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The received theory of highway pricing, as so
well developed by Walters, is a certainty, or
certainty equivalent, theory which does not ad-
dress the issues raised when there is randomness
in traffic flows.! When traffic is random, one
wonders if an equilibrium flow exists, and if it
does what form of congestion toll is appropriate.
Is a uniform toll which does not vary with the
number of vehicles on the highway efficient?
How does uncertainty affect the level of capacity
which is to be provided and its optimal rate of
use? These questions are examined here within a
model of a competitive market for highways
functioning under uncertainty.

To construct a competitive model of the high-
way market might seem a useless exercise. Are
not highways publicly owned and managed be-
cause private provision of highways would be
inefficient? Our answer is that public ownership
has been a convenient way to solve the free-rider
problem (excluding nonpayers and monitoring
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1. Much of this received theory has been developed as an
extension of Knight’s (1924) discussion of Pigou (1920). See,
for example, Walters (1961), Mohring (1970), Gould (1972),
and Keeler and Small (1976).
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This paper models the
competitive supply and
pricing of highways with
random traffic. It adds
the missing theory of
the firm to Knight’s
highway problem and
shows that competition
delivers efficient prices.
The classic efficient-
pricing results of Knight
and Walters are shown
to be valid in a world
with uncertain traffic
flows. Competitive
prices exceed marginal
cost by an amount equal
to expected marginal
congestion cost. The
mean throughput of
each highway firm is -
less than maximum
throughput. Even
though the expectation
of excess capacity is
positive, random traffic
jams will occur on an
efficiently priced high-
way. Pricing of mixed
traffic is also analyzed.
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use), but, as the cost of exclusion and monitoring falls, private provi-
sion of highways becomes feasible. It is, therefore, interesting to study
competition as an alternate to public provision of highways. Of more
immediate relevance is the fact that the pricing that emerges from
competition is under certain conditions efficient and, therefore, is of
normative significance for management of the public roadways. More-
over, to the extent that highway authorities move in the direction of
direct pricing, they will face the problems of traffic diversion, mixed
traffic, and random traffic jams, all of which are studied here in a
competitive setting.

In many respects our excursion into uncertainty brings us back to the
principles set forth in Alan Walters’s (1961) classic highway paper. Our
work corroborates his results while generalizing them and also extends
the analysis to the choice of highway capacity. We retain a feature of
his model which has been dropped in much of the subsequent highway
pricing literature by allowing transit time (in our case, expected transit
time) to influence the demand for use of the highway. This feedback
from demand through congestion and back to demand turns out to be a
very convenient way to handle the quality-of-service problem and
results in a model which determines prices and highway capacity
simultaneously. '

The Walters paper drops one of the central features in Knight’s
original formulation, which is the competitive allocation of vehicles
over alternate roadways, in favor of using a welfare function to derive
efficient prices. We retain Knight’s competitive process by charac-
terizing a competitive allocation of vehicles to roadways under uncer-
tainty. We go a step beyond Knight, following a vein recently explored
by Gould, to supply the missing theory of the firm to Knight’s model.
In this manner, Knight’s model is closed and we obtain a complete
model of the competitive equilibrium in the market for highway ser-
vices.

There are two basic contributions of the paper. First, it derives
classic results on efficient highway pricing in a setting that is more
realistic than other studies and also derives efficient capacity levels.
Second, it offers some new insights into the operation of competition in
the area of uncertainty and congestion. We find that a fixed toll in the
face of random arrivals is expected cost minimizing and that under
competition, the price equals marginal cost plus a congestion toll. The
congestion toll reflects the cost of the incremental capacity required to
maintain expected transit time for the highway’s users when the ex-
pected output rate is increased by one unit. The sum of these conges-
tion tolls collected from all users just suffices to cover the cost of
highway capacity. Contrary to the certainty theory, efficiently priced
highways do experience traffic jams; they are random, however, and
the expectation of output is less than the maximum throughput rate of
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the highway. Each competitive firm operates with excess capacity on
average but experiences overloads which occur on a random basis.

I. Highway Congestion

Consider a highway between points A and B. For simplicity assume
that the only points of access and egress for the highway are A and B.
We can visualize the arrival at, flow through, and exit from the highway
as a stochastic process. Given the availability of alternative routes and
other conditions, the expected number of vehicles entering the road-
way at points A and B per unit of time will depend on the toll, if any,
and the time required to traverse the roadway. We can write the cost,
or full price, of using the highway as

P=p+17T, (1.1)

where P is the full price of trip AB, p is the toll, n is the value of time for
highway users, and T is expected trip time. Since the analysis is
independent of direction traveled we can, without loss of generality,
ignore the trip BA .2

Assume that the time between arrivals to the highway is random and
independently distributed with expected interarrival time of (l/a).
Under these conditions, the expected number of arrivals in any interval
of time ¢ is [t/(1/a)] = ta, so that expected arrivals per unit of time is a.
Given that highway users have a common value of time (or alterna-
tively, that within classes of users the marginal value of time is equal)
the arrival rate, that is, the expectation of the number of arrivals per
unit of time, will depend on the full price, so that

a = a(P), (1.2)

where a’ < 0. Essentially, « is the stochastic equivalent to the quantity
demanded in a certainty setting.

The element in the free-access resource problem that differentiates it
from the more usual problem considered in economics is the effect of
crowding on the ability of any given resource to service new and
existing users. In the case of highways, the ability of the system to
service users can be summarized by transit time. All the evidence, and
it is ample, indicates that the transit time remains constant for low
levels of highway usage and then rises. Ultimately, when the system
becomes overloaded, transit time approaches infinity. Thus, the total
throughput on the highway first rises with increased traffic, then peaks
out and ultimately declines.?

2. Note that we have abstracted away from the joint effect of return trips. That is,
whether an individual takes a trip or not may be a function of transit time in both
directions. Here we consider these decisions to be of a sequential nature for simplicity.

3. See Walters (1961) for an excellent discussion of the effect of congestlon on
throughput and transit time in a certainty setting.
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To capture this congestion effect on the ability of the highway to
handle traffic, we assume that the required time for vehicles to com-
plete the trip AB is independently distributed with a common mean
(Y/u). In this case, u can be interpreted as the expected number of
one-way vehicle trips per unit of time. Or, if we treat the highway as
having unit length, u is expected vehicle speed. Let o be a function of
highway size, k, and the number of vehicles using the roadway at any
point in time, N, so that

-+
w = u(N, k). (1.3)

The assumed signs of the derivatives of (1.3) are consistent with the
empirical evidence for highways. The negative sign for the derivative
with respect to number of vehicles implies that, for fixed size, mean
trip time (1/w) is an increasing function of the number of vehicles using
the roadway. Similarly, the positive sign for the highway-size deriva-
tive implies that increases in the capital stock reduce mean trip time.
It will prove convenient if we transform our discussion from mean
trip time to number of vehicles completing trips, that is, throughout.
From the above discussion it follows that the conditional expected
throughput n, given that there are N vehicles in the system, is

n = NuN, k). (1.4)

The unconditional expectation of the number of vehicles completing
trips will depend on the probability distribution for the number of
vehicles using the roadway (the system size), N.*

For fixed roadway size, or capital stock, k, the expected rate at
which vehicles could exit the highway is conditional on the number on
the road, and is first an increasing and then a decreasing function of the
number of vehicles using the roadway. Essentially, what happens is
that an increase in the number of vehicles on the highway increases the
number completing the trip until congestion becomes great enough.
Once this critical congestion level is reached, further increases in the
number of vehicles on the highway reduces the flow of vehicles com-
pleting trips. The effect can be seen by differentiating the conditional
expected values of completed trips per unit of time with respect to N,

an

'W = M + N,U,N. (1.5)

4. It is important to distinguish between the number of vehicles that could potentially
complete trips over the highway and the number which do complete trips. The former,
which is called the service mechanism in the queuing literature, is obviously conditional
on there being an adequate number of vehicles available so that the service mechanism
may function at its potential rate. The latter, which is the number which do complete
trips, depends not only on the potential of the highway to handle trips but also on the
number of vehicles occupying it. Below we derive the steady-state throughput of the
system, which depends on arrivals as well as capacity.
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Now if uyy < 0 and py = 0, for small N, both of which are indicated by
the evidence, then n will first rise, reach a peak, and then fall as N
rises.

Once an individual enters the highway system he is essentially serv-
ing himself. It seems natural then to view the highway system as a
self-service queuing model with the service rate per individual equal to

= u(N, k). In this model it is assumed that the highway has the
capacity to hold any number of vehicles. Thus, we ignore the queues
that develop at the highway entrance. The transit time is dependent on
the state of the system and, for any given state of the system N the
expected transit time is

1

OS] (1.6)

ET |N) =

Assume that potential users of the roadway do not know the system
state, but only know the probability distribution over the feasible states
of the system. Given the above discussion, this probability distribution
can be derived as the solution to an arbitrary Markovian birth-death
process.® The steady-state probability distribution for system size is

o

v
[Tiut, by

Py = PN =1,

(1.7)
1=
v H indi, k)

i=1

where py is the probability that N vehicles are on the roadway at any
time.

From (1.7) it is clear that the existence of the steady-state prob-
abilities for system size requires that p,, the probability that the high-
way is empty, be positive. The necessary and sufficieat condition for p,

> 0 is that the infinite sum
z H tp,(l k) (1.8)

N=1 i
be positive and finite. The sum is positive since all its terms are
nonnegative. A necessary but not sufficient condition for S to be finite
is that each term in S be finite. The meaning of this is that the highway
cannot become so congested that movement of vehicles ceases and

5. In a Markovian birth-death process, it is assumed that instantaneous changes in
the system state are restricted to an increase (birth) or a decrease (death) of one. Gross
and Harris (1974, pp. 92-95) give the details of the derivation.
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throughput becomes zero: that is, there cannot exist an N such that
Nu(N, k) = 0.

The condition Nu > 0 implies that the throughput of the roadway
never reaches zero; that is, the freeway never literally becomes a
parking lot and vehicles always exit the road, even if only at a trickle.
Indeed, a positive value for the probability of the system being empty
requires that, on the average, the utilization rate must be less than
unity; that is, excess capacity must exist. We could have made the
existence and stability conditions somewhat less restrictive by ac-
counting for the fact that the roadway has a maximum system size and
that waiting at on-ramps occurs. In this case we would have greatly
-increased the complexity of the problem with little or no gain in the
results. Accordingly, we shall assume that the above infinite sum is
finite, that is, that on the average the system has excess capacity.

Using (1.6) and (1.7) we can derive the unconditional expected
transit time and number of vehicles in the system. The expected transit
time is

F-S_1 ,_ (1.9)
£ N, k) v '

where each element in the sum is the product of the conditional transit
time, given that the system is of size N and the probability that the
system is of size N — 1 when a user arrives—implying that the system
will be of size N when the potential user enters it. From (1.7) and (1.9)
expected transit time is

_ 1 N oV ~ 1
T= LL(l, ot ) NTa(N + 1, %) Dl G, k)}

N=1

Thus, we can write expected transit time as a function of the arrival
rate and the capital stock or roadway size, that is,

_ 4=
T = T(a, k). (1.11)

The signs of the derivatives of the function T in (1.11) are directly
obtainable from (1.10) and the assumption that u, > 0.
The expected system size is simply

N = Npy, (1.12)
N=0

which from (1.7) and (1.9) is
N =aT. (1.13)
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The relation (1.13) states simply that, in the steady state, the expected
transit time must equal the time required for the expected number in
the system to arrive. If an individual enters the roadway and it contains
the steady-state expected number of vehicles, he also expects it to
contain the same number as he exits. But, if the arrival rate per unit of
time is «, then it must take (N/a) units of time for N individuals to
arrive and enter the roadway.® - ’

From (1.11) and (1.13) we can write the steady-state expected transit
time and system size as functions of the toll and roadway capacity,

T =fp, %) (1.14)
and

— -+

N =g(p, k). (1.15)

The derivatives of (1.14) and (1.15) are derived by treating (1.11) and
(1.13) as implicit functions and imposing the condition that the ex-
pected transit time used by demanders be the actual expected transit
time.? The signs of the derivatives of (1.14) and (1.15) are intuitive in
that increases in the toll given roadway capacity decrease both the
expected transit time and the expected number in the system. An
increase in roadway size increases the expected number in the system
while reducing expected transit time.®

We are now in a position to derive the steady-state demand condition
facing a roadway firm operating between points A and B. From the
original specification of demand (1.2) and the solution for the steady-
state expected transit time (1.14), we can write the steady-state de-
mand function

— +
o* = a*(p, k). (1.16)

Treating demand (1.2) as an implicit function, the derivatives of (1.16)
are

da* o

= <
ap 1 — a'nT, 0,
da* _  anT, >0

ok 1 — anT, ’

6. In the queuing literature, (1.13) is referred to as Little’s 'law, and it is quite
generally valid. See Gross and Harris (1974, pp. 59-64) for a discussion of Little’s law
and of its general applicability.

7. With any form of rational expectations the differences between the expected
transit time on the left-hand side of (1.11) and the demanders’ expected transit time will
g0 to zero.

8. If there is an infinite-capacity alternate route, then the demand elasticity with
respect to full price would be infinity. Under these conditions, arrivals at the roadway
would increase until expected transit time returned to its previous level. In this case,
changes in roadway capacity will not improve traffic conditions on the roadway, and
98T/dk would equal zero.
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where T, and T, are the partial derivatives of (1.11) with respect to o
and k.

II. Competition

To construct a competitive market for highway services, consider the
following setting. Let each firm own an identical roadway with transit
time equal to 1/u(N, k) and let each firm charge a fixed toll which does
not vary with the number of vehicles on the road. Assume that once a
vehicle enters a particular firm’s road it is free to choose any lane;
however, vehicles may not leave the firm’s roadway until reaching the
exit. Let there be many alternative roads, running between A and B,
each supplied by a separate firm. .

We assume that drivers do not have information on the numbers of
vehicles using each road at any point in time and thus enter each
roadway ignorant of the number of cars already on it. Since each
roadway will hold an infinite number of vehicles, there is always room
for additional vehicles. Each road is labeled, and through repetitive use
of the roadways, drivers learn the tolls and expected transit times of
each. Drivers are indifferent among roads and seek to minimize total .
transit cost, which we treat as being the full price. The allocation of
drivers over the roads will equalize expected full prices over roads in
that if any road has consistently shorter transit time for the same toll as
other roads, then drivers will expand use of the faster roadway until its
transit times are consistent with other roadways.

In this way each firm becomes a full-price taker; whatever price it
charges (within the feasible range), its resultant flow of vehicles will be
such that its expected full price is equal to the market-determined full
price. Full-price taking behavior implies that, in equilibrium, the
steady-state expected full price must be identical across roadways. The
equality of full price across roadways will be imposed on the firms by
the distribution of arrivals to firms. If a roadway has a lower full price
than the market-clearing full price, then full-price minimizing behavior
on the part of roadway users will result in increased arrivals until the
expected full prices across roadways are equal. Thus, high-priced
roads must have traffic flows small enough so that transit time is
sufficiently low to compensate for the high price.®

9. Since the steady-state full prices are identical across roadways, then consumers
are indifferent as to which roadway they travel. But equality of full prices also implies
- that arrivals at roadways with n lanes must exceed arrivals at roadways with m lanes
whenever n > m. One mechanism which yields this distribution of customers is to treat
customers as randomly choosing lanes rather than roadways. This problem is exactly the
same as the fast-food problem with differing numbers of servers. More customers show
up at the outlet with the most servers, and yet customers can be said to be indifferent
between outlets. Actually, customers are indifferent between servers.
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Given that full price is market determined, then for each firm it
follows that

P =p +nT,k), 2.1

where T(a, k) is the individual firm equivalent of (1.11). The steady-
state arrival rate can be solved for from (2.1) by assuming that the
waiting time expected by demanders is the actual expected waiting
time. Thus, the steady-state arrival rate can be written as

~ +
a=ualp,k), 2.2)

where p, k, and a refer to firm rather than industry levels of prices,
capacities, and arrivals.

The signs of the derivatives of (2.2) can be derived by totally differ-
entiating the full price, holding it constant at its market equilibrium
level. These derivatives are!®

da 1

—_— - < 0’
QEI_ = — Tk > 0 .
ok T, )

The price derivative refiects the fact that an increase in the toll must
decrease arrivals by an amount sufficient for the reduced transit-time
cost to restore the firm’s full price to the market level. Similarly, an
increase in the capital stock must increase the arrival rate by an amount
sufficient to restore the transit-time cost to its initial level.

Having characterized the demand process at the firm, we now pro-
ceed to examine the firm’s profit-maximizing choices of price and
capacity. For this to be a reasonable problem to address, we require
some limitation in firm size. Such a limitation does not come from the
demand process since the full-price taking firm can increase output
without limit by adding more lanes. Moreover, there are some eco-
nomics of scale to be gained by having all lanes owned by a single firm,
thereby affording drivers the opportunity to change lanes and more
effectively distribute traffic to the least congested lanes. We assume
that the economies of pooling traffic on a multilane highway dissipate
beyond a certain size because lane jockeying adversely affects traffic
flow when a large number of lanes are involved. If, in addition, we
assume that the costs of monitoring highway use—collecting tolls and
excluding free riders—and maintaining the roads rise more than pro-
portionately with size, then we will have a limit on firm size.

10. This approach requires that the marginal and average value of transit time be equal
and constant. If they are not, then the analysis of Spence on the relation between the
marginal valuation schedule for product quality can be applied.
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We can capture these ideas with a simple cost structure. Let total
expected cost be

C = Cla, k), 2.4

where «a is expected output and £ is capital (lanes) as before. Suppose
monitoring and maintenance costs depend on mean output, on the
grounds that the firm does not vary monitoring resources with fluctua-
tions in traffic, fixing them instead on the basis of expected traffic, and
that maintenance cost depends only on the number of vehicle trips and
not on how they are distributed. Then it is reasonable to assume that
the marginal cost of expected traffic is positive and rising. Suppose
further that capital (lanes) may be added at constant or rising cost, but
that the costs of managing and monitoring larger highways are rising so
that the marginal cost of additional capacity is also positive and rising.
Then C(-) is convex and provides a limit on firm size.

If firms maintain a fixed toll and allow transit time to fluctuate
randomly, expected profits are

7 =pap, k) — Cla, k). 2.5)

Since full price is market determined, firms can choose any two of the
three variables that determine full price: toll, capacity, and arrivals.
The maximization of expected profits with respect to the toll and
roadway capacity requires that :

p =0C, -Fa(—a,,)“, (2.6)
@ — Cy) = Cilap)™. 2.7

Condition (2.6) suggests that, in equilibrium, the competitive price is
the sum of direct marginal cost plus a congestion charge.

The congestion charge is equal to the value of the additional time
imposed on existing users by the addition of one more steady-state
user. Alternatively, the charge measures the gain to remaining roadway
users should there be a reduction of one user in the steady state. This
interpretation becomes clearer if we use (2.3) to rewrite (2.6) as

p=C,+anT,. (2.8)

In this case, 0T, is the value of the marginal expected transit time per
user. The quantity anT, is just equal to what existing users would pay a
prospective user not to use the facility and is the competitive conges-
tion toll. ,

From (2.7), it follows that capital is chosen so that the transit-time
constant marginal revenue equals the incremental capital cost asso-
ciated with a unit increase in steady-state output, holding transit time
constant. Moreover, using (2.7) and (2.8), we have

Cilap)™ = anT,. ' 2.9
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Using (2.3), we can write (2.9) as
Ck = —anTk, (210)

so that in equilibrium, the marginal cost of capital equals the value of
its marginal product.

We have then three views of, or rationales for, the congestion toll
that would be levied by the competitive firm. The toll is a levy exacted
by the firm on additional users to compensate existing users for their
increased transit time, it is a bribe which existing users would pay to
the firm not to allow additional users, or it is a capital charge made by
the firm for the additional capacity it must provide inorder that the new
users do not increase the transit time of existing users. Under each of
these views, the firm sees additional users as imposing an opportunity
cost or a direct resource cost on the firm and internalizes this crowding
externality as a cost which, in turn, is levied on the highway users
through the congestion toll.

The average cost of providing roadway for expected throughput a is

Cla, k)
—

AC = (2.11

For constant transit time (quality), average expected costs will be a
minimum when

C, + Cilay)™' = AC. 2.12)
But from (2.8) and (2.9), we have
p =Cq + Cilap)™, (2.13)

so that in competitive industry equilibrium, constant-quality average
cost is a minimum and the tolls cover the cost of capital.!!

In the steady state, the rate at which vehicles arrive must equal the
rate at which they exit the highway, that is,

a* = N*u(N*, k), (2.14)

where * denotes steady state. Thus, in the steady state, we have

ES

N* = ____,L(}\‘;*’ 8 (2.15)
and
1
T* = —;(IV—*’—k). (2.16)

11. At the industry level, the zero profit condition requires that new firms can enter at
the same costs of existing firms. If this is not the case, then firms who previously entered
will earn rents on their roadways, but tolls will still cover costs of the marginal firm.
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Changes in roadway capacity must then increase arrivals until system
size rises enough to offset the effect of capital on vehicle speed. The
empirical implication, for which we all have frustrating evidence, is
that in a system with many alternate routes, that is, a competitive
system, the opening of new lanes increases the number of users w1th
little or no effect on vehicle speed.

A striking feature of the competitive outcome is that each firm
achieves an output flow which is less than the maximum achievable
traffic flow. Walters (1961) first showed that ‘‘desirable traffic fiow is
always less than capacity flow,”” and it is interesting to observe that
competition achieves this result even under uncertainty. We can prove
this by first noting that throughput » is

n = NuN, k). 2.17)

But in the steady state, n = a*. The maximizing throughput price is p
such that da*/dp) = 0, which is inconsistent with competitive equilib-
rium. Competition requires that for each firm (da*/dp) < 0, so that the
expected level of excess capacity will be positive.'? In other words,
mean highway throughput is less than maximum throughput, or
engineering-rated capacity. The fact that the expectation of excess
capacity is positive does not imply that the maximum throughput is
never reached, but only that this cannot be the expected system state.!®
Thus, traffic jams do occur, in contrast to the certainty theory, but they
are random and infrequent enough so that mean output is less than

capacity. '

IIl. Pricing and Priorities for Mixed Traffic

Up to this point the analysis has been carried out assuming that traffic
is homogenous, that is, that all vehicles have the same expected transit
time. It is clear, however, to even the casual user of the highway
system that trucks and autos have different expected transit times.
Moreover, the impact of additional truck traffic on auto transit time
differs from the impact of additional auto traffic on truck transit time.
We can capture the essential differences in these various types of
traffic by focusing on three characteristics—time value of load, mean
service time (the reciprocal of speed), and the effect that each form of
traffic has on itself and other traffic forms at various levels of highway
saturation.

12. The competitive industry produces the maximum output for any given level of
quality. Thus, there is no excess capacity at constant quality.

13. Recall that it is necessary and sufficient for the existence of a steady-state solution
that the system have a nonzero probability of being empty. For the state dependent
service case, the service rate falls below the arrival rate for large N so that p, = 0 and the
system explodes.
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Let the service rate y for automobiles over a roadway AB be related
to N, the number of autos on the highway; Ny, the number of trucks;
and k, the capacity of the highway, as

'}' = Y(NMs NT’ k)- (31)
Likewise, the mean service rate 7 for trucks is given by
T = T(NMy N’l" k)- . (32)

Both y and 7 indicate how many trips either type of vehicle could be
expected to complete per unit of time were they to be continuously in
operation. Mean trip times are 1/y and 1/7, so that whenever the service
rate falls, trip time rises.

Notice that the service rates depend upon the numbers of both types
of vehicles present in the system. The effects of traffic on service rates
may be summarized as follows:

')/Ni9 TNi < 051 = M, T- (33)

The greater the number of vehicles of either type on the higilway, the
lower is the service rate for each. It is generally agreed that service
rates do not differ greatly for low congestion levels; that is, y = 7 at low
ratios of vehicles relative to capacity. As the volume of vehicles grows
relative to capacity, the service rates for both autos and trucks fall, but
the transit time of trucks relative to autos grows. This means that the
difference y — 7 is positive and larger the greater is the total number of
vehicles in the system, although the effect varies with composition of
vehicles. In general then, v = 1.

By assuming that demand for roadway use for each vehicle type
depends only on that vehicle type’s full price, we can write the steady-
state arrival rates of autos and trucks as functions of prices and capac-

1ty

- + 4+
c = C(pM’ Prs k)9
+ - 4 (3.4)
t = tpuy, pr, k).

Expected profits are then
7 = pyuc(Py> Prs K) + prt(pus, prs k) — dlc, 1, k), (3.5)

where ¢ is the expected cost function. As above, the firms can control
capacity and arrivals or capacity and prices but not all three since the
full prices are market determined. The maximization of profits requires
that prices be set so that

Py = e + cnyldTyJ0c) + tmAdT40c), 3.6)

pbr = ¢t + CT)N(BTM/GI) + IT)T(BTT/BI). (3.7)
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Thus, the equilibrium prices must equal the direct marginal cost plus
congestion charges equal to the sum of the value of the time lost by
both autos and trucks because of an additional steady-state auto or
truck arrival. '

It is clear that the user charges must take the composition of vehicles
in the system into account as well as the total number of vehicles. The
reason for this lies in the magnitude of the cross-congestion effect. If,
for example, the effect of an additional auto on truck transit time is
greater than the effect of an additional truck on truck transit time when
the proportion of trucks exceeds one-half, then efficiency would re-
quire a higher congestion toll for autos than trucks during those periods
when trucks comprise the bulk of the traffic, such as nighttime on
cross-country highways. During rush hour on urban expressways,
trucks would pay higher tolls than autos.

In queuing systems where the service rates differ between classes of
users, a priority system which assigns highest priority to the user with
the highest service rate can reduce the total waiting time. However, if
the users with low priority have the higher value of time, then it is not
necessarily desirable to give priority to those users with the lowest
service time. In hilly terrain, where the service rate for trucks is much
lower than for cars, efficiency may require that trucks be restricted to
the right lane when climbing. Downbhill, the service rates do not differ
much, and this restriction might not be useful except to reduce lane
switching, which can reduce the throughput of the highway.

IV. *“Price Taking’’ as a Norm for the Highway Authority

We hypothesized competition in the operation of highways to derive
efficient road-user charges. It is immaterial if competition is feasible in
the provision of highways, since the efficient prices we derived should
be charged by a highway authority who seeks to maximize the public
good, here interpreted to be an efficient allocation of resources. The
theory of competitive pricing has often been pointed to as providing a
normative model of behavior for the manager of a publicly owned en-
terprise. Since highway authorities are typically regional monop-
olists, it is clear that one must consider the implications of this
monopoly power when highway pricing is advocated.

In this context, the preceding analysis provides normative rules for
pricing and sizing the highway system, and the allocative results of
those rules are efficient. For example, suppose the highway authority is
considering adding a road segment to its system and that this road will
divert users from other roads. Should the benefits of the added segment .
be counted as the user charges received for its use less the revenue lost
on other roads? Competitive theory tells us that diversions from other
firms are ignored when a firm makes a decision, and this rule is a guide
to the right decision in the present case.
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If the authority calculates the marginal revenue of a new highway, it
will underestimate benefits because the marginal benefits revealed to it
are those revealed to a monopolist who internalizes the decreasing
returns to highway capacity. The benefits of the new roadway capacity
should be calculated as its average revenue. If the addition is sizable,
then the addition will reduce the average valuation of capacity and
should be valued at this lower level. In other words, road capacity
should be expanded until the average revenue of capacity equals the
cost per mile.

The price-taking behavior described above leads to optimal tolls and
capacity if all roads are priced. If, as is the more usual case, some if not
all roads are priced at zero, then rules derivable from ‘‘second-best”’
considerations become relevant. In these cases, traffic diverted from
other roadways does matter. In particular, Mohring (1970) has shown
that if all roadway tolls are required to be equal, then the price-taking
behavior will, in general, not be optimal. Thus, a price-taking decision
rule will only apply if the road in question is to be priced, and then only
if the only constraint on other roadways is that their tolls are restricted
to zero.!

V. Summary and Conclusions

The above results that highway tolls should exceed the direct marginal
cost by a congestion charge are similar to results obtained in previous
work using a certainty model. There are, however, some significant
differences between the certainty models and our work that affect
conclusions concerning the operation of the highway system under
optimal pricing. The certainty theory assumes the existence of a steady
state, whereas, for our stochastic model, the steady state exists only if
there is ‘‘excess’’ capacity in the highway system. In the certainty
theory, prices which reflect marginal congestion cost result in traffic
flows well below the saturation level of the highway. Under uncertainty
this nice result cannot be achieved since the efficient prices result only
in an expected traffic flow which is less than the saturation level.
Accordingly, a positive probability of saturation exists, and therefore
the highways will on occasion become ‘‘parking lots.”

Because of the positive probability of a traffic jam, even with an
optimal pricing structure, information systems become valuable. The
value of such systems lies in their impact on the arrival rate. Once the

14, The problem here is under what conditions should the highway authority desire to
meet the first-best optimizing conditions even though it cannot meet them for all road-
ways. This is the general problem of the second best and is handied exceptionally well by
Davis and Whinston (1965). In that work, they prove that if the additional constraints
(e.g., tolls restricted to zero) contain only variables for the deviant, then, except for the
deviants, all other first-best conditions should be met. Thus, even if some roadways have
tolls restricted to zero, it does not follow that competitive pricing is not optimal on those
roadways with tolls.
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system reaches a saturated state, the only way it can return to the range
of stability is for the arrival rate to fall. Information on the state of the
system can result in just such a decrease in the arrival rate.

A number of freeway systems have various rules regarding the
allowed behavior of certain classes of vehicles, principally trucks and
cars. The reason for distinguishing these two vehicle types is that they
have differential impact on the service rate of the system and one
another. Moreover, this differential impact varies by terrain and road-
way. Our results indicate that an efficient pricing structure of au-
tomobiles versus trucks depends on the relative values of time and
service rates. The auto toll is greater the greater is the marginal impact
of automobile traffic on the truck service rate and the greater is the
value of time for trucks. Similarly, the truck toll is greater the greater is
the marginal impact of trucks on the automobile service rate and the
greater is the value of time of automobiles.
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