A Simulation of Price Discriminating Tolls

By Stephen Shmanske*

Introduction

A recent paper (Shmanske, 1991) has developed an example showing that uniform tolls
on a congested facility with rationing by queuing and with multiple service points could
be dominated by a discriminatory pricing system. Such a pricing system has different
prices ondifferent service points at the same time and, therefore, is not to be confused with
time-of-day or peak-load pricing which varies price from one period to another but
maintains the same price across all service points at any given time. The discriminatory
pricing system considered here works by causing consumers to sort themselves according
tocost of waiting. This self-sorting allows for amore efficient queuing discipline in which
those with the higher waiting costs are served more quickly, and those who have to wait
longer are compensated with a lower price.

A counter tendency mitigates the efficacy of discriminatory pricing.! Essentially, the
high price on one service point discourages its use (to keep it open for a consumer with
ahigh waiting cost) thus causing a faster build-up of the queues for the other service points.
This potentially makes the wait for future arrivals even longer. Indeed, as long as people
are waiting for alow price service point while the high price service point is not occupied,
a potential economic gain exists from reformulating the queuing discipline. Uniform
pricing would bring about such reformulation, causing all service poir . to be used more
or less equally. However, this would give up the advantage of self- orting mentioned
above.

Which of these two effects dominates is basically an empirical question depending
intimately on the timing of arrivals, the variation in waiting costs across individuals, the
number of service points, and so on. This paper presents acomputer simulation, using the
example of the Sar: Francisco/Oakland Bay Bridge as a backdrop, to determine whether
a system of discriminatory tolls would improve the overall efficiency of the operation of
the bridge.

* Department of Economics, California State University, Hayward. The author acknowledges computer
programming assistance from Evelyn Zhan, financial assistance from California State University, Hayward,
and the readers of previous drafts, including Greg Christainsen, Shyam Kamath, James Ahiakpor, Nan
Maxwell, Leo Kahane and an anonymous referee.

! I am indebted to an anonymous referee of a previous version of this paper for this insight.
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The paper proceeds as follows: the next section develops the computer simulation; the
following section presents the results; the last section discusses related literature and
presents some policy implications.

A Simulation Experiment

I choose to model the San Francisco/Oakland Bay Bridge, a bottleneck serving more than
34,000 vehicles during a typical weekday morning rush hour, from 5:00-10:00 am.
Currently, three freeways and one local road merge into a six-lane approach to 18
tollbooths. A $1 tollis chargedin theinbound directiononly. After the toll, traffic merges
through metering lights onto the five-lane bridge. A separate lane for buses and carpools
of three or more people is routed around the tollbooths and metering lights. For accounting
and employee monitoring purposes, detailed statistics are kept on the use of each
tollbooth. Unfortunately, the bridge authority does not keep statistics on the intensity of
use of the carpool lane.

A Monte-Carlo-type computer simulation of this situation can enlighten us in two
ways. First, a simulation is necessary because solving consumer optimisation problems
analytically for this realistic case involving large numbers is beyond computational
ability. The simulation will show us which effect of price discrimination — the efficient
sorting effect or the inefficient unused lane effect — will dominate.

The second benefit concerns the magnitude of the price differential. The analytical
model in Shmanske (1991) is inconclusive as to whether the magnitude of the price change
is sufficient to warrant the major effort of changing the tolls. If the magnitude of any
savings in waiting costs is inconsequential, then perhaps keeping the status quo of uniform
tolls (and avoiding one-time changeover costs) would be efficient. Furthermore, if it is
too cumbersome for toll collectors to make a change for other than full dollar amounts,
then a price differential between lanes in the order of pennies would be too costly to
implement (though the introduction of automatic, electronic tollbooths with monthly
billing would mitigate this problem). Therefore, it becomes important to calculate the
corresponding value of the differencein tolls for arealistic case to see whether a high price
“express” lane should cost in the neighbourhood of $1.25, $5.00 or even more.

The remainder of this section describes attempts to initialise the computer simulation
so that it will generate data approximating to the actual experience of the bridge.

For each commuter three random numbers are chosen. The first yields an arrival time
interval, the second a service time and the third a wage or opportunity cost of time. Then,
for each arrival the computer checks theexpected cost of waiting for each 1ane and chooses
the cheapest lane. The cost will be composed of the toll price and the expected waiting
cost. The expected waiting cost is the person’s value of time multiplied by the number of
cars in line multiplied by the average time of service per car. The average service time
is used rather than the actual service times because the latter are unobservable. For
uniform pricing this amounts to choosing the shortest line. When price discrimination is
allowed a person’s wage is crucial in determining whether to wait longer for a low price
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Table 1
Actual Commuting Figures
Lane Number of Cars Passing Toll During the Hour
56 6-7 7-8 8-9 9-10

1 495 548 475 466 542

2 464 520 355 485 567

3 474 507 300 387 481

4 220 5719 508 547 513

5 478 493 298 382 349

6 211 466 287 356 380

7 217 588 492 561 567

8 153 474 293 398 433

9 190 426 304 332 442
10 204 555 509 528 499
11 188 408 310 358 413
12 364 401 292 352 396
13 291 433 421 394 333
14 252 421 306 365 314
15 108 378 263 383 294
16 65 534 442 541 359
17 78 407 394 363 278
18 115 499 328 373 308
Totals 4567 8637 6577 7571 7468 34,820
Averages for week 4459 8164 6774 7192 7264 33,853

Figures from California State Department of Transportation for Wednesday 17 July 1991 and week of 15-19
July 1991.

or choose the shorter line and pay more. The program keeps track of cars per lane per hour
and the length of line at each toll, as well as the tolls collected and the total and average
waiting cost.

Ifirstdiscuss the assignment of parameters for the arrival time interval and the service
time distributions. As the actual data from the bridge authorities show, this is a more
complicated task than just setting an arrival rate that is faster than the service rate for the
first half of the commuting period and letting the lines build up, followed by lowering the
arrival rate for the second half of thé commuting period to let the lines dissipate. Table
1 shows the actual data collected by the bridge authorities for Wednesday 17 July 1991,
a typical commuting day. The average figures for a week listed at the bottom of Table 1
indicate that the most cars pass through between the hours of 6:00 and 7:00 am. I assume
that during this hour the toll collectors work at maximum speed and that there are at least
enough arrivals 10 keep them busy. Fewer cars pass through before 6:00, which I attribute
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Table 2

Arrival and Service Distribution Means by Hour

Time Interval Between Cars Entering Service Time
the Queuing Discipline per Car per Lane
(seconds) (seconds)

5.00-6.00 0.782 7.44

~ 6.00-7.00 0.438 7.44
7.00-8.00 0.438 9.00
8.00-9.00 0.438 9.00
9.00-10.00 0.702 7.44

to a slower arrival rate, keeping the service rate at the maximum. The puzzle is why fewer
cars pass per hour between 7:00 and 9:00. We know that the arrivals are fast enough
because there is typically a line building up, therefore the explanation must lie in a slower
service rate. I attribute this to a backup from the bridge (actually from metering lights)
through the tollbooth. The toll collectors are working more slowly because there is
nowhere for the cars to go. The arrival rate is still fast, however, as it was from 6:00 to
7:00 and the lines are building up. Finally from 9:00 to 10:00 the arrival rate slows and
the service rate picks up a little as the commuting period draws to an end and the lines
dissipate.

Table 2 gives the average arrival and service times by hour that fit the pattern described
above and were used in the simulation. The actual times are chosen from truncated
exponential distributions with parameters chosen to yield the stated averages. It is
traditional in queuing theory to use exponential arrival and service times. The potentially
extremely large values returned from such distributions introduced more variation in the
outcomes than was warranted by comparison with the actual figures, so the distributions
were truncated at the upper end. Additionally, the service time distribution was truncated
at the lower end because it is physically impossible to go through the toll in a time
approaching zero seconds. However, the arrival times were not truncated at the lower end
because it is possible for two cars to arrive virtually simultaneously in different freeway
lanes.

Table 3 gives the results of a simulation with a uniform price, $1, to compare with the
actual results in Table 1. The numbers generally compare favourably. The lane-by-lane
figures indicate that there is somewhat more variance in the performance of individual toll
collectors in the real data. This may be due to differences in individual skill or to
differences in the positioning of the lane as it leaves the toll with respect to how soon a
driver must merge to get onto the bridge. The simulation achieves more uniform results
because it treats each lane identically. Table 3 also lists the number of cars waiting on
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Table 3

Simulated Commuting Figures with Uniform Price

Lane  Toll Time* Average
(% Wage
5-6 6-7 7-8 8-9 9-10 (3 per hour)
1 1 217,1 417,2 359,59 392,114 370,2 17.77
2 1 251,0 462,2 394,59 364,116 412,2 17.69
3 1 261,2 453,1 417,59 373,114 388,2 18.95
4 1 274,0 453,2 436,59 430,115 407,2 18.07
5 1 240,1 445,3 406, 59 403,114 413,3 18.11
6 1 278,1 476, 2 394,59 396,116 383,2 18.64
7 1 256,1 490,3 403, 60 414,114 392,2 17.62
8 1 244,1 423,1 407,60 432,116 429,2 18.91
9 1 286, 0 428,2 423,59 375,116 419,3 18.66
10 1 299,1 440, 1 406, 60 411,116 444, 1 18.64
11 1 255,2 481,3 403, 60 407,116 441,1 17.96
12 1 240,0 479, 1 385,59 403,114 376, 1 19.25
13 1 268, 1 433,2 414,58 410,115 395,1 16.90
14 1 271,1 471,1 420, 60 373,114 438,2 18.81
15 1 268, 1 454,1 420, 59 368,115 402,2 18.30
16 1 280,0 445,1 393,58 411,116 402, 1 17.51
17 1 250,2 415,0 380,59 440,114 395,2 17.34
18 1 223,0 448,0 369, 59 360,115 389, 2 17.86
Totals 4661 8113 7229 7162 7295

Total Waiting Cost: $112,770.03
Number of Cars: 34,460
Average Waiting Cost: $3.27
Dollars Collected: $34,460

* The first figure in each column is the number of cars passing through the toll during the hour. The second
figure is the length of the line at the end of the hour.

each lane at the end of each hour. For the nine-second service times at the height of the
rush hour, a 100-car backup is equivalent to a 15-minute wait. Experience indicates that
at its height the backup is generally between a five and 25-minute wait, therefore the
figures reported in Table 3 are plausible. On the basis of these results, I used the
parameters indicated in Table 2 to run the simulations for non-uniform pricing configu-
rations.

I also had to specify a wage distribution to calculate the waiting cost associated with
any simulation. Iexperimented with different distributions to gauge the sensitivity of the
results to the assumptions. All the distributions had means of $18 per hour (the actual
average hourly earnings) and lower limits of $4.25 per hour (the statutory minimum
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wage). Generally, price discrimination works better the larger the variance of the wage
distribution, as might be expected. The distribution that I report in the next section can
be described as atwo-block, uniform distribution with 97 per cent of the weight distributed
uniformly from $4.25 to $19.88, and 3 per cent of the weight distributed uniformly
between $19.88 and $400. I would defend the seemingly high upper limit on the grounds
of, for example, two highly paid lawyers commuting in the same car, or someone with a
particularly important early meeting or appointment. Of course only a small portion of
the arrivals will evidence such high opportunity costs of time. Admittedly, this wage
distribution is arbitrary, but it is defensible as an estimate.?

Table 3 also highlights the results of choosing this wage distribution. The last column
in Table 3 gives the average wage of all commuters passing through that lane. For the
uniform toll case in Table 3 the values cluster around the $18 per hour mean wage. We
shall see below that it is the higher wage commuters who use the express lane.

Results

Table 4 lists a typical day for a price discrimination scheme with seventeen $1 lanes and
a$10expresslane. This canbe compared with the uniform pricing resultsin Table 3. Note
first how the establishment of express lane 18 limits the number of cars using that lane to
atotal of 687 of the highest waged individuals, with the opportunity cost of time averaging
$166.97 per hour. Note also how the wait has decreased for the commuters in lane 18 but
has increased for everyone else. The effective closure oflane 18 to the vast majority means
that the lines on the other 17 lanes build up more quickly. By 8:00 the wait is eight or nine
cars longer in the regular lanes when price discrimination is employed, and by 9:00 it is
25 cars longer. Evidently, however, the extra waiting by individuals with a low time cost
is more than recouped in savings by the high waged drivers who are processed more
quickly. Indeed, the saving in waiting cost is $19,023.68, which is a 16.9 per cent
reduction in these costs. On an average basis, the waiting cost decreases from $3.27 to
$2.71 per car. Also note that toll collections increase by $6,293.

The net gain outweighs the net loss, saving over $19,000 and paying less than $6,300
in extra tolls; but not everyone gains. Some people are waiting in longer lines, and some
feel compelled to pay the higher price on the express lane to avoid the longer lines.

Consider briefly, however, the question of whether a majority of commuters would
gain from a price discrimination policy that maintains the toll collections. Using only the
figures from Table 4, an extra $6,183 is collected compared to uniform $1.00 tolls, so all
tolls could be reduced by 17.9 cents, maintaining the $9 price differential and still
collecting $34,570. Clearly all 12,824 consumers before 7:00 gain. If we assume that the

2 Thereis no usable data from which to develop the actual wage distribution for commuters by car. Nor is

iteven necessarily appropriate to use the wage as the opportunity cost of time. Strictly speaking the wage is
the marginal value of time only when the employee is free to adjust the hours he works for a given wage. For
almost all workers this is not the case. Additionally, the opportunity cost of time may be higher for special
occasions or for multiple-occupant vehicles, ormay be lower to the extent to which a commuter applies make-
up, reads the newspaper or makes telephone calls while waiting in line.
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Table 4

Simulated Commuting Figures with Price Discrimination

Lane  Toll Time* Average
(%) Wage
56 6-7 7-8 8-9 9-10 (3 per hour)
1 1 228,1 438,1 438,69 407, 140 385,1 14.64
2 1 280, 2 468, 2 413,68 411, 140 433,0 13.39
3 1 271,2 498, 1 370,69 445, 140 47,1 13.77
4 1 281,0 506, 1 397,68 423,140 439, 1 15.28
5 1 250, 1 507,1 423,69 370,139 478, 1 15.00
6 1 267,1 483, 1 391,69 423,140 418, 1 14.91
7 1 282,1 461,2 426, 69 415,139 423,1 14.63
8 1 299,2 475,1 367,69 388, 140 457,1 14.43
9 1 267,2 508,2 382,68 381,139 464, 1 16.01
10 1 309,1 534,1 421, 69 402,139 408, 1 16.35
11 1 277,1 479,2 415,69 400, 139 419,0 16.31
12 1 231,1 496, 2 396, 68 406, 140 439,0 15.31
13 1 265,1 461,2 414,68 390, 140 415,0 15.19
14 1 293,1 486, 3 384,68 409,139 427,0 16.20
15 1 298,1 495,2 432,68 378,139 448, 1 15.27
16 1 300, 1 498, 2 412,69 387, 140 487,1 15.47
17 1 236, 1 394,2 385, 68 355,139 416,0 15.75
18 10 0,0 0,0 199, 1 359, 62 129,0 166.97
Totals 4637 8187 7065 7149 7532

Total Waiting Cost: $93,730.88
Number of Cars: 34,570
Average Waiting Cost: $2.71
Dollars Collected: $40,753

* The first figure in each column is the number of cars passing through the toll during the hour. The second
figure is the length of the line at the end of the hour.

extra line length of nine cars at 8:00 builds up linearly during the hour from 7:00 to 8:00,
then approximately 61.9 per cent of the 6,866 cars which pass through the low-price lanes
during the hour will gain. This adds another 4,250 people who gain. The corresponding
numbers of gainers for the next two hours are 591 and 3,405.3 Thus, without counting any

3 At 7:00 all the arrivals are still gaining because the line is no longer than it otherwise would be and the

tollisreduced. At 8:00 the line is 9 cars or 81 seconds longer and it will be worth the extra wait to save $0.179
for anyone with a wage less than $0.179 per 81 seconds or $7.96 per hour. This represents 23.8 per cent of
the customers in lanes 1-17 at 8:00. Between 7:00 and 8:00, the linearity assumption about the line build-up
allows the conclusion that about 61.9 per cent of customers gain. Similar calculations for the periods of 8:00
to 9:00 and 9:00 to 10:00 yield, respectively, 8.7 per cent and 46 per cent. The linearity of the queue build-
up has been analytically derived in a setting with uniform tolls (see Arnott, de Palma and Lindsey, 1993).
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Table §

Average Waiting Cost and Revenue from Various Pricing Schemes

Toll on Lane ($) Waiting Cost Revenue
% %

1 2 3 45 6 7 8 9 1011 1213141516 17 18
11111111111 111111 1 325 34,379
1111111111111 1111 2 3.24 35,402
1111111111111 1111 3 3.05 36,193
1111111111111 1111 4 3.02 36,990
1111111111111 1111S5 2.89 37,632
1111111111111 111110 2.74 40,510
1 1111111111111 1112 2.76 42914
1111111 1111111111 3 293 46,801
11111111111 11111150 3.04 51,105
1 1111111111111 115¢25 3.07 47,134
1111111 111111111210 291 41,823
11111111122 222222710 3.30 52,544

who use the express lane as gainers, 21,070 of the 34,570 commuters stand to gain — a
clear majority. Measured either in dollars or in people, gainers would outweigh losers
from the introduction of price discrimination.

So far the comparisons have been carried out for only two particular days. Because
of the random nature of the arrival and service time processes, each day will be slightly
different. Accordingly, I simply summarise the remaining hundreds of simulations in
Table 5. Table 5 reports the average waiting cost per consumer and the total amount in
dollars of toll collections for various configurations of toll prices, where the figures are
the averages from many simulations for each configuration. :

First, note that the two days analysed in Tables 3 and 4 are not outliers, but are very
closetothe means for their respective configurations. They were chosen asrepresentative,
“average” days. Also note how the average waiting cost steadily decreases as the express
lane price increases to $10. Price increases beyond $10 do not help, and eventually system
performance deteriorates. Third, the demand for the express lane is inelastic; price for the
express lane and revenue for the system rise together. Lastly, as shown in the lower rows
of the table, experimentation with other, more complex pricing schemes did not lead to
a configuration that dominated the simple case with one high-price express lane.
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Discussion

The model and simulation have shown that uniform pricing at a congested toll facility can
be dominated by a multiple price system that reduces aggregate waiting costs. Impatient
consumers gain from a shorter wait even though they pay more. Patient consumers wait
longer but can receive a price discount. Toll collections can be maintained or increased
to pay for other necessary services or to reduce taxes. Although not everyone is a net
beneficiary of such a policy, the gainers clearly outnumber the losers. Furthermore, the
dollar amount of the gains is clearly greater than any losses imposed.

This possibility of using price discriminating tolls is a variation on three distinct topics
in the economics literature: rationing by waiting;* congestion;® and mixed versus
segregated clubs.® Yet, for a variety of reasons, none of these separate models considered
the idea.

The models of rationing by waiting typically concentrate on only one queue at a time
making price discrimination irrelevant. Meanwhile, the operations research approach to
queuing, while considering multiple service points, typically suppresses prices and
waiting costs to concern itself with the pure mechanics of a queuing discipline.

The models of congestion typically assume that any congestion externality has an
equal effect on all users, thus making the optimal congestion internalising price equal
across all consumers. With different waiting costs, however, different consumers
internalise different levels of waiting cost. Furthermore, if the consumers can be sorted
according to waiting cost, then those in the high price lane, who are holding up fewer but
higher time cost individuals (and making the lines longer in the low price lanes), are
~ actually imposing more congestion costs and optimally are charged a higher congestion
internalising price than those in the low price lanes. '

The models of segregated clubs achieve acomplete separation of consumer types. This
means that, if we think of lanes as separate clubs, a consumer will always patronise the
same lane, the one with the combination of price and quality that most closely satisfies his
preferences. In the queuing model of this paper, a complete separation is not achieved.
Sometimes a high time costindividual goes through alow price lane ifhe happensto arrive
when there is little or no congestion. Alternatively, a person who would ordinarily be
classified as a low time cost consumer (thus belonging to a low price lane/club in a
segregated clubs example) may on any particular day be in a special hurry and decide to
use the high price lane to save time.

Even in the application of those theoretical models specifically to address congestion
onhighways and congestion-relieving tolls in transport systems, the authors have ignored
the possibility of non-uniform prices. For example, Walters (1961) assumes, for reasons
of analytical and statistical simplicity, that traffic is homogeneous, thus ignoring the
effects studied here. Greison and Arnott (1983) mostly follow Walters in concerning
themselves with “hypercongestion”, a condition in which not only does commuting take

See Barzel (1974), Holt and Sherman (1982) and Suen (1989).
5 See Deserpa (1978), Dorfman (1984), Muzondo (1978), Oakland (1972) and Sandler (1975).
6 See Berglas and Pines (1981) and Sandler and Tschirart (1984).
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longer, but traffic flows actually fall as congestion rises. Vickrey (1969), Henderson
(1974), Mohring (1985), Cohen (1987), Niskanen (1987) and Evans (1992) all consider
consumer heterogeneity but only in so far as explaining how a uniform toll will have a
differential impact on commuters with different costs of waiting. Several papers
(Vickrey, 1969; Henderson, 1974; Newell, 1987; and Arnott, de Palma and Lindsey,
1993) consider heterogeneity and time-varying tolls to solve analytically for the Nash
equilibrium departure order andrate. The equilibrium is reached when noconsumer, given
perfect information about the time-varying prices and the departure decisions of all other
commuters, would be able to benefit by altering his own departure time.

Nevertheless, none of these papers even mentions the possibility of varied tolls at the
same time. Furthermore, while it is generally the case that analytic solutions are preferable
to simulations, these models require agents to have information about the commuting
decisions of others, and the daily distribution of waiting cost parameters that is realisti-
cally impossible to acquire. Under the real conditions of imperfect and incomplete
information, the random arrival process that is considered in this paper, and which is the
staple in queuing theory, seems much more likely to yield satisfactory quantitative
results.

Several minor logistical problems with instituting such a price discriminatory toll
policy are addressed in Shmanske (1991). Arguably, however, the major impediment to
such a policy would be political in nature. On the distributional side such a policy will be
criticised as elitist, allowing higher income people another privilege while making lower
income people wait in longer lines.”

Uponinspection, however, such a criticism seems shallow. Inall sorts of markets, both
regulated and unregulated, public sector and private sector, higher quality is available for
higher price. Some examples include express mail, call-waiting features, immigration
status,® single hospital rooms, and first-class fares. Price discriminating tolls would fitin
nicely with these already well-established price and quality discriminating schemes.
Indeed, we already allow preferential treatment on the bridge in the form of the High
Occupancy Vehicle (HOV) lane that bypasses the bottleneck. Currently, acommuter can
stop at a bus stop, pick up two strangers, and take advantage of the HOV lane. It is hard
to see any benefit that other members of society reap from this practice. In fact the driver,
who would have driven anyway, avoids the toll and gets priority over other drivers, while
the public transport network is deprived of two fares.® A toll system with an express lane
grants priority not for an ultimately inefficient “jitney” practice,!® but for an extra
monetary payment that can be used for the benefit of all commuters or taxpayers.

7 See Vickrey (1969) who considers similarissues with respect to establishment of uniform tolls in the first

place.

8  Recentimmigration law in America (the Immigration Actof 1991) speeds up immigration for those who
are willing to invest $1,000,000 and set up a business employing 10 people. Australia and Canada have
practised this kind of policy for years. I am indebted to Shyam Kamath for this point.

9  Lestanyone think thatsuchclever machinations by drivers and riders are a product of the 1980s, see Eckert
and Hilton (1972).

10 A jitney is a small vehicle transporting passengers for a low fare.
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