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Introduction

Recent technological advances and the growing problem of urban road congestion are the
main impetus behind the renewed interest in road pricing. The world's fIrst fully
automated congestion pricing system in California (the State Route 91 express lanes in
Orange County) was opened in December 1995 One of the important features of the SR­
91 facility is that the two priced lanes (in each direction) are competing with the existing
four lanes which are toll free (Sullivan, 1998) The successful implementation of SR-91
has gained some acceptance from the public for some form of pricing Thus the focus of
pricing and feasibility studies has shifted to lintited pricing

The case of lintited pricing, where a1temative free routes exist, raises two important
questions. The first is how much to charge in order to achieve an optimal allocation of
resources, The second question is who wins and who losses under this limited form of
pricing, i e the welfare implications.. The answer to the first question is found in the
earlier studies of Levy-Lambert (1968) and Marchand (1968) who derived the efficient toll
for the simple two-route network. Some recent studies include Arnott et al (1990),
McDonald (1995), Verhoef et al (1996), and Uu and McDonald (1998). Liu and
McDonald derived the second-best efficient toll considering both the peak: and the off­
peak periods. Verhoef (1998) attempted to provide a theoretical framework to derive the
second-best optimal toll for the case of more than two routes, ie the general network case

One important issue that has not been addressed in the above studies, and is recently
receiving attention, is the differing cost-time trade-off among mad users. Previous studies
have adopted the traditional approach that all users have identical perception of their trnvel
cost.. However, in the presence ofpricing, this simplifying assumption is inconsistent with
actual behaviour Individuals do differ in their willingness to pay a price in order to save
trnvel time

In an earlier paper (Sapkota, 1998), the author undertook a simulation study to predict the
route choice responses of non-identical users to a fIxed toll charge, Users were assumed
to vary in their perception of the charge relative to their· income The choice of income
segmentation was based on the assumption that trnvel time valuation is highly correlated
with income (Anderson and Mohring, 1996).. The rout~ choice experiment under a road
pricing system was simulated using both the simple two-route network model and a
general network case Results of the simulations indicated a different allocation or
distribution of demand in the case of non-identical users Most importantly, the results
showed better prediction of demand for the tolled road

In this paper, the route choice analysis with non-identical users is extended to deal with the
optimal pricing problem The aims of the simulations are twofold.. The first is to derive
the efficient second-best tolls The second is to exantine the welfare implications of the
second-best tolls For comparison purposes, two other pricing regimes (fIrst-best pricing
and no pricing) are modelled. The route choice experiments are carried out in both the
simple and the general network cases
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Multiclass user equilibrium assignment

(4)

(5)

s:(va)=sa(va)+6kPak, Va == LV: , a.sA
"K

The link cost function given in (4), expressed in generalised time units, implies that the
different classes are subject to the same congestion effect However, each class perceives a
different constant bias This perceived constant bias is reflected by the vUlying values of

ttime ¥

Where rE R: is the set of routes connecting O-D pair w for user class k, w E W is the

set of O-D pairs, k E K is the set of user classes, and Oar ~ I if link a belongs to path r
and zero otherwise,

The cost of a path for each user class with a single tolled link is given as

Assume the demand between O-D pair w can be divided into k income classes If the
generalised travel cost comprises of only the travel time and the toll chUlge, then the cost of
link a perceived by a user ofclass k can be writren as

A simplified deterministic multiclass user equilibrium approach, used earlier in Florian
(1998), has been adopted

where, a EA is the set of links, 'a (va ) is the travel time cost for link a at flow v" ek is the

value of time for each class k (expressed in time!unit of cost), P; is the toll price imposed

on link a for each class k Under optimal pricing, P; =f; for fIrst-best toll, and P; =1 k

for second-best toll

Sapkota

As discussed in Florian (1998), the simplified multiclass user equilibrium model is
equivalent to the classic deterministic network equilibrium model that satisfies the
Wardrop (1952) nser equilibrium condition. In addition, the simplified multiclass user
equilibrium model is a convex cost minimisation problem, which has a unique optimum
solution. The numerical solution of this model by the lineUl approximation method can be
found in INRO Consultants Inc (1998) For each O-D pair w, at user equilibrium, no user
in each class can improve hislher travel time by unilaterally switching routes
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(I) Average value of tIme for idenlIcal users, le. rrrespective of income level = $10.00 per hOUr.
(2) Demand 50/30/20: Income group with 50% Jaw, 30% medium, and 20% high.

Demand 35/35/30: Income group with 35% low, 35% medium, and 30% hign.
Demand 20/40/40: Income group with 20% low, 40% medium, and 40% high.
Demand 10120170: Income group with 10% low, 20% medium, and 70% high.

Demand
10/20/70(2)

Demand
20/40/40(2)

Demand
35/35/30(2)

Income R"nge----XVerage----XVerage ~ Demand
Income Value of 50/30/20(2)

Time'!) ($/br)
%Trips #Trips %Trips #Trips %Trips #Trips %Trips #Trips

$53,000-$60,000 $57,500 $14.40- 4%- 120 6% 180 5%- 130-15.0%~ 450

$60,000-$65,000 $62,500 $15.65 4% 120 6% 180 8% 240 15.0% 450

$65,000-$70,000 $67,500 $16.90 4% 120 8% 240 8% 240 20.0% 600

>$70,000 $80,000 $20.00 8% 240 10% 300 19% 570 20.0% 600

100% 3,000 100% 3,000 100% 3,000 100% 3,000

$35,000-$40,000 $37,500 $9.40 8% 240 8% 240 10% 300 5.0%----r50

$40,000-$45,000 $42,500 $10.60 8% 240 9% 270 10% 300 5.0% 150

$45,000-$50,000 $47,500 $11.90 8% 240 9% 270 10% 300 5.0% 150

$50,000-$55,000 $52,500 $13.10 6% 180 9% 270 10% 300 5.0% 150

<$20,000 $15,000 $2.00 5% 150 4% 120 3% 90 1.5% 45

$20,000-$25,000 $22,500 $3.60 12% 360 8% 240 5% 150 2.0% 60

$25,000-$30,00 $27,500 $5.40 15% 450 10% 300 5% 150 3.0% 90

$30,000-$35,000 $32,500 $7.55 18% 540 13% 390 7% 210 3.5% 105

Total

High

Medium

Low

Table 2 Travel demand data for the multiple income class assignment



Second-be't Pricing. A Case with Non-Identical Road Users

sirnullations include three pricing regimes; no pricing, first-best pricing (both routes
and second-best pricing (only the motorway is priced) Table 3 summarised

cases modelled

'Iable 3 Cases modelled

Demand Mix Identical Users Non-identical
Users

NP FBP SBP NP FBP SBP
Demand 50/30/20 v" v" v" v" v" v"
Demand 35/35/30 v" v" v" v" v" v"
Demand 20/40/40 v" v" v" v" v" v"
Demand 10120170 v" v" v" v" v" v"

and optimal tee,

and Figure I present the results of the cases modelled In the absence of pricing,
th,'Cc)[Ii,dor capacity is inefficiently utilised. The motorway is operating at about 94% of

cap'aci:tywhiIe the arterial route is underutilised at 12%. With the price mechanism in
both routes are efficiently utilised.. In terms of demand allocation, the equilibrium
achieved under first-best and second-best pricing regimes are the same simply

be<;au:se the second-best price is set to maintain the optimal utilisation of both routes

non-identical user assumption appears to have significant effect in the resulting
eq,Jilibri'Jm flows, particularly under second-best pricing.. The greater proportion of low­

users resulted in higher diversions to the arterial route. Conversely, the greater
prclportiC)ll of high-income commuters resulted in lower diversions to the unpriced

Consequently, the optimal tolls obtained under the two specifications appear to
siguificantly different. With identical users, the same optimal tolls are req.uired

irrc"l'ecdive of the demand mix. On the other hand, different optimal tolls are requir<!ii for
non-identical case. Furthermore, a much lower second-best toll is required when low­

commuters largely dominate the demand.
10 3000... ... ... ......e- a :c

"" 2000 ~J! 6 o Motorway Demandc
""• c

.... First-Best Fee~ 4 ~

~ 1000 ! • Second-Best Fee
2

o 0
No Pricing Identical Demand Demand Demand Demand

Users 50/30120 35135130 20f40/40 10/20170

'---~
Non-identical Users

Figure 1 Demand and optimal tolls on the Motorway
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Demand Demand Demand Demand
50130120 35/35/30 20140140 10/20nO
'--__,----,--_ _----J

Non-identialI Users

Identical
Users

'".- $3,000 :
• :,
c
~ $2,000 :

&! First-best:
Ji $1,000 =Second-best0...

Total Revenues

Figure 2 shows the revenues generated under first-best and second-best pricing. As
expected, the constraint of pricing only one route at the optimal flow will result in lower
revenues. Under first-best, the total revenues appear to be unaffected by the assumption of
user heterogeneity (ie. non-identical users) In contrast, user heterogeneity appear to have
significant effect on the revenues under second-best At the extreme, a much lower
revenues relative to the identical case is generated in the case dominated by Iow-income
users, while higher revenues is achieved in the case dominated by high-income users

Figure 2 Revenues from optimal pricing
$4.000

Total social andprivate Co.sts

A summary of the total social and private costs is given in Table B. In the absence of
pricing, the total social costs of travel far exceeded the total costs borne by road users
themselves. The high societal cost accounts fat the large externality cost of congestiOn
resulting from the inefficient use of the network. Thus, pricing both routes at the marginal
social cost is necessary to eliminate this social cost. On the other hand, the constraint of
not pricing one route will result in some loss to society.. The extent of net loss to society
as shown in Table B indicates that the identical user assumption would be less accurate in
reflecting the benefit from optimal pricing I

Total pr ivate costs by income group,s

As mentioned earlier, the 12 income classes are aggregated into low, medium and high­
income groups (see Table 2) The total private costs aggregated for each of the three
income groups are summarised in Table C When both routes are optimally priced,
commuters' private costs increased dramatically, about 22% for identical users (for all
income groups) and up to 34% for low-income users under the non-identical assumption.
Thus, first-best pricing is a very unpopular transport policy, especially because its effect is
regressive Under second-best, the increase in private costs is less than a third of the first­
best in the case of identical users A quite different outcome is revealed under non­
identical users. It appears that at second-best pricing some groups actually incur lower
travel costs In all cases, low-income commuters would tend to be real losers
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Difference in traffic flows under second-best pricing
Non-identical users (NIU) - Identical users (IV)

§
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Figure 3 Difference in traffic flows under first-best pricing
Non-identical users (NIV) - Identical users (IV)

Figure 4
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Appendix

Table A Route flows, optimal rees and time saved under three different pricing regimes

Arterial VolJ<;ap. Motorwar; volJ~ap. Firstwbest fee Second-best Fee\2J %of First- 'l'imeSaved
Demand(1) Ratio Demand( ) Ratio (centslkm) (centslkm) Best Toll(3) (mm)
(veb/hr) (veb/hr) Arterial Motorway Motorway

No prign2" 174 12% 2826 94% 0 0 0 0 0

Demand 50/30120

Identical users 770 51% 2230 74% 4.i 9.2 4.7 50.6% 4.50

Non-identIcal users 828 55% 2172 72% 5.0 8.5 2.9 33.5% 5.08

Demand 35/35/30

IdentIcal users 770 51% 2230 74% 4.i 9.2 4.7 50.6% 4.50

Non-identIcal users 800 53% 2200 73% 4.6 8.9 3.8 42.3% 4.80

Demand 20/40/40

Identical users 770 51% 2230 74% 4.1 9.2 4.7 50.6% 4.50

Non-identical users 777 52% 2223"' 74% 4.2 9.2 4.5 48.8% 4.57

Demand 10/20170
Identical users 770 51% 2230 74% 4.1 9.2 4.7 50.6% 4.50

Non-identical users 748 50% 2252 75% 3.7 9.5 5.3 56.0% 4.29

(1) Demand for travel on each route is equal under first-best and second-best pricmg.
(2) The second-best fee IS only charged on tb.e motorway. the arterial route IS left unpncecL

(3) Percentage of second-best fee relative to first-best fee.
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Table B Comparison of total social and private costs

Total social costs(l) Total user-borne costs(2) Loss to society

No pricing Optimal No pricing First-best Second-best No Pricing Percent Second-best Percent

IdentIcal Users(3) $22,350 $16,870 $13,844 $16,870 $14,679 $8,506 38.1% $2,191 13.0%

Demand 50/30/20 $21,881 $15,976 $13,407 $15,976 $13,251 $8,474 38.7% $2,725 17.1 %

Demand 35/35/30 $24,539 $17,201 $14,742 $17,201 $14,743 $9,797 39.9% $2,458 14.3%

Demand 20/40/40 $27,521 $18,607 $16,239 $18,607 $16,355 $11,282 40.0% $2,252 12.1 %

Demand 10120170 $31,061 $20,358 $18,037 $20,358 $18,349 $13,024 41.9% $2,009 9.9%

(1) Sum of travel lime + congestIOn costs + vehiCle operating costs, i.e. the costs of travel to society.

(2) Sum of travel time + vehiCle operating costs + toll Charges.
(3) The same costs obtamed for all demand mIX,

Note that the vehiCle operating cost is calculated at 10 cents/km.

""""
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Table C Total private variable costs by Income group(l)

Demand 50/30120

Low $6,922 $8,435 $7,339 21.9% 6.0% $4,870 $6,508 $5,146 33.6% 5.791'

Medium $4,153 $5,061 $4,404 21.9% 6.0% $4,447 $5,128 $4,311 15.3% -3.191'
High $2,769 $3,374 $2,936 21.9% 6.0% $4,091 $4,339 $3,795 6.1% -7.291'
Total $13,844 $16,870 $14,679 21.9% 6,0% $13,407 $15,976 $13,251 19.2% ·1.2%

Demand 35/35/30
Low $4,845 $5,905 $5,138 21.9% 6,0% $3,418 $4,556 $3,696 33.3% 8.191'
Medium $4,845 $5,905 $5,138 21.9% 6.0% $5,244 $6,106 $5,246 16A% 0.091'
High $4,153 $5,061 $4,404 21.9% 6.0% $6,080 $6,539 $5,802 7.6% -4.691'
Totai $13,844 $16,870 $14,679 21,9% 6.0% $14,742 $17,201 $14,743 16.7% 0.0%

Demand 20/40/40
Low $2,769 $3,374 $2,936 21.9% 6.0% $1,931 $2,544 $2,093 31.7% 8A 91'
Medium $5,538 $6,748 $5,872 21.9% 6,0% $5,974 $7,072 $6,172 18.4% 3.391'

High $5,538 $6,748 $5,872 21.9% 6.0% $8,333 $8,992 $8,091 7.9% -2.991'
Total $13,844 $16,870 jJ4,679 21.9% 6.0% $16,239 $18,608 $16,356 14.6% 0.7%

Demand 10/20170
Low $1,384 $1,687 $1,468 21.9% 6.0% $991 $1,252 $1,051 26.3% 6.191'

Medium $2,769 $3,374 $2,936 21.9% 6.0% $2,987 $3,614 $3,212 21.0% 7.591'
High $9,691 $11,809 $10,275 21.9% 6.0% $14,058 $15,491 $14,085 10.2% 0.291'
Total $13,844 $16,870 $14,679 21.9% 6,0% $18,037 $20,357 $18,348 12.9% 1.7%

(1) Sum of travel tIme costs + vehicle operating costs + toll charges. Note that the value of tIme for identIcal users is $10.00 per hour. ValUes of
time for non-identIcal users are those listed in Table 2. The vehicle operatlOg cost IS calculated at 10 cents/km.
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