ent “ensnarled in traffic is
not sunply time wasted; for most of us,
it is time rmserabl_y wasted.

The dimension of the problem can
be gauged from a simple back-of-the-
envelope calculation. In the 39 metro-
poutan areas in tne United States with
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Lausmg a delay of about six-tenths of a
minute per kilometer of travel; the re-
maining half is on other arterials, caus-
ing about 1.2 minutes delay per kilo-
meter of travel. With some 75 miilion
licensed drivers in neavuy popmatea

kllometers d__ en

politan areas, brmgi;é the total dela'v
to 6 billion vehicle-hours each year.
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strated a wﬂ]mzness to 0 pay, on average,
about $1.33 to save 10 mmutes travel
time, or $8.00 per hour. This figure does
not include the costs of disruption from
the unpredictability of traffic delays, the
costs of inconvenient schedules caused
by attempts to av01a delays, nor the

bﬂhon, or $640 per dnver

Such congeshon has policy-making
itself in gridlock. Every pohcy consid-
ered either is too unpopular, is too ex-
pensive or has proven ineffective. Why
is congestion so intractable, and what
can be done’/‘
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gest'o occurs. Transnortatlon re-
searchers have identified three para-
doxes in which the usual remedy for
congestion—expanding the road sys-
tem—is ineffective or even counter-
productive The resolution of these

ifies the economics of traffic conges-
tion, but it also points to ways in
which the congestion problem can be
solved with clever applications of the
standard pricing tools of economics.

fﬁ

1 d re meay io tI'aIﬂC conges-
tion is ¢ ”k"ﬂd ............ 2 T BT

expansio
hlghways and new rapld -transit ]Jnes.
Their cost estimate was $111 billion, a
figure that now seems conservative in
light of cost escalations in some recent
projects As urban areas grow more

aense around ex1st1ng tacnmes plan
...... A L1
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sive and politically conuoverswl.

e 18, of rnative
solution of bulldmg new canac1tv in
the form of mass transit. Experlence
shows that such an approach is unable
by itself to attract more than a tiny frac-
tion of the peak demand for highway
facilities. Don Pickrell of the Trans-
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bridge, Massachusetts, meticulously
documented the cost of each trip di-
verted from cars to public transit for
eight major ra11 trans1t projects. This

ized cost of the system (including in-
terest and depreciation on capital) by

the annual number of transit riders

who formerly used automobiles.
ror three or the prO]ects, tner
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magnitude is f1nanc1a11y infeasible.
Furthermore, the advantages of the car
are simply too great: Not only does it
prov1de con51derably more comfort,
privacy and convenience than mass
transit, but it is also much better suited
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Figure 2. Ex\panding road capacity creates its own demand, a phenomehon known as the Pigou'-

P ey

Knight-Downs paradox. Because rouie 1, over the bridge, is the most direct route from point A

L zanfat D

lUPU
as th

it D, M0Ie peopie want

vle want to use it, and the meulhng rnngncnnn makes route 1 take as long

O & aseng

e more circuitous route 2. Travel time on each route is 15 minutes. Expanding the capacity of

the bridge over route 1 only attracts more users, and the travel time remains unchanged. The
paradox disappears only if the bridge capacity exceeds twice the total travel flow.

Figure 3. Mathematical expression of the Pigou-Knight-Downs paradox shows that increasing
the bridge capacity to any value less than twice the traffic flow has no effect on travel time (T)).
Suppose that route 1 in Figure 2, the route over the bndge, takes 10 minutes with no traffic, but

alearavre

travel time rises lmearly with the ratio of traffic flow (F)) to bridge capacity (Cy. Route 2 always

takes 15 minutes (7, 2/ There are 1,00

ra 1000 travelers faced with the choice of route 1 or route 2. In sce-

nario A, the bridge’s capacity is defined as less than 2,000. The traffic flow over the bridge adjusts
to 1/2C,, so that travel time on routes 1 and 2 are equal at 15 minutes. In scenario B, the bridge ca-
pacity is increased to exceed 2,000. In that case, everyone uses the route with the bridge, but the
travel time decreases, as can be seen in the exampie where bridge capacity equais 2,500. '

urban sprawl that was encouraged by
massive subsidies to automobile travel

would be much harder than it might
appear at first glance. One reason for

o 30 A mlanin mdan e i AATTA T Tabaear Ao
us PllﬂlUll [(~ 4t 4ateic ae-
e Y,
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gestion itself causes many potential
rush-hour vehicle tn’ps to be canceled,
diverted uor exampie, to mass trans1t

) or mcnkor:l"]ar] Ay

ATOULICU LT, Adty

to drive during hours or on routes they
ordinarily would not use. So measures
to relieve congestion are at least partial-
ly undone by latent demand.

The other reason capac1ty expansion
alone does not work is that congestion
is mispriced. Because drivers do not

smmvr fmee tlan £laman Taco thh ner Sommamnon e

pay 1UL UIC Wliic 1055 Uiy UIposce vLl

others, they make socially-inefficient
i in

=g

\ow much to trav-
what route to take. As the paradoxes
will show, the combination of latent
demand and mispriced congestion
may be so perverse that an expansion
of capacity brings about no. change in
congestion, or even makes it worse. -
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The first of the paradoxes, the Pigou-

Knicht-Downs paradox, helps to ex-
ight-Downs paradox, helps to ex

plain why expanding road capacity

can elicit new demand with no im-

provement in congestion. Suppose
1,000 peak-hour travelers between two
cities can choose between a direct route
containing a narrow bridge and a more
c1rcu1tous, but w1der, road as 1Uustrat—

minutes with no traffic, but travel time
rises linearly with the ratio of traffic

cap amtv (Cy. In the example, ca'oacntv
is defined as the traffic flow at which
the speed drops to half of the free-flow
speed. Travel time (T) therefore can be
described as the 10 minutes it takes
without traffic, plus the extra time it
takes if the road is congested, as in the
following equation:

Tl = 10 + 10 (FI/CI)

1e second route always takes 15
minutes. Each traveler chooses the road
with the lower travel time. As long as
bridge capacity exceeds 2,000, the first
route can accommodate all of the 1,000
travelers and still takes less than the.15
minutes of the second route. If bridge
capacity is set at 2,500, for example

travel time is 14 minutes. Under these
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the two routes, such that travel time on
each route is 15 minutes, which implies
that traffic flow over the bridge is exacﬂv
half its capacity. Therefore, expandmg
the bridge’s capacity to anywhere in the
range from 0 to 2,000 has absolutely no
effect on anyone’s travel time. Instead, it
diverts more people from the route with
Spare mpdcny to the route Crossmg the

buusc In other wuu.u:, the new Dnage

r‘nﬂnmhr gonerates its own demand

SEpUELy SEiialcs 1w Uvvil Udiniaind.
Attempts to reduce Congesnuu on
the bndze bV instead encouraging car

,,,,,,,,,,,,, ging car
poohng, expandmz mass transit or im-

proving telecommunication facilities
would likewise be frustrated unless to-
tal vehicular traffic were reduced to be-
low half of the bridge’s capacity. So
1ong as any traffic remained on the sec-
ond route, latent demand for the

bridge would undermine these at-

€mpis o relieveits ¢ g stion

The crux of the paradox lies in the
distinction between the pnvate and the
social costs of a trip. The private costis

the cost the driver incurs. The e so
cost equals the private cost plus the ex-
ternal cost, which is the cost the driver
imposes on other drivers by slowing |
them down. In the example, the social
cost of travelmg on the bndge exceeds

the pnvate cosr oecause 1t is is congest-
nJ .......
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e
D
o
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routes are equalized. If, instead, drivers
were distributed across the two routes
so as to equalize the social cost, the
paradox would disappear; bridge ex-
pansion would relieve congestion. This

‘ suggests that conventional pohc1es to

reueve Congesnon woulcl Work better

.
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more perverse. The examnle this
paradox is like that of the prev1ous
paradox, except the alternative to tak-
ing the congested route is now a pri-
vately operated train line. The train op-

erator breaks even financially by

that 10 minutes will be cut from the trip
for every 3,000 travelers. We can de-
scribe the effect of the actual number of
People using the train (F,) on travel

Figure 4. Increased capacity leads to more, rather than less, congestion in the Downs-Thomson
paradox. Here the second route I

para 1ere the second route, a passenger train, shows increasing returns with added flow
because service quality improves as more travelers use it. Expanding road capacity draws peo

travel becomes worse as well, such that i mcreasmg road capacity actually increases travel time
on both routes.

T -10+10([-' 3

scenaﬂo A When G < 1 OOO e v
T, =10+ 10 (F/C;) = 20 - [(1 OOO F,)/300] '
SO Fy = c,/r 15 -(c,/z onml T.' - 10

N

txamples OT equmbrlum SOIUthnS

1€ =250, then F, = 182 and T, ST s1027

_Scenario B: When G > 1,000

.=1nnn F-_n =10+ {10,000/C

vy

-

Example Suppose C, =2, OOO

Figure 5. Downs-Thomson paradox, expressed mathematically, shows how i mcreasmg road ca-
ituation in Figure 4 actually raises travei time, as long as the road capacuy {Cpis
1er

number of travelers. Suppose that the equation for travel time by the congested

highway route () is the same as in Figure 3; that the maximum travel time by train (T,) is 20 min-
utes; and that 10 minutes will be cut from the train trip for every 3,000 travelets Smce there are
1,000 total travelers, the number using the road (F,), plus the number using the train (F,) will equal
1,000. In scenario A, at equmbnum, some of the travelers use the road, and others use the train.

Under these conditions, as the road capacity approaches 1,000, travel time for each route, T; and T,

avoroaches 20 minutes. In scenario B, the road rannmd—y ie nvnanded to exceed 1,000, All of the trav-
elers use the road, so that the traffic flow over the road is 1,000, whereas the traffic on the train is

zero. Expanding the capacity of the road to 2,000, for example, lowers travel time to 15 minutes.
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Figure 6. Adding a link to a congested road network can cause everyone’s travel time to go up.
The Braess paradox shows how too much traffic may become attracted to the most congested
route segments. Here the old routes each made use of only one bridge apiece. In contrast, the
new causeway, route 3, entices half the travelers to choose a shorter route that takes them across

both bridge A and bridge B, increasing congestion on both bridges and slowing traffic.

Traffic on bridge A: F, = F; + F3, T, = F,/100
Traffic on bridge B: Fg = F, + F3, T = Fz/100
Ty=15+T, T,=15+T T3=75+7, F

2t ia+ :B,:7T12+:3=|,

Scenario A: Equilibrium with no causeway

Fi+F;=1,000,F=0
T;=T,=15+(F;/100) = 15 + (1,000 - F,)/100

Scenario B: Equilibrium with causeway

3= 1.,000

Ty =Ty=T3=15+(F; + F3)/100 = 15 + (F, + F3)/100 =
7.5+ (F; + F; + 2F3)/100

S0: Fy = F, =250, F;= 500, T, = T, = Ty = 22.5

Figure 7. Mathematical expression of the Braess paradox shows how travel time increases
when the causeway is added. Both bndges are the congested points. (The time it takes to trav-

sremmncaand ao T

el bridge A is expressed as T, bridge B as T; traffic flow on the bndges is expressed as F, and

Fg.) In scenario A, before the additional link, equilibrium is reached when the total time (Tl) to

travel on route 1, over bridge A, is equal to the time (T;) to travel over route 2, which uses

bridge B. Under these circumstances, the traffic flow on route 1 (F) and the traffic flow on
route 2 (F,) are each equal to 500 (half of the 1,000 travelers); the total travel time on each route
is 20 minutes. In scenario B, the causeway has been added, so travelers have the choice of tak-

ing this additional route, which we cail route 3. Route 3 takes traffic over both bridges A and B,

so the bridges become even more congested than before. Equilibrium is reached when travel
times on all three routes, T;, T, and Tj, are equal. When this h happens, traffic flow over route 3

(F;) is 500 vehicles, and travel time on all three routes is 22.5 minutes.
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time (T) on the train, illustrated in Fig-
ure 4, with the following equation:

T, =20-10 (F,/3,000)

the first paradox ) The equahzed travel
time is calculated in Flgure 5.

The intriguing feature of this situa-
tion is that now travel time increases
w1tn any mcrease in bndge capac1ty

ple to the congested road. But now the
diversion causes train service to get
worse, 5o equilibrium can occur only

when congestion is worse also. He
new capacity generates more than 1ts
own demand.

The reason this paradox is even
more perverse than the previous one is
that there is not omy an external cost
i utomobile user, as

crease and hence reduces other users’
waiting times. This is a technological
property of all types of mass transit, in-
cluding bus and even taxicab service,
as was demonstrated in 1972 by Her-
bert Mohring of the Umver51ty of Min-

nesota, who formulated a detailed

model of a bus line, taking into account

road speed, frequency of serv
the extra time required for each
senger to get on or r off at a bus stop.
The same perverse result can be ob-
tained if instead of expanding the road,
well-intentioned planners entice some
fraction of travelers away from both
routes by provmlng some third alter-

ative such as subsidized vanpools

some wher tla_ti.lg
vice diverted so mu
emshng transit svste (in th ic case, bu
sit service detenorated causm,cz a net
diversion to automobiles and, presum-
ably, a worsening of road traffic. Had
the ex1st1ng transit service been im-
proved instead, the 1mprovements

.‘._-LL 1

might have reinforced, rather than

inwarted, tne external Denents lmer'
ent In transit service
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If, in our exampie, the bridge capac-
ity is expanded to equa1 or exceed

A <TOET Jh Y of laten o L..—..n—.n

uIy Il
fhes nvnn Ao Aarmmand an
1G,

Dle, mcreasmg capacity to 1,500 de-
creases the travel time to 16.67 min-
utes, the same time a train trip would
take if all commuters traveled by train.
Further increasing the road capacity
lowers road travel time more, so the
paradox disappears.

T 5 Bnnl canwadas i tha Rra

1NE Iind1 paraGoX is ui€ praess para-
dox, named for a German operations
researcher who in 1968 described an
abstract road network in which adding

a new link causes total travel time to
increase. Our version involves 1,000
people traveling from district A of a
city to district B, where the districts are
separated by marshland, as plctured in
Figure 6. District A Iies south of a river
at the west end of a marsn, and district

£l _....,-A.. ald 4l

DISIIOIT[\UIUICI

Route 1 carrvin

NOUe 1, Cailyut I 1; Crosses uie

jver at bridee A and circles north of

ri
I at briage
tr

e marsh to B. Route 2, carrying traffic

F,, circles south of the marsh and cross-
es the river at bridge B. Travel on both
routes is uncongested except at the
bridges. Travel time on either route is
15 minutes under uncongested concu-
tions. Ten minutes travel time is added

NNN Jeivrare

on extner route Ior every 1 ,wu Qrivers

Q

T1 or2 = 15 + 10 (Fl 0,2/1,000)
At the point of equilibrium, where
travel times on the two routes are

equal, equal numbers of people use
each route. Smce there are 1 UUU total

A causewa‘ is then constructed
across the mar om the north end of
bridg eAto the south end of bndge B.

mmutes, rega:dless of traffic volume.
There is now a third route from A to
B—across bridge A, along the cause-

nown as F; in Figure 6. What hap-
pens when the causeway is opened?
Each bridge now carries the traffic for
two distinct routes, the previous one

the total ﬂows for both routes 1 and 3.
Travel time for bridges A and B can be
rewritten as follows:

=10 (F4/1,000) =10 (F; + F3)/1,000

~A

_B=10(Fn/1000)—10(P7 )/ ,000
3 sl A

to 1, 000 veh1c1es, as we > have defined
the total peak-hour usage, so we can
readily solve for all three traffic flows
as follows:

T IET S (F, + F,i/‘i 000
=7.5+10 (F, + F, + 2F5)/1,000,

o Ale ot
S0 Ulat,

F; = F,=250; F; =500;
T, = T, = T3 = 22.5 minutes.

The result shows that half the traffic
takes the causeway route, and the other
half divides evenly between the two
prewous routes. Hence each bridge car-
ries 750 travelers, 50 percent more than
before, producmg a travel time on each
route of 22. D minutes, as oppobeu to the

The paradox is exnlaﬂled by conges-
tion extemahtles on the bndges, that i is,
because each traveler ignores the exter-

nal cost he or she imposes by crossing
a bridge, too many people choose the
causeway route, which crosses both
bridges. The faster the causeway, the

et 3t tala it AanA

versal time were only 5 minutes, all
1,000 would choose t t route, and
avel time would rise 25 minutes.

Only if the causeway speed were infi-
nite would ethbnum travel time re-
turn to its original 20 minutes.

Are these paradoxes more than intel-
lectual curiosities? It has been claimed
that the Braess paraaox eXplalrlb some
traffic promems ooservea in arurtgdn,

.,

+hnt he Dnum_s-Tb

over 20 years or so in central London.

-
sportation

“the fun-

Externalities and Pricing

The concept of externalities provides a
powerful tool for analyzing congestion
in a more general context. An external-
1ty is brougnt about when a person

does not face the ‘mie social cost

f an
action. By modqelir ig COI nscauGu o‘]’S’
it is i 0 t

social cost of driving on a congested

road by observing how aggregate trav-
el delavs are related to the number of
travelers. Combining this with a model
of demand for the road, one can deter-
mine both equilibrium travel patterns
(as in the above examples ) and opnma1
travel patterns under some defined ob-

jective such as minimizing aggregate
travel time

In order to apply the concept of ex-
ternalities, we need to convert travel
time to a cost. For simplicity, let us ig-
nore the out-of-pocket costs of travel.
Assume also that everyone places an
identical monetary value on each
minute of travel time. Multipiying
travel time (T) by this monetary value
then gives the private cost of a tri trip
43 ~
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The existence of congest
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e
3
3

( sohd) part of the curve, marked pc(F),
where pnvate cost is increasing as
flow increases, corresponds to situa-
tions of modest conges‘aon and lends
itself to analyzmg tne congesnon ex:

...... A+ anvy

ternalities discussed earlier. At any
o P = ~an raleilate total

cost as the flow F multiplied by each
driver’s private cost pc (F) Then it is
possible to c culate how much total

cost mcreases when flow is increased
by one unit, which is referred to as the
social cost of a trip. This quantlty,

known as the socxal cost of a trip, is
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osts on ea ch other, multmlvmz the
soc1a1 cost curve by flow does not lead
to a meaningful total cost.) A more
complete analysis would also consider
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cost
~

'
A A
Y
— pe(F)
flow F

Figure 8. Maximum efficiency and equilibri-
um do not occur at the same point; they are

separated kv the difference between the cost
separateQ tween

of road usage to an individual (the private
cost) and the social cost. The private cost of
using a road, pc(F), rises with the traffic flow
(F) because of congestion. This implies that
each one-unit increment to F raises total cost
Fx [pC(Fn bv an amount called the social (or
marginal) cost of a trip, which exceeds the pri-
vate cost, as shown. The social cost is written
mathematically as sc(F) = pe(F) + F x [d(pc)/dF],
where d(pc) and dF are the change in private

cost and the Cnange in traffic flow, respec-
tively, The social cost exceeds the nnvaha cost

QVELy. 2RC S

by F x [d(pc)/dF], which is called the external
social cost of a trip because it represents the
cost that is imposed by a traveler on others. If
the demand curve is D(F), ethbrmm occurs

worth lts social cost. At the efficient solution,
the external cost of a trip is 7. This is the toll
that, if charged, would shift the equilibrium
from A to B.

the social costs of noise, air pollution
and so forth.

The demand for using a road is gen-
erally some flat or downward—slopmg
tunctlon ot the prlvate cost (ln the

4+ c"kehhﬂ-o ‘r\r
L DUV OuLILULL 1V

point A, where the demand curve in-
tersects the private-cost curve; at this
level of flow the benefit of an extra trip
equa]s its private cost. Efﬁcrency reach-

es its maximum at point B, where the
1o e Lon -

benefit of an extra trip equars its social
cost Inm eaiilikhsiiim draval ic 333
LUDL. 1t C\luLllU 1uUlll, tlavl 15 Wwiuei-
nriced because drivers da not nav for
rLAn\—M MLeLUUOL WLIVOLO UV v k‘u_y i1V

quently, too many trips are taken.
The trick for planners is to create
conditions under which the system op-
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the ontimal cong estion toll 7 is mea-

sured by the verhcal distance between
the social and the private cost curves
at point B. By thus bnngmg the private
cost faced by the traveler up to the lev-
el of the social cost, privately-made de-
cisions will lead to the social optimum

this paradox permlts a dlazrammahc
analys1s of the private and social costs
on both routes. In Figure 9 one can vi-
sualize both the paradox itself (an equi-
librium, also called a user optimum)
and the cost-minimizing traffic pattern
(a sociai op'timum or system opti—
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ong ested route _a_
olotted as functlons of
with an original flow of 0, so that we
de51gnate this initial point as the first
origin O;. The corresponding costs of
train travel are plotted backwards, as
a function of passenger flow F 2 0n the
train with UZ as its origin. The cnstance
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the external benefit that each train user
confers on other train users by caus-
ing the frequency of service to increase
and waiting time to decrease. The
equi]ibrium, at point A, occurs where
the number of travelers usmg eacl

ST S S 2

curs when travelers are d1v1ded be-
tween the two modes in such a way as
to equalize the social costs—in this case
one-sixth of the travelers go by car. Un-
der these circumstances, switching one
traveler from car to train, or vice versa,

neltner increases nor clecreases the s0-
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cost associated with noint B decreacac
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as road capacity C; is expar ,ded, Hence
when soc1al costs rather rivate
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costs, are equalized, the paradox dis-
appears. Note that in this example, the
road toll is interchangeable with a train
subsidy. In real situations, however,
there are so  many substitutes for peak-
hour car and train travel that this equiv-
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 These exalees 1llustrate a policy
known as congestion pricing. Vers1ons
of it have been unplemented or are be-
ing considered in Europe, Asia and in
the United States. Congestion pricing
is also an example of marginal-cost
pr1c1ng, a term with mucn Droaaer
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one more unt

Mathematlcallv
marginal cost is the derivative of the
total-cost function. In the traffic con-
text, the social cost of a trip is the incre-
ment in total cost to all travelers caused
by adding one more trip; by facing the
trip maker w1tn tms sociai cost, society

and Hmo) aqiial
L aiiu diicy cjuas

%

One concern that crops up with con-
Ees'aon pricing is the overall welfare of
the travelers. If one regards people
only in their roles as travelers, every-
one is made worse off by being forced
to pay a toll that raises the cost of using
the road, even with a reduction in con-
gesnon (Our paraaoxes illustrate ex-

treme cases where
ar*] ‘AY!\Y'EO I\F‘ \ R
i) ou

citizens, so one must consider what
happens to the toll revenues. Paying a
toll, after all, does not use up resources;
itis only a paper transaction—or, more
likely, an electronic one. If the toll rev-
enues are used to benefit citizens gen-
erally, the gains people receive as citi-
zens more than offset their losses as
travelers. In fact, the more formal state-
ment or etnc1ency is prec1sely trus

bt pedbs
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minimizes aggregate travel time. The
efficient allocation occurs at the point
where the number of vehicles using the
bridge equals one-quarter the bridge’s
capacity, with the remainder of vehi-
cles takmg the longer route. Accordmg
to the formula for congestion on the

< . /
1/4C; x 12,5 + (1,000 - 1/4C;) x 15 =
15,000 - 0.625C; minutes

Suppose, for example, that capacity
C; were exactly 1,600. In the efficient al-
location, 400 travelers take the bridge

other 600 travelers take the longer route
with a travel time of 15 minutes. Ag-
gregate travel time is 14,000 minutes,
the lowest possible with tl1is capacity.
For the sake of simplicity, suppose time

is valued at 10 cents per mmute; this
traffic allocation can then be achieved
by charging a toll of 25 cents for cross-
ing the bridge, since then, everyone ’s
trip cost is $1.50, either in time (for
users of the 1onger route) or in time

plus toll (for bridge users). This is the
same trip cost that prevailed in the un-
priced equilibrium; thus it is easy to al-
locate all of the $100 in toll revenue so

In more realistic examples, it would
probably not be p0551ble to target the
redistribution of toll revenues so care-
fully that everyone was made better off
by a toll Hence in practice, congestion

tem of luehwav fmance subs1drzes dri-
vers, so the proposed change actually
corrects an existing inequity.

We asserted earlier that all the para-
doxes disappear if every driver pays
the social cost of his or her travel. Thus
with (opnmal) congesnon pr1c1ng, ex-
ycule.U.ll Ol L'dyd
benefits {whic
weighed against the
We have just shown tlus in the exam-
ple of the P1gou-Kn1ght—Downs para-
dox: Appl1cat10n of the efficient con-
gestion toll results in aggregate travel

time equal to 15,000 — 0.625C;, which

falls with expansion of the bridge. We
invite the reader to check our assertion
for the other two paradoxes.
Congestion pricing has the added
advantage that it makes transportation
planning easier. Whether or not con-
gestion pricing is employed, the merits
of a proposed expansion of a trans-
portation link can be evaluated oy com-

parmg jugl ost UI expculmuu Wu.u the
total cost savings it produces. In the ab-
sence of congestion pricing, calculation
of these cost savings requires knowing
how the expansion will alter trafflc

flows and travel times over the entire
network. But with congestion pricing,
the savings can be evaluated knowing
only the traffic flow on that link.

A final, and very important point
concerning congesnon is that some
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b e levels bv requmng that trips
be evenly spread over the 24 hours of
the day. But any of these solutions
would generate social costs far exceed-
ing the current costs of congestion.
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Huge benefits from concentrating eco-
nomic activity within a geographical
location derive from the reduction of
transport costs (even with congestion).
There are also great advantages from
schedule coordination—having people
work or play at common times. Con-
gestlon is simply a cost that goes hand

ges-
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Practical Pricing?

Economists have advocated congestion
pricing for at least three decades, since
the pioneering work of William Vick-
rey of Columbia University. They have
failed, however, to overcome a number

< . JRRUAT IS S, L B3V

of counterarguments, including costl
1

of thelr income on commutmg and
have less work-schedule flexibility;
lack of trust in government to dispose
of toll revenues wisely; and benefits
that in some cases are so small as to be
insignificant.
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1,000
Figure 9. Downs-Thomson paradox can be resolved by bringing private costs in line with ex-
fgma_l sacial costs. The Pa_radox depicted in Figure 4 disappears when social costs, rather than

e two travel alternatives, the road versus the train. Here, pri-

vate cost pc;and social cost s¢q of travel by car on the congested route are plotted as a function
of flow F;, with O, as the origin. The corresponding costs of train travel are plotted backwards,
as a function of passenger flow Fz on the train, with O, as its origin. Equilibrium occurs at

amnfiat A miad Alan ooafal et ot _a ¢

eler Imposmg a road
lead people to choose the soc1al optimum.

l qual to (sc, — pc,) an

At point B, switching one traveler from car to
ases the social cost of accommodating that trav-
nd subsidizing the train fare by (sc, - pc,) will
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The case for congestion pricing is sig-

nificantly stronger today.

jority of automobile commuters would
favor congestion pricing if the revenues
were used to upgrade the transport sys-
tem. Other proposals for using the toll
revenues address the impacts on in-
come distribution. As for the benefits
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f pricing, a new generati
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a rush hour of fixed durati
models, introduced by Vickrey and fur-
ther developed by one of us (Amott) in
collaboration with André de Palma of
the University of Geneva and C. Robin
Lindsey of the University of Alberta,

constitute today an active research fron-

QD

A pioneering electronic road-pricing
scheme tested in Hong Kong a decade
ago appears to have been a complete
success from an engineering and eco-
nomic standpoint. The basic idea is
simple. Each car is equipped with a de-

<rian Ll o Py

vice that can emit a 1%
n S

points. A central computer records the
charges and periodically sends each
car owner a bill based on that car’s
travel history. Enforcement is based on
photographing license plates of cars
failing to emit the signal when queried

electronically. Another variation is t

have prepayments coded on a “smart
card” mounted in the vehicle, thereby
eliminating the need to record the ve-

hicle’s location.
Commercial equipment is readily
available, and electronic toll collection

454  American Scientist, Volume 82

il collection. Pikepass, im-

alm-sized

= - 4
card mounted behind or. The card responds to a radio beacon emitted
by a transmitter beside special Pikepass entry lanes, which are identified by an overhead sign. A
charge is automatically deducted from the user’s prepaid account. Users need not stop or slow
down. Video cameras record license plates of violators. About 100,000 vehicles currently partici-
pate, and the revenues collected from Pikepass participants account for almost one-third of Ok-
lahoma’s annual toll revenues. Such systems can easily be adapted to vary the toll depending on
time of day, as is now done in Norway and will be done in 1995 on privately built express lanes
on the Riverside Freeway in California. (Photographs courtesy of Amtech Inc.)

intoorated.circuit
integratec-circuit

is now in operation on toll highways or
bridges in many places, including Ok-

traffic. A sophisticated system of con-
gestion pricing using such technology

lahoma, Texas, Florida, France, Italy  will be implemented on a new private-
and ly operated roadway in the median
exi strip of the Riverside Freeway in South-
pricing tions ) ern California that is slated for comple-
ciently without appreciably slowing tion in 1995




Today, the remaining practical prob-
lemS Ol' 1mplementan0r\ are much nar -
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ers who lack an electronic device. Pro-
tection of privacy (a major factor in
Hong Kong'’s decision not to imple-
ment the system it tested) is quite fea-
sible, but conflicts to some degree with
the need tor tracmg to correct mistakes.

actual congestion encountered mo-
ment by moment.

Political acceptability, however, re-
mains the key. A well-designed and
credible plan for spendjng the toll rev-
enues is essent1a1 Umy with sucn a
plan can the puD be assured that a
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is a more complex phenomenor
SO f our current policy analvses as-
sume. It is also clear that some of the
common-sense solutions do not solve
the problem. Only by understanding
the full nature of people’s travel deci-
sions and how they interact can sensi-
ble policies be formulated.
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