changes from holicy
2 to policy 1) for both consumers and pro-
ducers are shown in Table 11. All users are
hurt by such a policy change (indicated by
negative compensating variations). However,
the higher—income commuters living in area
3 are hurt most because of a higher conges-
tion toll for them (indicated by the highest
negative_ compensating variation among the
three groups). Travel time savings induced
by auto congestion tolls are not sufficient
enough to compensate for a hlgh congestion
toll for commuters in area 3. This implies
that congestion pricing is not regressive as
long as the bus service is provided at the

optimal level. This contradicts Small’s

(1983b) earlier finding that congestion tolls
are'iregressive. The reason is that bus. serv-
ice hevels in our model, unlike his demand
oriented model, are properly adjusted to the
bus idemand changes due to congestion pric:
ing.?Each individual’s compensating variation
(CV;) is multiplied by the total number of
commuters in each area to compute the
total consumer’s welfare changes. When con-
gestion tolls and the preducer’s surplus such
as bus agency’s cost savings and _highWay
construction costs savings are accounted for,
the social net benefit from such policy
changes is $148,979 per year for the simu-
lated corridor (assuming 250 business days

per 'year).

<Table 11> Welfare Changes When Auto Cé)ngestion Tolls are Implemented

{in 1972 dollars)

Area 1 Area 2 Area 3

Compensating Variation (CV) A . . '

: : . =0.031 ~0.157 ~0.312

per passenger trip- . : ] ) ’
Aggregated CV . ~124.98 -314.72 . «=312.24
Auto Toll Revenue Changes 1 140.87 362.54 ' 364.68 .
Bus Agency's Cost Savings less16 | +11189 | -10653 -
Highway Construction Cost Savings 121642 | - 4877 2252
Social Benefits Per Day - | w716 | © 16186 | —4691
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VI. Concluding Remarks

There are strong interactive feedback be-
tween supply and demand for transporta-
tion: demand depends on service level and
prices, while costs and service quality in
turn depend crucially on highway conges-
tion. Thus, Cost, demand, and pricing mod-
els should be integrated into an unified
model, from which possible equilibrium for
an entire urban transportation system could
be described. Since, the demand and supply
interactions take place within a geographical
context, the spatial structure of transporta-
tion system and urban spatial characteristics
are important factors in the unified model.
Previously developed uniform transportation
models ( Viton ‘1983, 1986, Keeler and
Small 1977) all have one important failing:
the value of travel time is assumed to be
constant over an urban space. In uniform
transportation equilibrium models, the fact
that the level of traffic congestion varies
over an urban space was not properly ac:
counted.

In this study, a new transportation equilib-
rium model which incorporated the spatial
variability of travel time values and traffic
congestion is developed. From the empirical
study of the model using data drawn from
the 1972 situation in the San Francisco Bay
Area, several interesting findings are ob-
served. First of all, at the equilibrium, bus
market shares and the level of bus service
vary significantly over an urban space. Sec-
ond, the optimal bus fare structure not be

discounted with respect to travel distance.

Third, as long as the bus service levels are
provided at optimal levels, auto congestion
tolls are not regressive.

Above all, the most important finding con-
cerns the importance of sbace itself.
Although the equilibrium pattern depends on
the specific population density distribution,
income distribution and the physical layout
of the transportation system over the urban
space, there is a general conclusion to be
drawn from the results of the simulation
models. As long as there are taste varia-
tions over an urban space, the spatial trans-
portation equilibrium conditions will also
vary significantly over that space. This is in
contrast with earlier studies in which the
distribution of equilibrium characteristics
was implicitly assumed to be spatially invari-
ant.

The transportation equilibrium model pre-
sented in this paper is far from the perfect.
There are many aspect remained to be
solved in the future. It is very worthwhile
to develob an algorithm which guarantees
the convergence of the minimization problem
in equation 7. To test the feasibility of an
alternative transport system, we can extend
the model by adding additional mode and
mixed—modes such as subways, park—and
—ride system and bus priority lanes (pro-
posed by Small, 1983b). Potentially, a most
important extension is to extend the urban
space and network configuration itself to
replicate the urban transportation environ-

ment more realistically.
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