RIGHT OF WAY AND CONGESTION TOLL

By Eitan Berglas, David Fresko and David Pines*

1. INTRODUCTION

This paper is concerned with the economics of reserved right of way, that is, of
separate facilities (roads or lanes within roads) for automobiles and buses in con-
gested urban areas. The discussion of this issue appears frequently in conjunction
with second-best considerations. The reserved right of way is judged as a device
for changing the relative attractiveness of mass transport compared with the
automobile, when the warranted congestion toll is not levied (see Vickrey, 1963).
We show in this paper that assigning separate facilities (roads or lanes) may be
optimal both when a congestion toll is charged to automobile drivers (hereafter
“first-best”) and when no such toll is charged (hereafter “second-best™).

The result of separation has appeared in earlier writings as a variant of the
theory of clubs (see Mohring, 1965, and Berglas and Pines, 1981); but it then
stemmed from an assumption that people have different tastes, or different cost
functions. In this paper it is derived exclusively from differences in the character-
istics of the modes. We distinguish two main differences between modes which are
reflected in the congestion functions commonly used in the literature. First,
modes differ in the contribution of a passenger trip to congestion. Second, they
differ in the effect of congestion on cost, defined as aversion! to congestion. The
paper elaborates on the role of these two kinds of differences between modes in
justifying separation of facilities. A comparison is made between the character-
istics of the allocations under common and separate use of transport facilities,
and between first and second-best for each regime.

Finally we re-examine the question of a second-best optimal pricing of buses,
(that is, when the automobile driver does not pay the warranted congestion toll).
Our analysis implies that under a regime of separate facilities it is less likely

*Foerder Institute for Economic Research, Faculty of Social Sciences, Tel-Aviv University,
Israel. Financial assistance from the Foerder Institute for Economic Research is gratefully
acknowledged. We are indebted to Richard Arnott for helpful comments and suggestions.

1 We use the term ““aversion” in spite of the fact that in the context of this paper the con-
gestion affects the cost rather than utility. But none of our results would be changed if we
were to modify the model presented in this paper so that the congestion affected the utility
rather than the cost.
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(relative to the common use of facilities, which is extensively analysed in the
literature) that the buses should be subsidised.

Section 2 presents the model and the concept of aversion to and creation of
congestion. Section 3 is devoted to first-best and section 4 to second-best alloc-
ations. Some possible extensions are mentioned in the concluding remarks of
section 5.

2. THE MODEL

Let the utility of a representative individual depend on a composite good, X, and
a number of trips made in two different modes, A (say automobiles) and B (say
buses), that is, u(X, 4, B). With the price of the composite good as a numeraire,
and the prices of trips according to the mode, P4, Pg, the compensated demands
are:

X =x(P4. Pg, 0, )
A=a(P,, Pg, u), )
B=b(P,, Py, u). 3)

Each of the # individuals is endowed with I units of the composite commodity,
of which he consumes directly X units. The total quantity of resources used in
transport depends on the volume of traffic and its composition according to
modes, on the resources used in producing the facilities which accommodate the
traffic, and on the allocation of these facilities between the two modes. More
specifically, we distinguish between two alternative transport regimes:

1. Common use of the facility

The resource constraint is represented by:

nX + nAFA(nA, nB, W) + nBFE(nA, nB, W) + ¢(W) = nl, 4D

where -

1% = size of the common facility (say road width);

Fi() = average cost (in terms of the composite good) of a trip using
mode i which depends on volume of traffic of the two modes and
the size of the facility;

é(W) = cost (in terms of the composite good) of producing W.

I1. Separate facilities

The resource constraint is represented by:
nX +nAFA(n4, 0, W)+ nBFB(0, nB, Wg)+ YW, Wg)=nl (41D
where
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W; = size of the facility accommodating the traffic of mode i,
(i=4.,B).
Y(W4, Wg) = cost (in terms of the composite good) of producing W 4
and Wp.
Assumptions

Throughout the paper we shall make different assumptions, concerning the trip
and the infrastructure cost functions, from among the following:

AS1 (differentiability ): _
The cost of trip function F'(nd, nB, W), i = A, B, is twice differentiable, and the
derivatives (denoted by subscripts) obey:

F{>0,F;>0,F{<0,F{ >0,F},>0,Fi,>0,Fi >0,Fi, >0.

AS2 (separability):
The cost of trip function is weakly separable (assumed by Sherman, 1971):

Fl(-)=g[h(n4, nB), W]

AS3 (weighted sum):
The volume of traffic appears as a weighted sum of the number of trips in the two
modes:

h(nA, nB) =knA + nB

and, therefore,
Fi()=gi(knA +nB,W)

where k is the number of bus passenger trips which have the same effect on con-
gestion as one automobile passenger trip.

AS4 (density):
The cost of a trip is a function of density, where density is defined as
D = (knA + nb)/W. Thus

Fi(-)=gi(*)=fi[(knA +nB)/W] =f(D)

ASS5 (constant elasticity ):
The elasticity of the congestion effect with respect to density is constant:

Fi(-)=g'()=fiD)=p{+p] ((knd +nB)WIP2=pj +p} DP
pg:Pi>0,p5>1.
Observe that the same restrictions on derivatives apply to all five of these assump-
tions, and furthermore that each assumption is a special case of the earlier one.

We add two assumptions which refer to the cost of the facilities functions in the
two regimes.
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TABLE 1
AS1 AS2 AS3 AS4 * ASS

. . , . k ) kpi X .

Fly Fi g1h kg’l —W—f't — 72 (F - o)
(knA + nB)

i i j j 1, Py j
FnB F2 glth gll TVf'l (knA+nB) (F_plO)
Fﬁ/ Fg gi2 gi2 _ (knA +2nB) £ _pi2 (knA +2nB) (F _pté)

1% w

*where f'' = df ¥(D)/dD.

AS6 (constant marginal cost):
The marginal cost of capacity is constant:

(W, Wg)=Cy+ oWy +tWp)=Cy+C W, +C Wy

Assumption AS6 allows positive separation cost. C,,, the cost of separated lanes,
may exceed the cost of the same number of lanes when they are used simul-
taneously by the two modes).

AS7 (zero separation costs):
YW, Wg)=6(W, +Wp)
0<¢'<o¢/W

The tabulation of derivatives in Table 1 will be helpful in the consideration of
the different assumptions.

Assumptions (AS1) through (AS7) are widely used in both theoretical and
empirical writings. At a later stage we shall discuss their compatibility with
empirical evidence. At this stage we prefer to continue with the analysis and
derive the implications of the different assumptions for the allocation of re-
sources.
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Before we proceed, it is useful to introduce two definitions. All definitions
apply to regime I, that is, to the case where the two modes use a common facility.

F-1. Mode i will be said to demonstrate a greater and mode j a smaller aversion
to congestion if F P> FJ and F P> Ff at any given combination of nA4, nB,
and W. (Given assumptlon AS4 (dens1ty), this implies £ '* > f ' for any
D)

F-2. Mode A is said to create a larger congestion effect than mode B if for any
given combination n, 4, B, and W:

F4>F% and FE>F5,
Given AS4 (density), this implies £ > 1.

In the next section we first derive the optimal allocation and prices, starting
with the more general case, using AS1 (differentiability), and then turn to study
the implications of the more restrictive assumptions.

3. FIRST-BEST ALLOCATION

In the first-best allocation the planner can choose the prices, P, and Pp, the size
of the facility (facilities) in regime I(II), and the regime itself, in order to max-
imise u. Formally, the problem is to maximise u over P4, P,, and W, subject to
(1)-(3) and (4-I), to maximise u over P4, Pg, W4, and Wp, subject to (1)-(3) and
(4-1I), and to choose the regime under which the resulting maximised utility is
higher. If we form the appropriate Lagrangean using (1)-(3) and the property of
compensated demand functions, the well-known first order conditions can be
derived (using abbreviated notation):

For regime I:
P, =FA +nAF4+nBr5 (5-D
- B A B -

Py =FB +nAF% +nBF, (6-)
nAF4 +nBF8+¢' =0, (7-D

and for regime II:
P, =FA +nAF{, (5-1I)

- B B -

Py =F8 +nBF?, (6-I1)
nAF 4 +y; (W4, Wg) =0, (7-11-A)
nBF 8+ y,(W 4, Wg)=0. (7-11-B)
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Equations (5) and (6) imply marginal cost pricing, and equations (7) say that
the marginal cost equals the marginal benefit of the facility. It is assumed that the
average variable cost is paid directly by users. Thus the following congestion tolls
(#") are to be levied on a passenger trip by the respective modes (i = 4,B):

Regime I:
A_ A B
z‘I—nAF1 +nBF{,
B _ A B
tI—nAF2+nBF2.
Regime II:
A _ A
tH—nAF1 ,
B _ B
l‘H—nBF2

Solving the above maximisation problem, we obtain u*(n), Py (n), PE(n), and
W*(n), where stars denote optimal values, given n. It has been shown (see Berglas
and Pines, 1981) that the revenue collected from the tolls and the cost of the
facility (regime I) or facilities (regime II) satisfy the following relation:

Revenue — Cost % 0<=>du* (n)ldn ; 0

If the size of the population happens to be optimal, the revenue from the toll
is just sufficient to cover the cost of the facility. Furthermore, if 4 and FZ are
homogeneous of degree zero in nA4, nB, and W, and ¢ and ¢ are homogeneous of
degree one in W, then du*(n)/dn = 0 for all #n, and therefore the revenue is equal
to the cost for any population size. _

Observe that AS4 (density) implies zero homogeneity of F'. Thus AS4 (dens-
ity), AS7 (zero separation costs), and linear homogeneity of ¢ guarantee that the
optimal revenue collected from toll exactly covers costs in both regimes I and II.

Now we turn to characterise the allocations in the two regimes.

Proposition 1
If:
(a) AS4 (density)
(b) AS6 (constant marginal cost)
(c) the two modes demonstrate equal aversion to congestion, i.e.

f'4D)=r"8(D)=r"'D)
and
(d) mode A creates more congestion than B, i.e. k > 1,
then the optimal densities under regime II differ from that under regime I, so that

D% >D3,5>Dj,
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where D* and D§ denote optimal density in separate roads for modes A and B
respectively, while D | p is the optimal density in the common road.

Proof
It follows from (7-1), (7-1I-A) and (7-1I-B) that under the above assumptions:
A+B - .
kA +Bf’(D:i +B)Dz?l'3 - Cl’ (1)
LI OpDE =Cy, (i
f'opp¥=c,, (i)
or
kA+B N
£'(Df4p)D%4p = C 1(—1413)1 ; @
F'(3D"2 =Cik, (i)’
r'OpDY =c,. (i)’

Since
| < KA*B)
(A+B)

and f'(D) increases with D (this follows from AS1 (differentiability)),

H

D* >D% .5 >Dg .
A A+B ~ B Q.ED.

Proposition 2.
If:
(a) AS4 (density),
(b) AS6 (constant marginal cost),
(c) the two modes create the same congestion effect, i.e. . k= 1,
and
(d) modes A4 and B demonstrate aversion to congestion,
then:

14 > < <

vD,f'4 Zf'B=>Dy SD3,, 5D}

Proof

We provide the proof for the case f'4 > f'5B.

It follows from (7-I), (7-II-A), and (7-II-B) that under the above assumptions:

171



May 1984 JOURNAL OF TRANSPORT ECONOMICS AND POLICY

_ A capx V4B B« D2 =c,, @)
[(A +B)f (DA+B) A +B)f ( A+B) A+B 1
fA@HD2=cy, G
FROpDE=C; (i)
Since f’A(D;’1‘+B)>f'B(Dj+B)
we have F'4 (D§+B)D::12+B > C1=F'A (D}Z)D:Z2 .

Since F "4 increases with D (AS1 (differentiability)), we must have D A*+ g~ Dj.
Similarly, D%, p <Dj3.
Q.E.D.

Propositions 1 and 2 suggest that in optimal separate roads traffic density is
higher as the creation of congestion is higher and the aversion to congestion is
lower. In the common road the density is averaged according to some average
creation of congestion and aversion to congestion of the two modes. Under
certain conditions this averaging can be shown to be inefficient. :

Proposition 3
Under AS4 (density) and AS7 (zero separation costs), regime I cannot be
superior, and most probably is inferior, to regime II.

Proof
Suppose X*, A* B¥*, W”; m’gximise u under regime I so that u=u*. Consider an
alternative allocation (Y, AB W 4> WB) under regime 11

X=x*T=a*F=p*W,=—*4" _yx
’ ’ "4 (kA* + B*)
W = B* *
B (kA*+B*) )

It can be easily verified that the allocation (X, 4, B, W 1> Wg) which allows u* is
also feasible. But it is not optimal as long as it does not satisfy conditions (5-II),
(6-1I), (7-11-A), and (7-II-B).

If f'4 s f'B or k # 1, then by propositions 1 and 2 the density on the separate
roads is not optimal and utility can be increased. The only exceptional case where
the common road is not inferior is the case where ¥ > 1 and f'4 < f'B'in a co-
ordinated way, so that the congestion on optimally separate roads will be exactly
equal to that of the common road.

Given (7-1I-A) and (7-1I-B)
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14 2 _
'B 2 =
B DpID} =,

For equal optimal D it is necessary that
A=k
This is certainly a very special case.?

A calculation of the difference in utilities under mixed and separate roads is
illustrated for specific functions and parameters in Appendix A.

Proposition 3 is analogous to the segregation theorem of the club theory
(Berglas and Pines, 1981). But in that case the segregation results from the ass-
umption that individuals may have different tastes or private costs of congestion:
for example, time may be differently valued by individuals (see also Mohring,
1965). In the present case, the segregation theorem results from different char-
acteristics of different modes of transport used by identical individuals.

It should be emphasised that separation is necessary as part of the optimal
allocation, and that optimal density depends on characteristics of the different
modes.

The validity of propositions 1 to 3 hinges, of course, on the underlying assump-
tions. We therefore turn to consider the existing literature. AS3 (weighted sum)
is common practice in measuring the volume of traffic (see for example Highway
Research Board, 1965). AS4 (density) is most commonly used (see survey by
Mohring, 1976). The more restrictive form of ASS (constant elasticity) is used in
empirical works, for example, Vickrey (1963) (1965), U. S. Department of
Transportation (1977) and in theoretical work, for example, Solow and Vickrey
(1971) and Mills and Ferranti (1971). Vickrey (1965) makes the empirical
observation that p, is constant over a substantial range of density. Thus at any
rate AS4 (density), used in the proof of propositions 1 to 3, is not at odds with
existing literature and the empirical evidence.

Assumption AS6 (constant marginal cost) is also widely used: see, for example,
Meyer, Kain and Wohl (1965) and Mohring (1976). It is also not inconsistent with
Vickrey (1963) as long as separation costs are independent of the distribution of
lanes between modes (see below).

In proving proposition 3 we used AS7 (zero separation costs). Opinions differ
on the validity of this assumption. Some researchers believe in an even stronger
form of AS7, that is:

YWy, Wp)=o(W, +Wp)=CiW, +C Wp

This is the case where road construction exhibits constant returns to scale.
Mohring (1976, p. 145) mentions the inconclusive empirical evidence on returns

2 The same proof can be extended to the case where D, and D appear also in the utility
function and therefore in the compensated demand funcfllons O serve that this provides an
additional motive for different dens1t1es on se%arate roads. Different densities on separate roads
can now be optimalevenif k=1 and f A o =f'
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to scale in road construction. However, following Meyer, Kain and Wohl (1965),
he calculates cost functions for road construction that imply increasing returns
to scale. But increasing returns to scale in road construction do not alone invalid-
ate AS7 (zero separation costs) as long as separation of lanes according to modes
is costless.

The costs of lane separation are discussed by Vickrey (1965), who believes that
reserving lanes for buses introduces formidable problems in dealing with inter-
sections and pick-up points. The reservation of right of way for buses in many
cities may indicate that separation costs are not prohibitive, or, alternatively, that
the benefits from separation indicated by proposition 3 outweigh separation
costs.

Finally there is the question of indivisibility. The number of buses may be too
small to justify even one lane (or an integer number of lanes). This integer
problem is discussed extensively in club theory (see Berglas and Pines, 1981).
Anyway, this consideration becomes less important as the number of users is
increased.

When optimality requires separation the question may arise whether an admin-
istrative allocation of rights of way is indispensible, or whether certain pricing
rules may be sufficient. It is clear that if we can charge each mode a different
price on road A and road B such prices exist. In particular, it can be shown that
marginal cost pricing is sufficient in this case for voluntary separation.3

After demonstrating that a segregation of modes may be optimal in the first-
best, we turn to examine its role and implication in second-best conditions where
full pricing is infeasible.

4. A SECOND-BEST ALLOCATION

In this section we discuss the case in which it is not feasible to charge the war-
ranted price of a trip by mode A, say automobiles. Thus the price paid by the
individual for a trip by A is the average variable cost, which, in turn, depends on
the traffic conditions. The planner can, however, determine the price of B.
Formally, u is maximised subject to (1)-(4) and an additional constraint

P, =FA(n4, nB, W) (8D
in case of regime I, and
P, =FA(n4, O, W) (8-I1)

in case of regime II.

3 An indication of the proof is simple. Consider the case where f A = f *B_If the automobile
driver were charged Pp for using facility B, he would use facility B. But, if he were charged kPp
he would prefer to use facility A rather than B. This is because, by proposition 1, his cost
minimisation requires that he use a road with higher density.
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Define:

A=aby — a,b; >0 ©)

where, as before, a(P4, Pg, u) and b(P,, Pg, u) are the compensated demand
functions for 4 and B, and subscripts denote partial derivatives.

The inequality sign follows from the concavity, that is, E11E,, — E%z >0,
and the derivative properties, (that is, E 1 = a, and E, = b) of the expenditure
function, E. Then the necessary conditions for an optimal common road are
(see Appendix B): '

Py — FB =nAF} + nBFS — \[F§ +a,/(n0)] , (10-D
nAF4 +nBFS +¢' — \NF4 =0, (11-I)
where
= B
N=n2MAF] + BFD/(iAFA — b)), (12-D),

A is the shadow price of constraint (8-I) in terms of the composite good. It
reflects the quantity of resources that can be saved by increasing the price of
automobiles by one unit. The term in the bracket of equation (10-D) is the effect
of a unit increase in B on the price of A4, P, . This effect is composed of a direct
component F‘g and an indirect one a,/(nA). The total effect is multiplied by A
to reflect a social gain element, resulting from an additional unit of bus traffic.
It is therefore subtracted from the direct marginal social cost of a unit trip by
B, FB + nAF4 + nBFg, to arrive at the net social cost of a trip by bus.

Similarly, in comparison with first-best, an additional cost element is added to
the marginal cost-benefit calculation of W, >\F§1 . F4 reflects the reduction in F4
resulting from a marginal increase in W. But this reauction in cost is also a reduc-
tion in the price of A, which increases the distortion by X\ (per unit of price
reduction).

In the case of regime II, (10)-(12) become (see Appendix B)

Py =Fp +nBF5 — \a,/(nb) (10-ID)
nAF§ +y; —\FPf =0 (11-11-A)
nBF + 4, =0 (11-I1-B)
where
A=n2A A F{[(nAFY — b,)>0 (12-I1)
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These equations allow us to examine the applicability of propositions 1-3 to
the second-best case. The results are given below, and their proofs are in Appen-
dix C.

Proposition 1’
Under the assumption of proposition 1 we have:

D% > D}
Dj+p > Dj

The difference between propositions 1 and 1”is that in the latter we cannot deter-
mine the relation between D% , o and D% 4
Proposition 2 becomes:

Proposition 2'
If assumptions (a)-(c) of proposition 2 are satisfied, and

(d) rF"AD)<f'BD)foralD,

then
D35> Dj

D% > D}

We cannot determine the relation between the densities if f'4 > f 'B i nor can we
determine the relationships if f'4 = f'5.
Proposition 3 becomes:

Proposition 3'

Given AS4 (density), AS6 (constant marginal cost), and the second-best restric-
tion on the pricing of mode A, it is still true that separate roads are never less
efficient, and are most probably more efficient, than a common road.

The proof follows the same steps as that of proposition 3, and need not be
repeated.

In the case of the first-best we have shown that appropriate pricing can guaran-
tee the optimal segregation of roads according to mode. By definition, in the
second-best the automobile pays the average cost. Therefore, if the automobile
driver is left to decide which road to use he will certainly prefer the bus road,
where, according to proposition 1’, the density is lower. Therefore, optimality
requires an administrative exclusive right of way for the bus.

We now turn to a comparison between first- and second-best allocations.

4 If, however, b is homogeneous of degree zero in P, and Pp, A vanishes and so does A. In
this case proposition 1° and 1 are identical.
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Proposition 4
If: '
(a) AS4 (density)
(b) AS6 (constant marginal cost)
(c) mode A creates higher congestion than mode B (k > 1),
then, in regime II:
(1) The optimal density in the facility of mode A is higher in the second- than
in the first-best,
(2) The optimal density in the facility of mode B (for which optimal pricing is
feasible) is the same in the first- and second-best.

Proof
Denote by D¥* the optimal density in facility i(i = A,B) under second-best alloc-
ation. Then (7-1I-A), (7-1I-B) (11-II-A), and (11-II-B) imply:

(nA — N 'A'D** D**2 = =1 'A'D* D *2
knAf(A)A €1 kf(A)A'

It follows that D¥*>D 4 since (n4 — N)/(knA) < 1/k .
Also we have:

*:
7*B@g*Dp 2= Cy =1 P DD,

which implies D*}§ =D}

Q.ED.
Proposition 4 implies also:

Proposition 5
If:
(a) AS4 (density,
(b) AS6 (constant marginal cost),
then, in regime II, the optimal price of B in the second-best, denoted by Pg*,is
never higher than that of the first-best, denoted by P3.

Proof
The assumptions imply:

nBFS = ’;Vif'B(DB) =Dpf'B(Dy).

Therefore

FB +nAFE = fB(Dy)+ Dpf 'B(Dp) . 0
In the first-best we have

Py =F® +nBF§ = D) + D3f " py (i)
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In the second-best we have
Py* = FB + nBFS — Nay/nA <FB+nBF} = 2 (DE*) + Dy*f'Bgty (D
(by 12-1I)

According to proposition 4, Dy = D§*; therefore
PE = PE*

Q.ED.

It follows from (10-I) and (10-II) that the price of a trip by bus is lower than the

direct marginal cost. The question immediately arises whether the price should be

higher or lower than the average cost which is borne by the user. In other words,
the question is whether z‘]ig =Pp— F8 (i =1, II) is positive or negative.

The sign of t? seems to be of special interest in the literature, since t"? >0

implies that buses should pay a congestion toll even in the case where auto-
mobiles do not, and t? < 0 means that buses should be subsidised. Thus our
following analysis will concentrate on the sign of ¢3.

Using (9), (10-I), (12-1), and AS2 (separabilitys, we can derive (see Appendix
B):

nb2 (AF“% + BFIf) na :PB nFB :nB 4
tB=py - FB =— —ta 5 (13D
_ (nAF A —by) | Tp:py "FBina

where 'f?i: i elasticity of i with respect toj.
Thus,

n n._B
P F?:nB ‘14-
t’IB=PB—FBZO<=>~ na B S'ﬂ n (14-1)
< b:Py = "FBina

which is the condition derived by Sherman (1971). If, in addition, we assume AS3
(weighted sum), this condition reduces to:

B=p, — FB % 0 <=>ka, +b, ; 0 (15-1)

It follows from (15-I) that bus passengers should pay congestion toll, that is,
8> 0 if either (1) ay <O, or (2) the weighted volume of traffic k4 + B falls when
the price of a bus trip increases.

So far we have considered the optimal toll when the road is commonly used
(regime I). This issue is extensively discussed in the existing literature. We now
turn to consider optimal tolls under regime II, which by proposition 3’ is more
efficient than regime I.

178



RIGHT OF WAY AND CONGESTION TOLL Eitan Berglas et al.

Under regime II, (10-1) collapses to:
Py — FB=nBF5 —a,/ni (10-11)

Comparing (10-II) with (10-I), we observe that
FAnA — \F4 = F4(nA-N),

of (10-I) disappears in (10-II). F‘z‘1 nA is the additional external negative effect of
a unit of bus traffic on automobile travellers. But —>\F‘;_1 is the favourable effect
of increasing bus traffic, and thus congestion, on resource allocation. This in-
creased congestion is associated with an increase by F‘% of the effective price for
automobiles. A unit increase in the price of the automobile is associated with an
increase of A in social benefit. (A is the shadow price of constraint (I-II).) This
means that subsidising buses in the case of a common road has an extra benefit
which is missing in the case of separate roads.’ Consequently it is shown below
that under regime II it is less likely that buses should be subsidised.

Proposition 6
If: <
@ P04 = "B B,
and

(b) B and A4 and B and X are net substitutes,
then

B =Py —FE>0.

Proof
The above assumptions imply:

since the compensated demand is homogeneous of zero degree in price, and since
a, = bl' Thus:

(12/b2 > — Pp/P 4 since b, <0. (ii)
Suppose that the proposition is false. Then

th =Py — FB <0, and (ii) becomes (iii)

ay/by > FB/P, = —FB/F4 (since P, = F4), (iv)

It follows from (10-II) and (12-II) that:

5 Note that n4 > A, as can be verified from (12-II).
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tIBI =PB — FB = nBF2B- nAF’ila2/(an11 A— b2) > nBFzB'I' nAFfllaz/bz, )
since nAF‘;1 ay, nF‘i‘A and —b, are all positive.

Substituting (iii) into (v) yields:

th > nBFS — nAF{P,/P, i)
> nBFE — nAF{F?|P,

nBFB — nAF{F?[F4 (since P, = F4)

B — =0
F (nFB :nB 17FA :nA)

(since, by assumption (a <
p (a) nFA A =

nFB :nB)' (iii) contradicts (v). 0.ED.

On the basis of proposition 6, we claim that under regime II it is likely that
buses should be taxed. First, observe that proposmon 6 remalns valid if assump-
tion (a) refers to the elasticity of the portion of F4 and F® that is dependent on
congestion. Thus, if ASS5 (constant elasticity) is satisfied and p < p then
t8 > 0. According to the U.S. Department of Transportation (1977), = p2
”l! is is sufficient for 78, > 0. Furthermore, because of the inferior manoeuver—
ability of the bus (Vickrey, 1963), it may be true that bus passengers suffer more
from congestion (in terms of cost) than automobile drivers, that is ,o2 < p2 If
this is the case, then, a fortiori, tII > 0.

5. CONCLUDING REMARKS

In this paper we have demonstrated the case for reserved rights of way for buses
and private automobiles. Furthermore, we have proved that the case for separa-
tion arises from differences in the characteristics of the two modes. More specific-
ally, it has been shown that differences either in aversion to congestion or in the
creation of congestion are sufficient to justify separation of traffic, provided that
the technology of road construction demonstrates, properly defined, zero separ-
ation cost. It was further argued that road separation, that is, assigning exclusive
rights of way, is also required in the second-best situation where a congestion toll
is being paid by buses but not by automobiles. We derived the optimal congestion
toll for this case, and the conditions in which buses should pay tax even when
automobiles do not. The likelihood of these conditions was discussed. It is shown
that the case for charging buses with congestion toll is strengthened when separate
lanes are allocated for the buses.

As in any study, our results follow from the assumptions. It is therefore
important to examine the implications of some changes in these assumptions. In
particular, throughout the paper it is assumed that all consumers are identical.
This assumption can be relaxed by introducing several alternative cases:
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¢9)

2

(3)

There are different consumers, everybody using both modes, and cost
functions for every individual are identical — all the results hold.

There are two types of individuals, having different utility functions
and incomes. In accordance with their tastes, in the range of the prices
considered, type-one individuals use only buses and type-two only
automobiles. Considering Pareto-efficient allocations, all propositions
in this paper regarding optimal densities and the superiority of road
separation are unchanged. There is one stronger result, which is that
bus travellers, provided they use separate roads, should pay first-best
congestion tolls even under the second-best conditions. This strengthens
the case for charging congestion tolls on exclusive roads for buses.
Under these assumptions, some identify automobile drivers as the rich
and bus users as the poor, and use this to recommend subsidies for
buses. The analysis in this paper was restricted to the issue of efficient
allocation and pricing, and has not touched equity considerations. It
is still useful for the study of excess burden associated with subsidies
given on grounds of equity.

Different people using the same mode have different cost functions,
perhaps because they have different values of time (or, what is equiva-
lent, they have different utility functions, and density is an argument in
the utility function). In this case there is an added benefit to road
separation. There should even be several roads for automobiles serving
people who have different values of time, provided, of course, that the
demands are high enough to justify at least one lane for every group.
This is the case analysed by Mohring (1965) and by Berglas and Pines
(1981).

APPENDIX A

A Numerical Example of the Optimality of Lane Separation

B.1 First-best allocation without lane separation
We assume the following utility function:

u=X+06In4A4+041nB

The cost of road construction is given by:

o(W)=w

The direct (user’s) cost of undertaking a trip in each of these two modes will be

given by:

FA = pB = (10n4 + nB)?
W

181




May 1984 JOURNAL OF TRANSPORT ECONOMICS AND POLICY

It can be seen from the above expressions that each trip by mode A4 is assumed
to contribute to congestion ten times as much as each trip by mode B.
We will also assume population size, n = 100, and per capita income, I = 100.

B.2 First-best allocation with lane separation
We assume the same utility function:

u=X+061In4A+041nB

The cost of constructing each of the two sections of the road is given by:
W O=W,
S(W5)=Wpy

The direct cost of undertaking a trip in each of the two modes is given by:
A = [(10nA)]2
WA
nB)7 2
[,

FB

Again, n = 100, and 7= 100.

B.3 Second-best allocation with lane separation
We assume the same functions as in Section B.2.

B.4 Comparison of alternative allocation schemes
Solving the allocation problems described in Sections B.1, B.2 and B.3, we get the
results shown in Table 2.

Comparing the results obtained under the two allocations corresponding to the
two alternative regimes in the first-best, we derive the following conclusions.

Utility, as expected, rises when roadway separation is introduced. Total road
width remains the same in the two cases,® and so does the quantity of the comp-
osite good consumed. The number of trips in each of the two modes rises: that, in
fact, is what causes the rise in utility. This results from the drop in the total cost
of travel in each of the two modes. In the case of mode A (which is the more con-
gestion-causing mode), the direct cost of travel rises as a result of lane separation,
but the optimal congestion toll drops. In the case of mode B, the direct cost of
travel drops, but the congestion toll rises. This means that, as a result of lane
separation, general travel conditions (travel speed, etc.) improve (density drops)
for the less congestion-causing mode, while they deteriorate (density rises) for the
competing mode. This provides an illustration of proposition 1. We can see that
lane separation by itself provides the planner with an additional parameter, which
enables him to achieve a Pareto improvement over the optimal conditions which
existed before the introduction of lane separation.

6 This results from the specific form of the utility and cost functions.
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TABLE 2
First-best First-best Second-best
without with with
Lane Lane Lane

Separation Separation Separation

WA Road width allocated to mode 4 - 40.00 40.00
Wp Road width allocated to mode B - 26.67 26.67
/4 Total road width 66.67 66.67 66.67
X Quantity of composite good consumed 99.00 99.00 98.60
A Number of trips made by mode 4 0.06 0.07 0.10
B Number of trips made by mode B 0.18 0.21 0.21
A+B  Total number of trips 0.24 0.28 0.31
P! Direct cost of trip by mode 4 1.39 2.92 6.08
t‘? Congestion toll levied on mode 4 8.48 5.85 0

PA Total cost of trip by mode 4 9.87 8.77 6.08
FB Direct cost of trip by mode B 1.39 0.63 0.63
Z‘IB Congestion toll levied on mode B 0.85 1.26 1.26
PB Total cost of trip by mode B 2.24 1.89 1.89
D ) 4+p  Density in common road 1.18 - -

DA Density in road for mode 4 - 1.71 2.47
DB Density in road for mode B - 0.79 0.79
u Utility 96.62 96.77 96.56

Comparing the results of lane separation in the first-best and second-best, we
reach the following results:

Utility, obviously, is higher in the first-best than in the second-best. Road
width allocated to each mode remains the same. The amount of the composite
good consumed is less in the second-best than in the first-best, so there is a drop
in utility in spite of the rise in the total number of trips. Travel conditions in
mode B (number of trips and travel costs), where optimal congestion tolls are
levied in both cases, remain the same. (This is a particular result, coming from the
fact that in the particular utility function assumed, a, = 0.) The number of trips
in mode A rises, even though the total cost of undertaking the trip rises. Density
rises in mode A, while remaining the same in mode B (illustrating proposition 4).
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APPENDIX B

Calculation of the Optimal Second-Best Toll

The Lagrangean of the second-best allocation under regime II (in abbreviated
notation) is:

L=u—\ (nx+naF4 +nbFB + ¢ —n) - \,(P, — F4)

The necessary conditions are (where use is made of the property of the compen-
sated demands, X, +Pya;+Ppb,=0,i=1,2 and (2) and (3)):

by [nAF4 +nBFB — \F{+ FB — Ppl +a,[nAF{ +nBf — \F{1 =—Nn, (A1)
b,[nAF§ +nBFS — \F4 + FB — Ppl +a,[nAF{ + nBF§ — \F{1=0, (A-2)

nBFS + nAF4 + ¢' + \F4 =0, (A-3).

where A =N\, /A,
Substituting (A-1) into (A-2) yields

2 A B
7\=n (alb2 —(12b1)(aF1 +bF7) >0
n(alb2 ——a2b1)F‘1‘1—b2

(A-4)

The inequality follows from F“%, F? >0, by, <0anda by, —a,b; >0 (the
expenditure function is concave in the prices).

(A-1) and (A-2) constitute a system of two linear equations in two unknowns.
Its solution yields:

a
Py — FB =nAF4 + nBFS — \|F4 + 2

n(ayby —a,by)

Substituting (A-4) into (A-5), it reduces to:

Fl P AF4
P, — FB =|nB(a b, — a,b FEFE (L - —2)- na,FB[——1 +B
B 172 B B FB
1 2 1
(A-6)

s(, F5 A -1
— nb,FB A}TB+B n(a b, — a,b Fi—b,
) 2

AS?2 (separability) implies

A)B - A/ B -
FA/FB = FA/FB. (AT)
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(A-6) and (A-7) yield:

A B
P, F=_ nbyAFP{+BFY)  [a,  F§
[n(al by — a,b, F4— b2] e, F%,

nbz(AF“l1 + BFf) na:P nFB :nb
m n
na by —ayb )F4 —b, | "'b:Py  "FPind

where
”a:PB =a,Pp/A

Mp:Pp =b,yPp/B
"B A = FBnA|FB
"pB B = F2BnB/FB
Under regime II, (AS6) collapses to:
nAFflla2
n(a;by— ayby)F4 — b,

B _. B
Pp — F —nBF2 —

APPENDIX C

Proofs of Propositions 1’ and 2'

Proposition 1'
If:
(a) AS4 (density),
(b) AS6 (constant marginal costs),
(c) the two modes demonstrate equal aversion to congestion, and
(d) mode A creates more congestion than B, i.e. k > 1,

(A-9)

then the optimal densities under regime II differ from those under regime [ so

that:
Dj > D;
D%.5>Dj
Proof

=c. _knA+nB
', D, p=C >C,
A+B"Y 4+B 1 (1A + nB—N)

€Y
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4
F'(¥D3 = ¢, ————(nk”A >kC, > C,

A—N) (ii)
f'(DHDY =C, (iii)
These above relations imply proposition 1’.
Q.E.D.
Proposition 2'
If:
(a) AS4 (density),
(b) AS6 (constant marginal costs),
(c) the two modes create the same congestion effect, i.e. k = 1, and
(d) £4(D) < f'B(D) for all D,
then:
D}.p>Dj
D} >D j
Proof
As in proposition 2, we can derive:
_ . B 2 _ R
[ 0t gy P00 T0Rs "
A nA—)\ 2 = ii
Ay @AM piz=c, @
f'Boppyt =¢, (i)

If f'4(D) < f'B(D) for all D, we have

FROpDF= 0, =[BAN 1405+ B P01 )| DAk

nA + nB) (A+B)
<f'BOY, D5
Hence: D;’{+B>D§.
Also rB@pogi=c, =140} LAN- DR B DYDY
Thereforé D;ie > D§ )

Q.ED.
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