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Relation Between Optimum Congestion Tolls
And Present Highway User Charges

HERBERT MOHRING
Department of Economics, University of Minnesota

eTHE MAIN PURPOSES of this paper are to develop some rough estimates of the op-
timum congestion toll structure for a large urban center such as the Twin Cities
(Minneapolis-St. Paul, Minn.) Metropolitan Area and to provide some even rougher
estimates of the costs that result from the inability and/or unwillingness to impose
such tolls. Before proceeding, however, it seems a useful precaution to recognize
the problem of fiscal irresponsibility that almost invariably plagues discussions of
congestion pricing. Although space permits only partial resolution of the problem,
establishing that a solution is possible at all seems worthwhile.

Those who support congestion pricing for highway systems rely heavily on the fun-
damental proposition of economic theory that efficiency in utilizing the resources
available toaneconomy requires that the price of goods or services be set equal to the
short-run marginal costs of producing them. The short-run marginal costs of high-
way trips are only indirectly related to the costs incurred by highway authorities; i.e.,
those of maintaining existing roads and of building new ones. The short-run marginal
costs are almost entirely imposed on road users by the increase of vehicle operating
and time costs of trips when roads are heavily congested.

The fact that the costs borne by highway authorities are not those which determine
congestion tolls has led many economists and engineers to conclude that institution of
congestion-based pricing would force abandonment of the time honored and presumably
desirable practice of financing highway facilities entirely out of user charges. Con-
sider, for example, the following comment:

Since user fees limited in this way (i.e., to the difference between short-run mar-
ginal private and social costs) may not create total revenues sufficient to attract cap-
ital to highways and in limited cases may yield more revenues than could be invested
efficiently in highways, the marginal cost pricing economists tend to deny that any
relation, or close relation, should exist between user fees and capital investment. The
rule of self-liquidation as a general guide to efficient investment is thrust aside as
unnecessary and as a substantial hindrance to efficient utilization of existing highways.
What specific rule for efficient road investment is to be substituted is far from clear;
presumably it would be a matter for planning according to social surplus criteria of
investment, often involving subsidy expenditures (l).

This and similar charges that fiscal irresponsibility is involved in advocating conges-
tion pricing for highway services have been strongly refuted (2, 3).

The procedures a highway authority ought to use in establishing and pricing an op-
timum highway system are formally identical to the process through which the econ-
omist's "competitive market" reaches long-run equilibrium. In the short run, the
price of a product in a competitive market will be equated with the short-run marginal
costs of production. This price need not equal the product's average production costs.
If it exceeds average production costs, new producers will be attracted to the industry,
thereby expanding output and lowering price. Long-run equilibrium is reached when
this process of entry equalizes product price and average production costs.

Paper sponsored by Committee on Highway Taxation and Finance.
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To maximize the benefits derived from an existing road network, the highway au-
thority must levy tolls equal to the difference between short-run marginal and average
congestion costs. If the resulting toll collections are greater than the total costs of
the system (including, it should be emphasized, an interest charge equal to the market
rate of return on capital invested in the system), expanding the system, thereby lower-
ing both average and marginal vehicle operating costs and hence optimum tolls, is in
order. A long-run optimum highway network results if this process of system expan-
sion and toll reduction is continued to the point where network costs (again, including
the market return on invested capital) equal toll collections.

Strictly speaking, a long-run optimum highway system requires that tolls equal
capital costs only if the production of highway services involves constant returns to
scale. Some evidence is available that substantial scale economies exist in the provi-
sion of these services. If an activity involves increasing returns to scale, economic
theory suggests the desirability of subsidizing that activity. That is, in the case at
hand, theory dictates that the highway network ought to be expanded beyond the point
at which congestion tolls just cover highway network costs.

CHARACTERISTICS OF OPTIMUM CONGESTION TOLL STRUCTURE

The logical basis for establishing congestion tolls for highway use is the fact that
the cost of a trip on a highway increases with the number of trips being taken on that
highway. Specification of an optimum toll structure therefore requires quantification
of the interrelationships among trip costs, traffic density, and highway characteristics.
A representative vehicle operator's trip costs per mile may be written as

C=F(S, N, Z) +V/s* (S, N, Z) (1a)

in which V and S* are, respectively, the value he and his passengers place on an hour's
travel time and the speed at which they actually travel; F includes all other trip costs;
andS, N, and Zare, respectively, the vehicle operator's desired speed, traffic volume,
and a set of such highway characteristics as the number and width of lanes, curvature
and grade standards, and access controls. Of the costs summarized by F, reliable
information is available only on gasoline and oil consumption and tire wear. Little if
any data are available on such important subjects as the effects of highway character-
istics, traffic volume, and desired speeds on the frequency and severity of accidents
and on driver comfort and convenience. It seems reasonable to expect that both ac-
cident and comfort and convenience costs increase with traific densily and desired
speed, but because no data are available, these costs are disregarded in the following
discussion. This, it should be noted, imparts a downward bias to the estimated opti-
mum tolls.

No market exists in which travel time is bought and sold, therefore, assigning a
value to it is rather difficult. Indeed, the AASHO "Red Book" (_4_) seems to regard
objective determination of the value of travel time to be impossible and, therefore,
apparently assumes a number: "a value of travel time for passenger cars of $1.55
per hour, or 2.59 ¢ per minute, is used herein as representative of current opinion
for a logical and practical value" (g, pp. 103-4).

Even accepting this rather conservative value, travel time turns out to be by far
the most important cost of urban travel. Therefore, it seems worthwhile to point out
that a value of travel time is implicit in a driver's selection of a target speed. An in-
crease in desired speed reduces the time costs of the trip. At the same time, however,
an increase in speed increases vehicle operating and probably accident and comfort
and convenience costs. Data in the "Red Book" (4, pp. 100-126) suggest that the fol-
lowing approximate costs per mile prevail for representative vehicles traveling on
straight, level, paved rural roads where no traffic signals or stop signs exist to inter-
rupt traffic flows:

gasoline: $0.30/(13.2 + 0. 408 - 0.0076 S? (2a)
oil: $0.45/(1600 - 218) (2b)
tires: $0.0010 + 1.5 x 1078 g% 2 (2¢)



That is, on such roads, vehicle operating
costs appear to be independent of traffic
volume. On a very lightly traveled road
where a driver can attain his desired

TABLE 1

TRAVEL TIME VALUES OF VEHICLE
OCCUPANTS IMPLIED BY ALTERNA-
TIVE DESIRED OPERATING SPEEDS

speed, S* =S and Eq. la becomes

C=-F(S,0,%) +V/S (1b) Speed, S v=g2L

anph) ($/hr)

It seems reasonable to suppose that a
driver would attempt to travel at that 20 0.02
speed which would minimize the total 30 _0' 13
costs of his trip. Differentiating Eq. 1b 40 0‘ 62
with respect to S and setting the resulting 50 2' 06
expression equal to zero yields 60 7‘ 38
70 67.82

V = 82 53F/3S (3)

Regarding F (S, O, Z) as equal to the sum

of Egs. 2a, 2b, and 2¢, Table 1 gives the

travel time values implied by Eq. 3 for representative values of S. If, as the ""High-
way Capacity Manual" (E, p. 32) indicates, desired speeds on high-quality, straight,
level highways are approximately normally distributed with mean and standard devia-
tion of 48.5 and 8 mph, respectively, V, the mean travel time value for the occupants
of all vehicles, can be obtained by evaluating

o 20F
y-f. %,
This value is approximately $3.00.

The analysis and the data underlying these estimates are, to say the least, rather
rough. The true standard deviation is probably larger than that computed because (a)
the average driver is only dimly aware of the relationship between speed and operating
costs, and (b) few people drive average cars. However, the mean of the distribution
would be over- or underestimated by these procedures only if the average driver's
estimates of the relationship between speed and operating costs are biased. No evi-
dence exists on the nature of these possible biases.

Inasmuch as data in the ""Red Book' suggest that vehicle operating costs on rural
roads are independent of traffic volume, if the hourly output of trips on a road is con-
ceived of as a function of three variables, N = g(T, C, Z), in which T is travel time,

C is operating cost, and Z represents h1ghway characterlstlcs 3N/3C is a constant
Hence, increased traff1c affects the cost of a trip over a rural road (or an urban ex-
pressway) solely by increasing the time required.

Several studies on the relationship between N and T have been undertaken. To cite
just a few, Greenshields (6) and Huber (7) found an approximately linear relationship
between average speed and traffic density, D; i.e., the number of vehicles occupying
a mile of road at any instant of time. For condltlons of "free flow, " Normann (8, 5,
pp. 36-43), found speed and volume to be linearly related up to the "capacity" of the
highway. Greenberg (9) and Underwood (10) found that relationships of the form D =
ae-bS and S = ae-bD, respectively, fit the data better than did linear relationships
between S and D.

If volume equals density times '"'space mean speed, " the total distance covered by
all drivers divided by total time elapsed, and density equals volume times '"space
mean travel time, ' the reciprocal of "'space mean speed, " traffic volume and travel
time can be related as follows:

n(s; 48.5,8) dS (4

(5a)
(5b)

N=(T - 1)/bT?
(aT - b)/T

Greenshields:

Normann: N =



Greenberg: N =a/Teb/T (5¢)
Underwood: N =(a + blogT)/T (5d)

Although the specific form of these relationships differs, all imply that the amount
of time required per vehicle-mile increases with the number of trips being taken and
that there is a maximum rate at which any given highway can produce vehicle-miles.
If the rate at which people attempt to make trips exceeds this capacity level, the out-
put of vehicle-miles actually falls.

These equations suggest that the addition of a vehicle to a traffic stream will in-
crease total travel time in two ways: (a) the occupants of the vehicle will incur travel
time costs that they would not have experienced had they not chosen to make their
trip, and (b) by adding to the level of congestion on the highway, the additional vehicle
increases the travel times of all the remaining drivers. The marginal cost of a trip
(i.e., the increase in total costs associated with an additional trip, or the decrease in
costs associated with elimination of a trip) can be written

=0T

3(NVT)
VN

=VT+N (6)

in which NVT is the total hourly time cost of all vehicle-miles and VT is the cost in-
curred by occupants of the additional vehicle; the remaining term is the cost this ad-

The basic argument made for setting congestion tolls is that in their absence indi-
vidual drivers would consider only the VT component of Equation 6. By ignoring the
NV 3T/3N component, they would tend to make trips of less value than the total cost.
Only if each driver were required to pay a toll equal to NV 3T/aN would he limit trips
to those with values in excess of their costs.

Assuming the mean desired operating speed on high-quality, straight, level rural
highways to be 48.5 mph (E, p. 32), the Greenshields, Normann, and Underwood rela-
tionships can be rearranged to yield the following relationships:

Travel Time per Marginal Minus Avg. Time
Veh-Mi, T per Veh-Mi, (NdT/dN)
Greenshields: aT?=0.0825T - 0.0017 T(48.5T - 1)/(2 - 48.57T) ("72)
Normann: (48.5 - 18.5¢) T =1 T(48.5T - 1) (76)
Underwood: oT =3.88 +logT 17.84 « T%/(1 - 17.84aT) (7c)

in which o is the volume-capacity ratio, the ratio of actual trips per hour to the maxi-
mum number of trips per hour the highway can produce. The Normann relationship
assumes also an average speed of 30 mph when a highway is used to capacity level.

The specific values for marginal andaverage travel times per vehicle-mile implied by
these relationships vary substantially with differing volume-capacity ratios (Table 2).
In all cases, the marginal travel times per vehicle-mile increase rapidly with in-
creases in volume-capacity ratios. However, under conditions of uninterrupted flow,
this effect can be ignored when determining operating costs if, as the "Red Book"
suggests, vehicle operating and accident costs depend on desired rather than on re-
alized speeds. The differences between marginal and average travel times per
vehicle-mile given in Table 2 can therefore be converted into optimum tolls per mile
simply by multiplying by an appropriate travel time value (Table 3).

The preceding discussion has been based on uninterrupted traffic flows of the sort
that prevail on high-quality rural highways and urban freeways. Analysis of such
flows is simple in comparison to the problems involved in dealing with urban arterial



TABLE 2
AVERAGE AND MARGINAL MINUS AVERAGE TRAVEL TIMES?

Travel Times (min/mi)

Volume-

¢ Greenshields Normann Underwood
Capacity
Ratlo, Marginal Marginal Marginal
2 Aver. Minus Aver. Minus Aver. Minus
Aver. Aver. Aver.
0.1 1.27 0.04 1.28 0.05 1,28 0.05
0.2 1.30 0.07 1.34 0:11 1.34 0.11
0.3 1,36 0.15 1. 40 0.18 1.40 0.20
0.4 1.41 0.23 1,46 0.26 1.47 0.30
0.5 1.46 0.31 1,53 0.36 1.55 0.45
0.6 1.51 0.39 1,60 0.47 1.66 0.69
0.7 1.57 0.59 1.69 0.61 1.80 1.07
0.8 1.69 0.96 1,78 0.77 1.98 1,75
0.9 1.90 2,22 1,88 0.99 2.26 3.42
a.’n'y-mn Greenshields, Normenn, and Underwood travel time relationships.
TABLE 3
ESTIMATED HIGHWAY USER TOLL
Estimated Toll (¢/mi)
gg:;;rgﬁ— Travel Time Value = Travel Time Value =
= el $1.55/Veh-Hr $3.00/Veh-Hr

Greenshields Normann Underwood Greenshields Normann Underwood

0.1 0.1 @] 0.1 c.2 0.2 0.2
0.2 0.2 0.3 0.3 0.3 0.5 0.5
0.3 0.4 0.5 0.5 0.8 0.9 1.0
0.4 0.6 0.7 0.8 1.2 1.3 1.5
0.5 0.8 0.9 1.2 1.5 1.8 2.3
0.6 1.0 1.2 1.8 1.9 2.4 3.4
0.7 1.5 1.6 2.8 3.0 3.0 5.4
0.8 2.5 2.0 4.5 4.8 3.9 8.8
0.9 5.7 2.6 8.8 111 4,9 17.2

streets. The characteristics of traffic flows on arterials vary from complete conges-
tion in the queues that form behind stop signs and red traffic lights, through an inter-
mediate stage as vehicles accelerate to normal operating speeds on leaving these im-
pediments, to the free-flow characteristics that correspond to the existing traffic
volume as modified by whatever speed limits may be enforced. The characteristics
are also affected by the frequency of right- and left-turn maneuvers, the amount of
pedestrian traffic at intersections, the amount of curb parking, the number and spac-
ing of bus stops and signals, and (but only for low traffic volumes) the sequencing of
red and green cycles at successive traffic lights.

Few systematic studies have been undertaken of the interrelationships among vol-
ume, density, and travel time on urban arterial streets, and only one of these provides
information that can be analyzed in a fashion similar to that employed with the Green-
shields, Normann and Underwood relationships for rural roads and urban freeways.
Coleman (H) fitted quadratic relationships to data on travel time-volume-capacity
ratios observed on a sample of one- and two-way streets in several Pennsylvania
cities. These relationships and the implied differences between marginal and average
fravel times are:

One-way streets: N/C =a =-1.98 + 1.07T - 0.096 T* (8a)
NdT/dN = o (1.07 - 0.192T)" (8b)



TABLE 4

AVERAGE AND DIFFERENCE BETWEEN MARGINAL
AND AVERAGE MINUTES PER VEHICLE-MILE ON
ONE- AND TWO-WAY URBAN ARTERIAL STREETS

Time per Mile (min)

Volume - One-Way Streets Two-Way Streets
Capacity
Ratio Marginal Marginal
Aver. Minus Aver. Minus
Aver. Aver.
0.1 2,51 0.17 2,52 0.18
0.2 2.68 0.36 2.70 0.38
0.3 2.87 0.58 2.89 0. 60
0.4 3.07 0.83 3.10 0. 87
0.5 3.28 1.14 3.32 1.19
0.6 3.562 1.538 3.57 1.59
0.7 3.80 2.05 3.84 2,13
0.8 4.12 2.86 4.19 3.00
0.9 4.54 4.52 4.62 4.79
Two-way streets: N/C =a =-1.90 + 1.02T -0.090 T? (9a)
NdT/dN = o (1.02 - 0.180 T) ™} (9b)

By definition, traffic volume is maximum when the volume-capacity ratio is one. The
fitted relationships had maximum volumes at volume-capacity ratios of 0.904 and
1.067 for one- and two-way streets, respectively. Accordingly, the volume-capacity
ratios implied by the listed formulas are, respectively, 1/0.904 and 1/1.067 times
those of the computed regression relationships. The computed relationships implied
mean speeds of 25.5 and 47. 4 mph for the one- and two-way streets, respectively, at
zero traffic volumes. The latter value clearly seems too high. Far this reason the
two-way street travel time values (Table 4) implied by the preceding equations are
1.08 min per mile greater than those indicated by the computed relationships.
As with rural roads, the difference
between marginal and average time costs

TABLE 5 varies substantially with the volume-
capacity ratio. For both one- and two-
CHICAGO AREA TRANSPORTATION way streets, an additional trip when vol-
STUDY SPEED-RELATED ume is 70 percent of capacity increases
COST PARAMETERS the aggregate travel time of other vehicles
by approximately 3.5 times that at 30 per-
Speed Cost (¢/mi) cent of capacity. The ratio is more than
(mph) - - 25 to 1 when comparing operation at 90
Operating  Accident  Total percent with operation at 10 percent of
capacity.
5 4.80 6.75 11.55 In the Chicago Area Transportation
10 3.69 4.25 7.94  Study, both vehicle operating and accident
15 3.10 2.70 5.80 costs for a trip segment were negatively
20 2.78 1.80 4.58 related to the average speed for the seg-
25 2.57 1.15 3.72 ment (12, Table 5). From data given in
30 2.41 0.80 3.21 Tables 4 and 5, the accident and operating
35 2.36 0.55 2.91 cost component of optimum congestion




TABLE 6

COSTS IMPOSED ON OTHER DRIVERS BY ADDITIONAL VEHICLE-MILE ON
TWO-WAY URBAN ARTERIAL STREETS AND DERIVED OPTIMUM TOLL

Imposed Costs (¢/mi)

Marginal Optimum Toll (¢/mi)
XZL‘QT&Y i‘féé‘i.‘s Margqi,‘;iiel\’fcmuf Aver. At $1.55 (Col. 1 + At $3.00 (Col. 1+
: : sts
Ratio Operating 4, o1 sea lft $3. 00b Col. 2)2 Col. 3)

and Accident

Costs

(1) (2) (3) (4) (5)
0.1 0.2 0.5 0.9 0.7 1.2
0.2 0.5 1.0 1.9 1.5 2.4
0.3 0.8 1.5 3.0 2.4 3.8
0.4 1.1 2. 2 4,3 3.4 5.5
0.5 1.5 3.1 5.9 4.5 7.4
0.6 2.0 4.1 7.9 6.1 9,9
0.7 2.5 5.5 10.7 8.0 13.2
0.8 3.3 7.8 15.0 1.1 18.3
0.9 4.7 12.4 24.0 17.1 28.8

time value of $1.55/hr.

ning travel time value of $3.00/hr.

tolls (i.e., the difference between marginal and average operating and accident costs,
NdC/dN) can be estimated (Table 6). Considering operating and accident costs per
vehicle-mile a function of operating speed or C = f(S), and noting that, for two-way
streets, NdT/dN = ¢/(1.02 - 0.180T), NdC/dN can be written

aC _ ndCds aT _ 1 o ac (9¢)
dN T dSdTdN ~ T2(1.02 - 0.18T) dS

The relationship between these optimum tolls and current highway user charges
can be estimated at least roughly. Federal and state excises on gasoline, averaging
about 10 ¢ a gallon, comprise the only appreciable source of tax revenue varying
directly with vehicle mileage.

On rural roads and urban freeways, the 48.5-mph driver of one of the "Red Book's"
average cars would average 14.7 mi per gal and hence would pay a toll of approxi-
mately 0.7¢/mi. Assuming alternative average travel time values of $1.55 and $3.00
per vehicle-hour, such a driver would be paying optimum tolls at respective volume-
capacity ratios of approximately 40 percent and 30 percent. At lesser volume-capacity
ratios he would be paying more than the costs his trips impose on other drivers. At
greater volume-capacity ratios, his trips would, in effect, be subsidized by society.

The average operating speeds underlying the city street toll estimates (Table 6)
range from 13 to 24 mph at volume-capacity ratios of 90 and 10 percent, respectively.
At these speeds in city traffic, one study (13) determined average gasoline consumption
for a 1951 6-cylinder car to be 14 and 18 mi/gal, respectively. At the same average
speeds, Eq. 2a suggests gasoline consumption rates of 17 and 18 mi/gal, respectively,
or an actual tax burden of 0.5 to 0.7 ¢/mi. Even assuming the "Red Book' estimate
of travel time values to be correct, Table 6 suggests that these tax rates would be
optimum only for city street volume-capacity ratios of less than 10 percent. Registra-
tion fees of, for example, $20 per passenger vehicle per year would add 0. 4 and

N
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0.1 ¢/veh-mi to the respective tax costs of 5,000- and 20,000-mi/yr drivers, raising
total city street tax payments to 0.6 to 1.2 ¢/veh-mi. Even assuming $1.55 to be the
correct travel time valuation, this greater tax rate would be the appropriate toll for
a city street volume-capacity ratio of less than 20 percent.

SOCIAL COSTS OF PRESENT USER CHARGES

Because the use made of both rural and urban highway networks varies substantially
through time, optimum user charges also vary through time. As is indicated in Table
7, approximately 70 times as many passenger cars (or their congestion equivalents in
trucks and buses) are operated on the highways of the Twin Cities Metropolitan Area
between 4:30 and 5:00 p. m. as during the
early morning hours. At a value for

I OPTT:V;BUI;;: ;OLLS - travel time of $3.00 per vehicle-hour,
CTTIER BETROPOLITAN AHEA an optimum toll of almost 20 ¢/veh-mi is
suggested for the afternoon peak as com-
Aver. Optimum Toll (¢/mi) pared to 0.2¢ for the early morning

gilgfi;‘;‘;; g;?;ﬁ;a period. Even at the "Red Book's" $1.55

(1,000 ven) At $1.55/ hrP At $3.00/nsP per vehicle-hour travel time valuation,
the peak half-hour optimum toll is on the

in peak-hour tolls would lead to a reduc-
= tion in peak-hour trips, then some of
pror Sie perica guy 660 Des. ), 3950, those who are currently making these trips

Travel time value per vehicle-hour.

igfgg -y ;:g g:g i:g order of 50 times that during the early
1:00 39 0.5 0.8 morning hours. The tolls of 1¢/veh-mi
1:30 2.5 0.3 0.5 imposed by current gasoline taxes and
;;gg e g;:' gg license fees fail far short of the costs of
3:00 1.0 0.2 0.9 most weekday trips in this area. Inas-
3:30 0.9 0.2 0.2 much as current user fees are more than
23‘3’8 }-g 3'§ g-i sufficient to pay for current urban high-
5:00 3.0 0.3 0.5 way maintenance and construction pro-
5:30 5.9 0.7 1.9 grams, Table 7 suggests that an expanded
gfgg ;’372 2-8 gg highway construction program would be
7:00 48.3 6.1 9.9 in order. Indeed, the relationships de-
7:30 69.4 9.1 16.1 veloped previously and existing levels of
gfgg Zé-g g-g lg-g highway use imply rates of return on new
9:00 5.6 5 6 9.2 freeway construction in the area of as
9:30 42.2 5.1 8.2 much as 300 percent.
10:00 52.6 6.7 11.0 Although at an average travel time
Hita o o B valuation of $3.00 per vehicle-hour, a
11:30 8.1 6.0 9.8 toll of 19 ¢/veh-mi is suggested for after-
12:00 noon  42.6 5.2 8.6 noon rush hour traffic volumes, Table 7
¢+ LA =0 iy does not imply that it would be desirable
1:30 45.8 5 6 9.9 to charge such a toll even if it were pos-
2:00 49.3 6.2 10.1 sible to do so. If the price of peak-hour
gfgg ‘5“25'2 Zg 1?'(5) trips were increased, it seems reasonably
3:30 55. 0 7.1 1.6 safe to assert that the number of trips
4:00 59.6 7.8 12.8 taken during the peak hour would decline.
4:30 76.9 11.5 19.1 Some trips currently made then would not
5:00 73.2 10.6 17.6 .

5:30 52.7 6.7 11.0 be taken at 3.11, others would be Shl.fted
6:00 45.1 5,3 8.7 to off-peak hours, and still others would
gfgg ig-g 3-3 g-g be consolidated. An increase in peak-
730 34.8 42 6.7 hour tolls would provide a powerful stim-
8:00 33.4 4.0 6.5 ulus toward the formation of more car
8:30 28.9 3.4 5.6 pools and would quite likely lead a larger
g;gg gz:g gg 2:‘21 number of employers to institute stag-
10:00 16.3 1.9 3.2 gered work hours.

10:30 12,7 1.5 2.4 If it is safe to assume that an increase
11:00 11.6 1.4 2.2

6 1.0 1.6

11:30 8.




place values on them that are less than their total costs. Thus, inability and/or un-
willingness to vary user charges with the demand for trips involves a definite and per-
haps substantial social cost. Determination of the magnitude of this social cost would
require data on the degree to which an increase in the price of peak-hour trips would
reduce their number. Unfortunately, the required data do not exist. It is possible,
however, both to suggest the nature of the problem in somewhat greater detail and to
draw some inferences about the orders of magnitude that may be involved.

Consider, therefore, the following simple situation. A 1-mi stretch of super high-
way connects two points, Here and There. The vehicle operating and time costs of a
trip over this road, C, depend on the ratio of the rate at which vehicles are making
trips, Q, to the capacity of the highway, Z. For 12 hr of the day the demand for trips
is relatively high; for the remaining 12 hr the demand is relatively low. In both peak
and off-peak periods, the number of trips taken is a function of the "price’ of a trip;
i.e., the vehicle operating and time costs involved plus whatever toll is imposed.

It seems reasonable to regard the net benefit of trips over this road as the sum of
the prices individual travelers would pay for them minus both the total vehicle operat-
ing and time costs they incur and the costs of providing the road. Ignoring maintenance
costs and assuming that constant returns to scale are involved in constructing roads,
this latter cost component can be written as rkZ, in which r and k are the interest rate
of relevance in valuing highway investments and the capital cost of a unit of highway
capacity, respectively. This net benefit can be written as

N
B = /0 F(Q dQ + fon f(q) dq - NC(N/Z) - nC(n/z) - rkZ (10)

in which F(Q) (f(q)) is the price that the taker of the Qth (qth) peak (off-peak) period trip
would pay for it and N and n are the actual number of peak and off-peak period trips,
respectively.

A beneficent highway authority would presumably want to maximize this expression
by varying the toll (or tolls) charged for trips and the capacity of the highway. If
different tolls can be charged for the two time periods, the benefit maximizing condi-
tions can be found by differentiating Eq. 10 with respect to N, n, and Z, or

os)

3C _

2—N=F(N) - C(N/2) - N$E =0 (11a)
—g%:f(n) - C(n/27) -n%ﬁ—=0 (11p)
3B 3C  N? 3C n®

SZ - sIN/?) 77 TS/ zE - k=0 (1lc)

According to Eqs. 1la and 11b, to maximize benefits the "price" paid by the Nth (nth)
traveler should equal the marginal cost of his trip. Inasmuch as each traveler pays
the vehicle operating and time costs of his trip, C(N/Z) and C(n/Z), the "price" of
the trip will equal its marginal cost only if peak and off-peak tolls equal, respectively,
to N 3C/aN and n 3C/3n are charged. According to Eq. 1lc, increments in capacity
should be provided up to the point where the last increment yields vehicle operating
and time cost savings just equal to its capital cost.

Egs. 1la, b, and ¢ can be rearranged to demonstrate the validity of the basic con-
tention that optimum congestion tolls would just suffice to cover the capital costs of
an optimum highway. Multiplying Eq. 11 through by Z yields the following expression
for the total capital costs of an optimum facility:

3C  N? 3C 1

SND T D T (1=

rkZ =
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in which a—(él%ﬁj % is the optimum peak period toll for the facility. A similar expres-
sion results for the off-peak period toll. Total toll collections can be obtained simply
by multiplying the peak and off-peak tolls by peak and off-peak traffic levels; that is,

_a3c N 3C  n?

But the right-hand side of Eq. 13 equals the right-hand side of Eq. 12; i.e., optimum
tolls just equal the capital costs of an optimum facility.

Even if the highway authority cannot charge different tolls during peak and off-peak
periods, it would still presumably want to adjust highway capacity to satisfy Eq. 11
and to set that single toll which comes as close as possible to maximizing total benefits.
That is, it would presumably want to establish a toll such that

3B _3BaN 3Bon (14)

3T 3NaT 'on aT

The changes in benefits resulting from changes in the number of peak and off-peak
period trips are given by Eqs. 11a and 11b, respectively. The effect of a change in
the toll on peak period trips can be obtained by noting that F(N) = T + C(N/Z). Dif-
ferentiating this expression with respect to T gives

aF AN _ .  3CaN aN _{3F aC\ (15)
3N3T - 1*aNsT T 5T ~\oN 3N 15
Peak demand

Marginal

trip costs

Off -peak
demand

2
=
~
@
Average
trip costs
[
i
(o} n* n N N* 3 of trips

Figure 1.



11

Off-peak period trips may be treated similarly. Considering T* the best single toll,
Eqgs. 11a, 11b, 14, and 15 imply that this toll must satisfy the condition

N2 e p2C

oN an
%0 oF Y30 5 0 (16)

3N " 3N 3n  on

i.e., that T* ought to be set somewhere between the optimum peak and off-peak hour
tolls.

Figure 1 provides a graphic illustration of the problem. Tolls of T and t resulting
in N and n trips in the peak and off-peak periods, respectively, maximize the benefits
to be derived from the highway. If only a single toll is possible, greater than and
fewer than the optimum number of trips would be taken in the peak and off-peak peri-
ods, respectively. That is, during the off-peak period, an additional n - n* trips could
be taken having values greater than their costs. The loss of benefits involved in not
allowing these trips to be made is represented by the lower shaded area. Similarly,
during the peak period N* - N trips would be made involving values less than their
costs. The upper shaded area represents the loss of benefits involved in these addi-
tional trips. How large these two benefit losses would be depends on the elasticities of
the two demand curves and the distance between them, as well as on the elasticity of
the vehicle operating and time costs relationship. The smaller the difference between
peak and off-peak hour demands and the more nearly perpendicular these demand re-
lationships are, the smaller will be the loss in benefits resulting from charging a
single toll. The loss in benefits will also be smaller the more nearly horizontal the
C(Q/2) relationship is.

In principle, the difference between the maximum benefits attainable on the road
between Here and There when variable tolls are and are not charged can be estimated
by substituting demand and cost relationships in Eqs. 10 through 16. Unfortunately,
even the quite simple travel time-volume-capacity relationships lead to formidable
computational problems. The benefit estimates summarized in the following were
therefore based on an even simpler relationship between volume-capacity ratios and
vehicle operating and time costs:

C(Q/Z) =6.2¢ + bQ/Z (1mn

in which 6. 2¢ is the travel time cost per mile of the occupants valuing their time at
$3.00 an hour traveling in a vehicle at 48.5 mph. Vehicle operating costs are ignored
on the assumption that these costs are independent of volume-capacity ratios on rural
roads and urban freeways. Two alternative values of b (3.8¢ and 6. 2¢) were em-
ployed. The former value derives from the Highway Capacity Manual's estimate (5

p. 32) that the average speed on a high-quality rural road is 30 mph at a volume-
capacity ratio of 1. The latter value is based on Greenshield's implication that average
travel time at a volume-capacity ratio of 1 is double that at a volume-capacity ratio

of zero.

Analysis of highway department construction estimates suggests that the average
cost of four-lane urban expressways in Minnesota is approximately $1.2 million per
mile (g). If such a highway has a capacity of 7, 200 vph and if the interest rate ap-
propriate to valuing highway investments is 10 percent, the hourly cost is approxi-
mately 0. 2¢ per unit of freeway capacity (i.e., per vehicle-mile per hour).

For computational ease, linear demand as well as linear cost relationships was
assumed in the benefit calculations. That is, both the peak and the off-peak demand
relationships assumed were of the form P = C DN, in which P is the price (the toll
plus the time costs) at which N trips would be made. For each of the two cost functions,
benefit calculations were made for nine pairs of demand relationships. The specific
parameter values used (Table 8) were chosen to reflect differences both within and be-
tween periods in demand elasticities and differences between demand levels in peak
and off-peak periods.
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TABLE 8

SPECIFIC PARAMETER VALUES
FOR BENEFIT COMPUTATIONS

Peak Period Off-Peak

Group

Demand Demand Nititi
C D C D bers
0.00004 A1, D1
0.2 0.00002 0.1 0.00002 A2, D2
0.00001 A3, D3
0.00040 BI1, E1
2.0 0.00020 1.0 0.00020 B2, E2
0.00010 B3, E3
0.00040 C1, F1
2.0 0.00020 0.1 0.00020 C2, F2
0.00010 C3, F3

TABLE 9

OPTIMUM TOLL ON HYPOTHETICAL FREEWAY

Toll

Optimum Toll {(¢/mi)

Group

Typed Subgroup S
1

ubgroup
2

Subgroup
3

(a) Time Cost per Mile = 6.2¢ + 3. 8¢ x volume/capacity

A T* 0.83 0.72 0.70
T 1.18 1.15 1.08
t 0.18 0.32 0.51
B T* 0.87 0.80 0.84
T 1.16 1.07 0.86
t 0.28 0.52 0.83
C ikt 0.79 0.61 0.42
T 1.19 1.19 1.19
t 0.01 0.02 0.05

(b) Time Cost per Mile = 6.2¢ + 6. 2¢ x volume/capacity
D T* 1.05 0.91 0.87
T 1.50 1. 47 1.38
t 0.23 0.40 0.63
E T* 1,10 1,01 1,07
T 1.48 1,37 1.09
t 0.36 0. 66 1.05
F T* 1.02 0.77 0.54
T 1.52 1. 52 1.52
% 0.08 0.06

the optimum single toll,
ophimin of f-peak

In Table 8, groups A, B, and C were
distinguished from groups D, E, and F in
that, for the former set, the more elastic
cost curve was assumed in the benefit
computations. That is, the computations
for these groups were made under the as-
sumption that the slope of the average time
cost curve was 3. 8¢, whereas those for
the latter group assumed it to be 6.2¢.
Speaking roughly, groups A and D and the
remaining groups involve relatively elastic
and inelastic peak period demands, re-
spectively. The ratios of off-peak to peak
demands are relatively high for groups
B and E and relatively low for groups C
and F. Finally, within each of the alpha-
betical groups, subgroups 1, 2, and 3,
respectively, involve highly elastic, mod-
erately elastic, and inelastic off-peak
demand schedules.

Initially, two sets of benefit computa-
tions were undertaken for each of these
18 subgroups. First, the hypothetical
authority in charge of the hypothetical
highway was allowed to vary the size of
the highway but was constrained to estab-
lish only a single toll applicable to both
time periods. The toll-highway size com-
bination that maximized net benefits was
determined. Next, the authority was
allowed to levy different tolls on peak and
off-peak users. The benefit maximizing
combination of tolls and highway size was
again found. Net benefits as defined by
Eq. 10 were computed under both pricing
systems.

The optimum single tolls developed
in this fashion ranged from 0.4 to 1.1¢,
the highest tolls generally being associated
with the highest ratios of peak to off-peak
hour demand elasticities. When the au-
thority was allowed to vary tolls between
periods, the optimum peak period tolls
ranged from 0.9 to 1.5¢/veh-mi. In this
case, the highest tolls were associated
with the highest ratios of peak to off-peak
period traffic.

These toll estimates seemed reason-
able enough. However, several of the
remaining conclusions were rather sur-
prising. First, the hypothetical authority
designed highways that seemed to be con-
siderably more lavish than those current-
ly being built. Whereas current urban
expressway design standards call for
peak-hour volume-capacity ratios of 70
to 80 percent, the hypothetical authority's
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highways all had peak period volume- TABLE 10

capacity ratios in the 20 to 30 percent SUBSIDY REQUIRED TO MAXIMIZE

range. Second, the optimum single-toll
highways were ,only 0.1 to 3 percent BENEFITSISIFLgVSIg})GLE TOLL

larger than their two-toll counterparts
rather than substantially larger, as had
been expected. Third, and most sur-
prising, the inability to vary tolls with Group
highway demand had practically no effect
on maximum attainable highway benefits.
The ratio of single-toll to two-toll net

Subsidy

Subgroup Subgroup Subgroup
1 2 3

8 . A 0.77 0.72 0.77
benefits ranged from 99. 6 to 99. 9999 per B 0.88 0.89 0.99
S g 0. 67 0.51 0.37

An important qualification should quick- D 0.76 0' 7 0‘ 74
ly be added here. The revenues derived b 0. 87 0' 89 0' 99
from optimum variable tolls on an opti- - 0. 67 0.52 0.37

mum highway system would just cover the
capital costs of that system. However,
the general principle easily can be estab-
lished that the revenues from benefit
maximizing single tolls will fall short of the capital costs of any optimum highway
system, and a subsidy will be necessary, if the elasticity of the off-peak demand for
trips is equal to or greater than that of the peak demand. Inasmuch as the bulk of peak-
hour trips are work trips, there is probably considerably less elasticity during this
period than at off-peak hours when the demand is for pleasure, shopping, and other

trip purposes. Because this proved true in the cases studied, maximizing benefits
while charging a single toll required subsidizing the highway. In the most extreme
ca;ses, the subsidy amounted to almost two-thirds of the highway's total cost (Table

10).

These unanticipated results suggested that two further possibilities are worthy of
exploration: (a) that these results would not hold for highways with design volume-
capacity ratios more nearly equal those presently being built; (b) that they would not
hold if the highway authority were forced to be self-supporting. Time did not permit
exploring this latter possibility. As for the former, a final set of benefit computations
was run in which the size of the highway was restricted to levels that would yield peak
period volume-capacity ratios of 60 to 80 percent. These restrictions reduced maxi-
mum possible benefits by as much as 10 to 15 percent, increased optimum peak period
tolls to the 3 to 4.5¢ range, and made the highway self-supporting even when a single
toll was charged. However, the ratios of maximum possible benefits in the one- and
two-toll cases were still uniformly in excess of 99 percent.

CONCLUSIONS

It is, of course, redundant to say that the results obtained from the foregoing analy-
sis depend on the assumptions made and that these assumptions may be grossly un-
realistic. Still, it seems reasonable to hazard two fundamental generalizations:

1. Inasmuch as congestion tolls of more than 6 ¢/veh-mi are associated with the
traffic levels prevailing during the greatest part of the day, current gasoline and ve-
hicle license taxes aggregate to only about 1¢/veh-mi, and these taxes appear more
than adequate to cover current highway construction and maintenance programs, it
seems reasonably safe to assert that the present highway network of the Minneapolis-
St. Paul area, and probably most other major urban centers, is grossly under-
developed.

2. A considerable social loss is unquestionably involved in current highway utiliza-
tion patterns. The fact that user charges do not vary with the demand for highway
services undoubtedly contributes to this loss. However, the apparent inadequacy of
present urban highway networks may well be of far greater importance.
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Theory of Spillover Cost Pricing

CLIFTON M. GRUBBS
Professor, Department of Economics, University of Colorado

eTHE SUBJECT of this paper, a theory of highway finance, derives from a collision
between growth of population and a structure of production which is built upon geo-
graphical concentration. Underlying the problem is rapid development of certain
technologies and relative lag in others, with the result being congestion—a differential
in rates of performance. The paper examines an economic theory that derives from
the problem where a spillover cost will denote the congestion of one highway user by
another, where the relevant cost is loss of time and general nuisance. The text of the
argument is a mathematical examination of assumptions to the proposition that high-
way prices (user taxes, tolls, etc.) should exceed the cost of maintaining highways,
and exceed the cost for purpose of reducing the public use of such highways, a thesis
recently identified with the work of British economist Walters (1). It is concluded that
assumptions underlying the proposition are too improbable to serve as a foundation for
public policy involving disposition of $13 billion annually, the current expenditure for
highways in the United States. That Walters' thesis may be a reasonable one in light
of other assumptions is beside the point of the examination, which has the purpose of
considering the assumptions of his thesis for what they are. The argument pertains
to a fixed highway plant which is invariably the result of industrial concentration.

THE MARGINAL COST CONTROVERSY

The problem under discussion is of interest to both the economist and the engineer,
but the weakness in this alliance has been a failure of communication between the
parties. Many engineers look upon highway prices as means of raising revenue or
covering cost, whereas economists look upon prices mainly as rationing devices and,
as Valavanis (g) observed, "only secondarily as means of raising revenue or covering
costs. "

By "'short-run marginal (physical) cost" the economist, when considering highways,
means the increase in highway maintenance and other physical costs resulting from
another unit of traffic during a period—assuming full maintenance of the capital outlay.
Hence, accrual for periodic resurfacing and major repair, as the accounts are treated
by (engineers) Baker et al. (3), would enter the marginal cost account, whereas snow
removal by comparison might not. The precise treatment of costs associated with
soil failure, washout, restrained temperature warping stress {(and weather in general)
is not obvious.

It is instructive to note, however, that the concept of marginal cost had its origin
in 18th century soil mechanics. One authority (é), for instance, determined marginal
cost of a given wheel load to be "one-fourth in amount as the width of the tire is
doubled, ' a radical measure for the time that was adopted by the State of New York
(5) in 1836 for the purpose of setting highway tolls. As early as 1773 service on
British turnpikes was being priced according to logical engineering methods based on
such damage factors as wheel load, tire width, and horsepower (_Q). (For the first
important American turnpike see Ref. 7.) That these early "models" are still more
sophisticated than typical prescriptions (versions of the so-called ton-mile theory (8))
in use among the American states today is acknowledged. But it was from this humble
origin that the theory of marginal cost as a principle of resource allocation burst

Paper sponsored by Committee on Highway Taxation and Finance and Committee on Equitable
Allocation of Highway Costs.
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upon the world through the imagination of French engineer Dupuit (9), who is the father
of welfare economics as later developed by Marshall (E) and by other writers employ-
ing the techniques of Pareto (11).

It is the principle of marginal cost that market price should be equal to the change
in cost with respect to another unit of output. Consequently, there is in principle no
accommodation for the recovery of any accountable cost such as wages or rents. The
only counterpart of a marginal cost is a rate of change which acts not unlike a brake
upon the path of production. Increase of output in one direction is restrained by a
factor (price) equal in value to the input lost for use in some other direction, with the
result that resistance is equalized among all paths of production at the margin. The
result is perfectly consistent with either loss or profit. And in particular, the theory
of marginal cost has nothing to do with the recovery of full cost which, depending upon
cost functions and level of output, may be the same as, less than, or greater than total
revenue (E). The economist is only seldom concerned with the history of production;
he is inconsiderate of overhead cost, which he considers to be "sunk''; and he commands
an imposing theoretical machinery for moving about large chunks of humanity with the
aid of two or three simplifying assumptions. K all fails, he invokes a head tax. But
he is seldom concerned with that which is "sunk."

It is emphasized, however, that the basic ingredient to early experiments with
marginal cost pricing was the obvious relationship between traffic and destruction,
whereas given this relationship at the time, when

. . a heavy wagon [was] the most efficacious machine that the art

of man; in its present state of science, could construct for grind-

ing to powder the materials of our roads (Ei)’

the policy maker faced no conceptual problem in his treatment of overhead cost because
the highway was conveniently destroyed by the traffic it was designed to serve.

THE PARADOX OF OVERHEAD COST

With the introduction of modern concrete pavement, however, the economist was
confronted by a more subtle relationship because, like many other materials, concrete
has a fairly well-defined limiting unit stress below which millions of repetitions of
stress will not cause the material to fail. Under specified conditions it is possible to
describe a set of relationships that would be consistent in principle with zero marginal
cost or, worse still, negative marginal cost, for when stress from load is less than
limiting unit stress, the repetition of stress is 'actually beneficial and strengthens
the concrete” (14, 15). These suggestions are contained in modern analysis of ma-
terials.

But the problem for the economist was evident enough by 1923 for Clark (16
frame his famous "paradox of overhead cost':

n

to

~

Here the paradox of overhead cost assumes an extreme form. Before a
road is built, it is rational to say that the traffic which benefits
should bear the overhead cost and that if it cannot bear it, the out-
lay is probably not justified. But once a well-paved road is built,
reasonable use costs nothing at all, and any charge which limits the
amount of such traffic would result in unused capacity and the loss
described by the phrase 'idle overhead.'

Conversely, if charges were set equal to the cost of reasonable use, total revenue
would be less than total cost because reasonable use costs nothing at all, just the
reverse of the early highway problem. Such is the paradox. It must be added, how-
ever, that solving the problem of "excess capacity" on an isolated feeder road would
only increase congestion in the trunkline, the problem of "chasing rainbows" in
terminology of engineers.

But the problem was apparently resolved by Hotelling (17), who in 1938 demon-
strated that "everyone can be made better off'" under a policy of effectively no user
taxes at all. The overhead cost might be recovered through an income or head tax.
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Resulting controversy (18) involving "second best' solutions is not dealt with here,
although the rationale of the Hotelling thesis is examined later on. Related theory under
general treatment of public utilities is found in a paper by Montgomery (E).

The engineer could not help but reply, however, that careful inspection of Hotelling's
resolution indicates the solution of a paradox without a paradox to resolve. To measure
excess capacity as conceived by J. M. Clark, one must first have a measure of high-
way capacity simpliciter. Yet the latter is merely a generic term relating to the abili-
ty of a roadway to accommodate traffic (_2_0) so that without additional information, one
can only assert, for example, that the "capacity' of a modern two-lane highway is in
some sense any value one may care to select between, say, 10 and 2, 000 motorcars
per hour. But if one may adopt any value within this range, how shall he determine a
unique value for purposes of defining excess capacity which is a factor in producing
the paradox of overhead cost? Indeterminacy would suggest the need for at least an
additional relationship.

This relationship is found, of course, in average traffic speed, which is an index of
quality of service and which varies inversely with number of vehicles per hour or, in
Clark's terminology, the "amount of traffic." Consequently, any charge which "limits
the amount of such traffic' will result in better service, an improvement which Clark
identified, in effect, with the creation of "unused capacity and the loss described by
the phrase, 'idle overhead.'" But if such is the case, the highway problem is now
reversed because "'excess capacity' is the very product which consumers demand, a
shift anticipated by Pigou (ﬂ_, 22, 23) in his treatment of congestion prior to Hotelling's
rehabilitation of Dupuit. This brings one to the present period of the marginal cost
controversy.

THE PARADOX OF SPILLOVER COST

Accordingly, it has been argued by Walters (1) and others that the proper price for
highway service will be the sum of the short-run marginal (physical) cost and the con-
sumer spillover cost, which jointly constitute the social marginal cost. Under the
paradox of overhead cost it was assumed that, in any case, the charge for highway
service would not exceed average total physical cost—or simply unit cost—as allocated
during a period. But this assumption is now in doubt, presenting the policy maker
with a new "paradox' in highway finance. Before a road is built, to paraphrase Clark,
it has been reasonable to think that the charge for service should approach (total) unit
cost as an upper limit. But once a road is built the spillover cost of its use during a
period may exceed the revenue from charges equal to unit cost during the period, in
which case any charge which fails to exceed total physical cost will result in resource
misallocation. It has been convenient to think that roads were subsidized when user
assessments failed to meet full cost. It will now be less convenient to think that roads
are subsidized when assessments fail to exceed full cost. Such are the subtleties of
economic analysis.

PURE THEORY OF SPILLOVER COST PRICING

It is in order to inquire of the theory underlying the spillover cost solution. Imagine
an economy of m consumers, each of whom supplies homogeneous labor {or resources)
and exists upon a diet of highway travel and some other composite good so that the
utility function, U, of the jth consumer (j =1, 2, ..., m) might take the form

5 X ) (1)

U].=U]-(x]-, Vip 245 Ky e s Kjps Xy cee s Xy

in which xj denotes the number of vehicle trips of defined length made by the jth con-
sumer during a period; yj, the units of the composite good consumed; and zj, the units
of labor (or resources) supplied by the jth consumer during the same period, assuming that

S U £
2517 ggor M7 i,j=1,2, ..., m (2)
dxXj (< i£]
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within the range of the argument where it is also assumed that if the consumer were to
lose successive units of one good, he weuld require in exchange even greater incre-
ments of the other good in order to remain just as well off (de =0) as before, the
standard convexity premise.

It is also assumed that the consumer will act so as to maximize the value of Eq. 1
subject to the income barrier

zjw—xjpx-yjpy=0 (4

in which w denotes wage (income) per unit of labor (resources); py, the price of the
composite good per unit; and py, the cost or price of a vehicle trip~the cost to the
consumer, which includes vehicle expenses, and may or may not include a highway toll
or tax, but does not include a factor for the cost of time and congestion which is rather
treated under the form of Eq. 2 for i #j. It is assumed that py, Py, and w are con-
stant—the same for all consumers—and regarded as parameters by the consumers who
are to operate homogeneous vehicles, use homogeneous fuel, provide homogeneous
labor and, in general, to live in a state of pure competition as defined by the textbooks.
Accordingly, one can form the function

Ui*:Uj(xj, Vs zj; P xj_l, xj+1, s xm)
(z.w-x.p_-vV. 5
+'y](sz X; Py ylpy) (5)
and set its partial derivatives equal to zero
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giving the necessary conditions for a maximum value of Eq. 5, in which ¥j is the
Lagrange multiplier—defined as the change in utility with respect to income for the jth
consumer who, since he has no control over the traffic of others, will regard

RSt ""xj—l’ x]'+13 aikde ’xm (10)

as parameters and increase highway travel to the point where utility derived from
another trip is equal to the cost of the trip
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with the same being "true" for all consumers so that, in general, one obtains

P, an/axj -
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-.U' 6 z ] J LI )
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all of which may be derived from Eqgs. 6 and 7 and the relevant assumptions. Because
Eq. 12 is consistent with any form of human behavior, the second-order conditions for
a maximum of Eq. 5 are baroque, unless the jth consumer is disposed to mistake hap-
piness for misery. In any case, one does not assume that the consumer will take into
account the congestion he imposes upon others.

Such capacity for role taking could be ascribed only to a larger fiduciary having a
welfare function, W, on the order of

W = Wi, Uy =om » U) (13)

which might take any form, say

W="U+U+...+U_ (14)

depending on the sentiments of the fiduciary who, in any case, would be restrained by
a production barrier which, given

X =x +...+xm;Y=y1+...+y

b Z =z 4+ ... 42 (15)

m’
might take the form
zZ-2z2(X, Y =0 (16)

in which minimum aggregate amount, Z, of labor required to produce the social product
is stated as a function of the aggregate product produced (and consumed) during a peri-
od. Suppose the case in which the fiduciary wished to maximize some given form
of Eq. 13 subject to Eq. 16. Then a maximum value would be sought

Wt = W [Ul(xl, Yy 25Xy von s xm). T

Z(X, Y1 (17
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the partial derivatives of which are set equal to zero
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yielding the necessary conditions for a maximum value of Eq. 17 and in which ¢ is the
Lagrange multiplier and 3W/3 U. is denoted by W, and 3Z/3X by Z - etc.

By replacing the summand 01 spillover cost factor in Eq. 18 by Sj and, considering
only the center group of terms in Eqs. 18 and 19, these are rearranged so as to bring
the correlative assertion into view

aU./3x. ‘PZX - 8,
T - e (22)
A 2y

in which the Lagrange multiplier expresses the change in social utility with respect to
labor; Zx (etc.) expresses the change in labor, Z, with respect to X; and Sj expresses
the change in social utility with respect to the congestion created by another vehicle
trip—with the result that all terms are reducible to social utility or, more precisely,
to the utility or welfare of the fiduciary who is assumed to have elected Eq. 14 as the
form of his own utility function.

Accordingly, it follows under the rationale of Eq. 12 that the fiduciary will select a
new set of market prices (rx, ry) for units of X and Y so that

r Z. - S./¢
= x_z_l_ (23)

X
r
y y

the right side of which is now expressed in units of labor and is equivalent (in terms of
labor) to Pigou's solution (18)

Producer's Marginal Cost X + Consumer's Spillover Cost X

Producer's Marginal Cost Y
Marginal Social Cost of X (24)
Marginal Social Cost of Y

assuming pure competition and absence of all side effects except the presence of S
for which it is also assumed that

S =8 =... =8 (25)

in which the value of S; is negative in sign by Eq. 2 for i#j. For the special case

Sj = 0 relating to the "wide road'" of P1gou whlch is very wide, and where the price of
road service exceeds the money value of Zx (= w Zx) by some amount attributed to
overhead cost, the paradox of overhead cost is obtained in terms of Eq. 23. If this
difference is removed by setting rx = w Zx, the solution identified with Hotelling is
obtained. For the present case in which 5§ # 0 (but negative in value) and

r, = w(ZX - S]./Cp) i @ = w(Zy) (26)

it follows that the market value of goods produced will exceed the income from produc-
tion, indicating the need of a negative head tax (subsidy) in order to exhaust the product.
Will a small railroad obtain the same subsidy as a large trucking firm with or

without a utility function? The subsidy cannot be permitted to vary with use of high-
ways because the consumer might discount the road price by the amount of the subsidy
and, apart from some time preference, go about his business as before. Will a small
railroad without a utility function obtain the same subsidy as a consumer with or with-
out a motorcar? Will trucks be required to pay for congesting themselves? Will trucks
be required to pay for congesting the motorcar after trucks have purchased sufficient
additional road space to permit the motorcar to travel at the same rate before and after
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the injection of trucks (according to the incremental cost theory of the Bureau of Public
Roads) ? It has always been obvious that the theory of pure competition posed a threat
to the General Motors Corporation, but never quite so obvious as at the present.

But other and subversive properties of the toll theory remain to be considered and
pertain to its operational status simply as a matter of conception apart from feasibili-
ty which, at this level of precision, is rather beside the point. Going back to Eq. 19
and, considering only the center group of terms, rearrange these so as to bring the
following into view

aU,
w,—1 = vz j=1,2, ..., m, (27

W, = e BW, Sy B W w1 (28)

© 7 (29)

|
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n

Y = vee =Y (30)

the assertion that marginal utility of income must be identical for all consumers in
order to maximize welfare of the fiduciary. The marginal utility of trips must be iden-
tical for all consumers; the marginal utility of composite good, identical; the marginal
(dis)utility of labor, identical; and the marginal utility of income must be identical for
all consumers in order to maximize welfare of the fiduciary. Welfare of fiduciary ap-
proaches its maximum as human differences approach zero and, at the optimum,
vanish—yielding a theory of welfare with the property of human variation factored out.

If these results are too extreme, one may select another explicit form for the wel-
fare function. But let there be no mistake about the issue. Until a given form of Eq.
13 is adopted, the theory of tolls is short as many equations as the number of con-
sumers minus one. Advocates of the theory can appraise many features of their system
but not the feature at issue (i.e., welfare). It will also be obvious that specification of
Eq. 13 embraces implications that transcend any theory of highway prices.

Other problems for the policy maker may be noted. It is not true that labor receives
the value of its marginal product as strictly required by the theory; not true that prices
are equal to marginal cost as required by the theory; not true that producers are too
small to affect the price; not true that commodities are homogeneous, and so on. But,
in general, it is not true that the American economy will satisfy the assumptions of the
theory of spillover cost pricing. And if it will not, it simply will not, a negation made
explicit by Chamberlin (24).

It will also be obvious that one cannot eschew the assumptions of the model under an
argument where the test of the model is power of prediction. No prediction is involved.
The assumptions are the thing.

Of course, some stringent features of the model might be relaxed with gains in
empirical correspondence by the introduction of an "efficiency unit" for labor, thus
relaxing the homogeneity assumption for labor, and permitting wages (say per hour)
to vary with "efficiency.' But precisely what shall be relaxed and what shall be held
firm? How will assumptions not relaxed appear to our sense of logical balance in the
absence of assumptions that are relaxed? For instance, according to the rationale of
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Eqg. 23, the only remaining problem for the policy maker is to summarize the findings
expressed for this purpose in units of labor by Eq. 23. But will a unit of labor paid
$60 an hour in the production of commercial advertisement count the same as a unit of
labor paid only $3 an hour in the production of primary education? Given the "efficiency
unit, "' the answer may be that a unit in commercial advertisement should count 20
(= 60/3) times as much as a unit in primary education—the rationale being that abandon-
ment of homogeneity postulate for labor does not involve abandonment of assumption
that factors of production receive the social value of their marginal product. But the
problem at this point is too obvious. The policy maker might even reply that assump-
tions underlying the proper price for highway service are a greater social liability than
the traffic.

There is finally a problem of theoretical discretion. Perhaps in a free society (and
a wealthy one), what is done may not prove to be so important as the reasons given for
what is done. Consumers are to be charged for the time delays they cause each other
according to the magnitude of Sj. But as St. Clair has remarked, it is like "adding
insult to injury first to recognize that time delay is a cost to the consumer, and then
to say that he must pay, in order to maximize his own benefits, a tax that will cause
the cost to leap from the average to the marginal point. "
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Proposals have been raised to tax use of highways in relation-
ship to the volume of vehicles thereon. Aside from mechanics
and legal questions, this raises the problem of methods of
financing all means of transportation (for example, whether, as
a matter of public policy, road users might be taxed to support
rapid transit). Beyond this, the question of public investment
in (or taxation of) transportation facilities is raised as it may
affect property values; for example, in hastening the obsoles-
cence of buildings. These are difficult questions, related both
to public goals and to democratic and practical means for
implementing them. The paper discusses these problems
from the viewpoint of the transportation planner and the city
planner,

¢ PROPOSALS have been made to tax the use of expressways so that higher taxes
would be paid on more congested roads, or at more congested time periods on a given
road (14). These proposals are based on the assumption that it is proper to take a
limited view of one road at a time and to treat that facility as a monopolistic production
apparatus whose profit should be maximized, or whose use should be held below some
predetermined level by some pricing mechanism.

This narrow viewpoint cannot be taken by those whose business it is to make recom-
mendations for transportation improvements for metropolitan areas. For such work it
is obvious that consideration of gains and losses must be as complete as possible. For
example, reductions in accidents in a broad band of a city resulting from the construc-
tion of an expressway is a demonstrated gain which should be taken into account in pre-
paring plans (15). Congested use of expressways, although more costly to all users of
expressways, may be at a per mile cost level substantially below that of travel on
arterial and local streets, and hence may provide over-all reductions in cost to the
whole community (16).

It would appear that pricing of transportation facilities ought not to be considered
without a simultaneous or even prior consideration of the costs and benefits of supplying
new transportation facilities. And this investigation ought to consider the various types
of new facilities which should be provided. This, in turn, calls for a basic understand-
ing of the selection of mode of travel by persons living in urban areas.

This paper, therefore, addresses itself to the problem of investment in transporta-
tion facilities, both for individual and group modes of transportation. (Throughout this
paper "individual" transportation is treated as synonymous with automobile transporta-
tion; "group" transportation is used for so-called "mass transportation'—that is, buses,
rail rapid transit, and suburban railroads.) This is a problem of intense interest to
planners. An investigation of optimum investment policies produces insights which will
be helpful in considering appropriate policies for the taxation or pricing of transporta-

Paper sponsored by Committee on Highway Taxation and Finance and Committee on Equitable
Allocation of Highway Costs. 23



24

tion. The question of maintenance and management (or control) of existing transporta-
tion facilities is not considered, other than through taxation or pricing, and this latter
is only discussed at the end of this paper. Furthermore, the scope of this paper is
restricted to the transportation of persons within urban regions by individual and group
modes of transportation.

The "investment problem'" assumes that a metropolitan society and its nation or
state has a surplus of funds available for investment. This investment may be either
in capital facilities or in the form of subsidies for the continued operation of some
service. The transportation investment problem is the problem of deciding:

1. How much investment should be made in transportation, as opposed to other
possibilities for investment, either public or private.

2. What mode (that is, bus, rail rapid transit, or road system) should receive in-
vestment funds, and in what proportion.

3. When the investment should be made,

4. Where the investment should be made.

The transportation investment problem is made more difficult by the fact that it is
a geographic as well as a financial problem. The buying and selling of transportation
services (for example, the seat-mile of bus service or the vehicle- or seat-mile of
automobile service) is accomplished over the surface of large metropolitan regions
and not in the non-dimensional (and non-existent) ""perfect market." Clearly, the facts
of space and spatial distribution affect the investment problem. Also, there is the
problem of skillful design: a given level of investment in roads can be profitable or
unproiitable depending on the skiil with which it is laid out. This calls for a team ap-
proach (using both economists and planner-engineers) both in studying investment and
in planning the facilities.

The remainder of the paper develops an approach for the examination of this ques-
tion. This is done by first studying a series of goal systems: those of the transporta-
tion user, those of the land-based entrepreneur, and those of metropolitan management.
Next, the user's viewpoint is examined, both as tothe amount of transportation purchased
and as to the type of transportation selected. Then the investment problem is analyzed
from the viewpoint of metropolitan management and, finally, conclusions are reached.

GOALS
It is assumed that there are three sets of goals: those of the user of transportation,

those of persons in their land-based activities, and those of meiropolilan management.
"Metropolitan management' assumes a top level metropolitan, or perhaps state, view-
point. Naturally, these sets of goals are not separable in real life because the land-
based entrepreneur is also a traveler, and in both capacities he is a voter influencin,

metropolitan management.

The Transportation User

The goal of the transportation user is taken to be economic: to minimize the sum
of his transportation costs in relationship to the reward he will obtain from traveling.

Transportation is viewed as a cost item. The costs include money outlay (transit
fares, auto and truck operating costs, vehicle ownership costs, etc.), time outlay,
the risk of accidents, and discomfort of various types. Only rarely is urban transpor-
tation per se undertaken as a reward in itself—about 1 percent of all trips are ''ride"
trips (1)—hence, the cost viewpoint is reasonable.

Obviously people do not expend money, time, risk, or discomfort unless they hope
to gain a return. The rewards of traveling lie in the gains to be made at the destination
of each trip, and include such things as wages and salaries, and recreational or resi-
dential satisfactions. These will be different in amount for different people and will
vary by trip purpose. Over time these gains and satisfactions may be expected to rise,
as long as productivity continues to rise.

Travel is seen, then, as a cost item to be expended for a return of some type. For
example, a person will spend more (travel farther) for a good job than he will for a
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lower paying one, and he will travel farther to purchase a sofa than a loaf of bread.
Naturally, the length of each type of trip is also a function of the locational patterns of
various enterprises, which in turn is affected by the economics of production and dis-
tribution.

The Site User

The person undertaking some activity on a particular site—a retailer in his store,

a manufacturer in his plant, a housewife at home—has the same basic goal as the person
in motion but it is expressed differently. The goal is to maximize gains, whether they
be the profits of commercial and industrial activity or the satisfactions of residential

or recreational activity.

The site user's gains include such things as wages and salaries, residential and rec-
reational satisfactions, profits from business and industry, and the possession of goods
purchased at a site. These gains come whether the person is a permanent site user
(for example, an owner or renter) or a temporary site user (for example, an employee
or customer).

The site user's costs include such things as labor costs, material costs, taxes,
money paid for goods or services purchased on the site and, of course, transportation
costs of all types.

For the site user to maximize his gains he must first choose a site and then manage
it or do business at it or work on it or live on it. The site selection process is a com-
plex calculus of alternate site costs, taxes, community services, environment, location
with respect to market or labor force, and transportation costs. Site occupancy in-
volves decisions on investment in buildings, grounds and equipment, how to get ahead
on one's job, what goods to purchase, and so on.

An important point here is the relative importance of transportation costs to all other
costs of the site user. Probably transportation costs are not less than 10 percent, and
rarely more than 25 percent of all costs, irrespective of whether the activities are resi-
dential, recreational, or employment activities. The non-transportation costs (and, by
the same token, the rewards) are dominant. This is another way of saying that land use
is a primary consideration which should be served by transportation facilities.

The much greater importance of the site-based costs and returns relative to those of
transportation leads to the selection of densities of land development which will permit
the site user to maximize his gains. For example, a long assembly-line building may
be extremely profitable because it reduces labor costs, which are a high proportion of
manufacturing costs. Travel requirements may be increased, due to the need to find a
site large enough, but the over-all operation may become more profitable, even count-
ing increased travel costs. Similarly, congestion in a wide area of a city may be a nec-
essary price to pay for greater social productivity.

Metropolitan Management

The goal of metropolitan management is, broadly speaking, a social welfare goal:
to maximize the metropolitan "product." (It might be desirable to add "and to insure
an equitable distribution of the metropolitan product." However, distributional equity
is beyond the scope of this paper.) In this instance "product" is construed to be broader
than the traditional economic definition of the total goods and services produced. Maxi-
mization of product requires satisfaction of the demands and needs of the urban society
for services, creation of an environment (or arena) in which the production of goods and
services will be maximized, and promotion of the general health, safety, welfare, and
amenity. Inevitably there are conflicts within these goals and, like the transportation
user and the site user, metropolitan management must strike a balance between com-
peting goals in order to optimize net gains to the entire community.

Without having perfect knowledge, or comprehensive understanding of all the factors,
or the ability to account for all gains and losses, those who represent this viewpoint
must be as careful and complete as is possible in the accounting they use in making
decisions on investment.

The difficulty is that for a metropolitan investment, such as an expressway, the re-
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turn may, like the bread cast on the proverbial waters, come in a myriad of ways at
different, unpredictable future times. Investment selection is further complicated by
the interdependent character of investment decisions both spatially and over time. One
metropolitan investment will often call forth additional investments in related facilities
and services; or the reaction to a metropolitan investment may, over time, create the
need for an additional investment. Thus, provisions of a municipal water supply to a
suburban area may, in the absence of other controls or actions, generate sufficient
density of development to require municipal sewers and eventually new arterial streets.
Clearly, each action of metropolitan management cannot be evaluated alone but must be
accounted within a large enough reference to include interaction between items and over
time and to include private or mixed as well as strictly public actions.

For the purposes of this paper, various sets of goals which together comprise the
main goal of metropolitan management have been categorized. For convenience, these
have been drawn up into two main parts—those connected with transportation and all
other goals—as follows:

Non-transportation goals:
1. Increase in per capita production of goods and services, including housing.
2. Equitable distribution of social product.
3. Amenity.
4. Reduction of capital and operating costs of building and sites.
5. Increase in public knowledge of factors influencing development decisions.
Transportation goals:
6. Satisfaction of sum total of travelers' objectives (for example, to minimize
travel time, costs, risks, and discomfort in relation to gains from travel).
7. Reduction of capital and operating costs of road and transit systems.
8. Satisfaction of other transportation objectives (for example, goods movement).

In addition, metropolitan management must aid individual decision making by in-
creasing public knowledge of the potential effects of both public and private action in
transportation and in the non-transportation areas. Also, it must inform the public of
the range of alternative actions and their probable effects.

Viewpoint of Paper

The viewpoint of this paper is that of metropolitan management, and the focus is on
transportation investment. Metropolitan management wants to decide how much to in-
vest, what mode should receive what proportion, and when and where,

In making these decisions, metropolitan management assumes that travelers will
seek to maximize the returns to be achieved from their daily expenditures in transpor-
tation. Put in other words, metropolitan management understands that, given the more
stable and dominant locations of land-based activities, travelers will seek to minimize
their transportation costs, each person freely seeking to minimize his own costs. A
clear understanding of how the traveler's goal affects the purchase of travel is therefore
necessary and is considered in a subsequent section.

The viewpoint of metropolitan management is necessarily long-range—that is, 20 to
30 years. In a period of this length, metropolitan management realizes that real wealth
will substantially increase.

It is assumed that investment funds of some magnitude are available. Within such a
time period, the accounting of gains and costs will be as complete as possible.

Metropolitan management is vitally concerned with the goals of site users—that is,
with their desire to increase gains. Increasing site user gains, is, in the aggregate,
the same as inereasing the production of goods and services for the metropolitan com-
munity. This has been assumed as the single criterion for success in governmental
policies.

To achieve this goal, metropolitan management has a variety of tools—taxation,
spending, land control and regulation, and the intangible power of persuasive leadership.
Transportation investment is among these tools. The problem, however, is that the
effect of the single variable, transportation, on goods production, amenity and so forth,
is difficult to ascertain. This paper does not consider explicitly the effect of transpor-
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tation investment on non-transportation goals. Each year additional technical gains in
the planning and decision making processes are being made; and it is hoped that gains
will be made in considering non-transportation goals, just as it is hoped that this paper
will provide a systematic way of evaluating the proper allocation of investment as be-
tween individual and group transportation.

CHOICE OF TRANSPORTATION MODE

In this section, the choice of mode of transportation is investigated from the view-
point of the user, who is basically assumed to be an economic man in his choice of
mode of transportation.

In order to treat choice of mode on the basis of cost analysis, the user is assumed
to have good knowledge of vehicle costs, of operation and depreciation, and a knowledge
of the time required to travel by the various modes of travel which are available.
Tangible but immeasurable costs of travel, such as discomfort and inconvenience, are
assumed to be incorporated with time as a cost. Thus the inconvenience of waiting at
a station or stop for a group form of transportation is included within over-all journey
time. Time in all cases throughout this analysis is taken as portal-to-portal time,
and speeds are taken as journey speeds, which are considerably slower than vehicle
speeds, inasmuch as they allow for walking, waiting, and parking. (It should be noted,
however, that in the subsequent section on "Selection of Capital Investment Policy," in
dealing with person-miles of travel some speeds used in computation are the speeds
actually experienced on an express facility).

Because the authors take a long-run view of the life of a transportation facility, it
follows that a long-run view should be taken in analyzing the costs of transportation
when seen from the viewpoint of the user. Specifically this refers to a period lengthy
enough to enable the user to exercise the option of whether or not to purchase an indi-
vidual vehicle (automobile). In this analysis therefore, car depreciation and insurance
are included in calculating transportation costs.

Throughout this analysis, the unit "person-mile of transportation” (PMT) is used.
The use of this unit permits comparison of costs as between individual and group forms
of transportation.

The costs of purchasing person-miles of transportation, by whatever mode, are
composed of two parts: (a) movement costs and (b) time costs. Movement costs con-
sist of fares in the case of group transportation. Fares may or may not cover all the
costs of producing group transportation service; that is, of operating buses, subway
trains, elevated trains, or suburban railroad trains. Nevertheless, they are the costs
apparent to the user, and are the costs which he sees in making a decision as
between modes. Movement costs in individual transportation include the costs of
owning, operating, and insuring an automobile seat for one person. (If mean oc-
cupancy is 1.5 persons per vehicle, then vehicle-miles of travel costs are divided
by 1.5 to obtain person-miles of travel costs.) Both movement and time costs are
treated in the following.

Movement Costs

Although this paper is primarily concerned with developing improved methods for
analysis and investment planning, these methods require some real measures, both
to test reasonableness and in actual planning. It is in this sense only that the values
given herein are used.

An urban situation was visualized in establishing preliminary working figures of
transportation costs encountered by the user.

1. Both $0.15 and $0.25 fixed fares, without additional transfer costs, are as-
sumed for buses and rail rapid transit (subway or elevated lines).

2. A charge of $0.04 per mile is assumed for suburban railroad service.

3. Auto costs, at an average speed of 11 mph (implying driving under conditions of
some congestion), are assumed as follows:
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Figure 1. Comparative movement costs per person-trip hy trip Tength and mode.
Item Cost ($0.01/mi)
Variable cost (2):
(a) Gas, oil, tires, brake wear, maintenance 4.41
Fixed cost (3):
(b) Depreciation 2.54
(c) Insurance, registration, titling 1.49
(d) Parking, garaging 1.08
Total 9.52
This can be rounded off to $0.10 per mile, which for average occupancy at 1,5 persons

per car, makes the per person costs $0.0667 per mile.

Figure 1 shows how trip costs rise when a person increases the length of a particular
journey. Of course, if the purchase of round trip or daily journeys is considered, the
price of the fixed-fare group transportation would have to be doubled or more, inasmuch
as separate fares are required for each leg of a journey. Because it is not possible to
consider the use of rapid transit or suburban railroad service for very short distances,
Figure 1 does not portray these costs below 1- and 2-mi limits, respectively.

If these were the only considerations associated with selecting the amount and mode
of transportation, the following points could be made:

1. All trips would be made on foot.
2. The next cheapest form of transportation would vary as a function of trip length:
(a) Trips less than 2 mi long would be made by automobile (suburban railroads
presumably would not be available for short journeys).
(b) Trips between 2 and 3 mi in length would be made by suburban railroad.
(¢) Trips more than 3 mi in length would be made by bus or by rail rapid transit.

These points would be altered slightly depending on the cost figures used and the
number of riders per car, but they do show that movement costs are not the only things
considered by persons when choosing mode of transportation. Otherwise something
more than the 28 percent of all trips now made on foot or the 6% percent of trips to
work on foot would be the rule (4). Granted the employment, recreation, shopping,
and other opportunities which are spread over a modern metropolitan area, the person
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who walks barely has time to I
reach most of them on foot. ‘
Certainly he will have little

time left over to participate 44 ) Ll
in them. Because participa- |~
tion in these activities is re- 5 }
warding, a person is gener- & ’
ally willing to spend more -
for transportation in order
to get within effective range
of these activities.
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This raises the question
of the value of time. A num-
ber of studies have been made
which set values for the time i L
of automobile users. These 9 ; i 3 TR
studies recognize the difficul- hours per day spent in travel
ty of measuring the value of
time because the results are
averages—for persons with
different incomes traveling
for different purposes. Furthermore, most of these studies deal with choices between
toll and free facilities on fairly long trips.

The authors suggest that there are two main considerations in an individual's valua-
tion of his personal time. One is his income. The other is the amount of time spent
each day in traveling. Because time is a scarce resource for most individuals, it
seems reasonable to assume that the more time devoted to a particular activity, such
as traveling, the more valuable it becomes. The reason for this is that less time is
then available to devote to other activities.

This argument is depicted in Figure 2, which suggests that for small amounts of
time (say, 5 min) devoted to travel, time has practically a zero value. However,
when time per day devoted to travel exceeds 2 or 3 hr, its value becomes the value of
the hourly wage of that individual. In Figure 2 the value used is $2.50, inasmuch as
this approximates the mean national wage of production workers. The shape of the
curve is purely intuitive.

Similarly, it can be argued that the more income a person commands, the higher
the value he will place on his time, and the more he will be willing to pay for savings
in traveling. This is suggested in Figure 2 by the family of curves leveling off at dif-
ferent hourly wages.

The preceding paragraphs are obviously not conclusive, only suggestive. Their
first purpose has been to suggest that an increasing daily investment of time in travel
is viewed as being at increased cost. Their second purpose is to suggest that the higher
the person's income, the more highly he will value all time spent in travel. These
ideas have a significant impact on the traveller's choice of mode and amount of travel.
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Figure 2. Individual's valuation of time.

Choice of Mode

Comparison of operating and time costs by mode of travel are extremely difficult
and can be deceptive when analyzed on a single-trip, round-trip, or other short-term
basis. Proponents of group and individual forms of transportation can produce figures
which suggest that either form of transportation is less costly.

However, when costs are treated on a long-term basis, a much sharper and clearer
picture of mode choice appears. This picture, furthermore, appears to be completely
reasonable in the light of available evidence on mode choice (Table 1).

In Figure 3, the dotted line shows that the cost of purchasing seat-miles of transpor-
tation by group transportation is substantially lower over the range up to 15,000 mi per
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TABLE 1
MOVEMENT AND TIME COSTS BY MODE

Cost ()
Miles Individual Group

Traveled Base Movement Sub- Time Pai Movement Per
Auto at $0.03 total at $0.91 Total Mil at $0.057 Time® Total Mil
Cost? per Mib o per MiC Le per Mid —
10 434 - 434 1 435 43.50 - 1 i 0.20
100 434 3 437 9 4486 4.46 6 14 20 0.20
500 434 15 449 45 494 0.98 28 T2 100 0.20
1,000 434 30 464 91 555 0.56 57 143 200 0.20
2,000 434 60 494 182 676 0.34 114 286 400 0.20
4,000 434 120 554 364 918 0.23 228 572 800 0.20
6,000 434 180 614 546 1,160 0.19 342 858 1,200 0.20
8,000 434 240 674 728 1,402 0.18 456 1,140 1,600 0.20
10,000 434 300 734 910 1,644 0.16 570 1,430 2,000 0.20
15,000 434 450 884 1,360 2,244 0.15 850 2,160 3,000 0.20
20,000 434 600 1,034 1,820 2,854 0.14 1,140 2,860 4,000 0.20

:ﬂxcd coste divided by 1.5 persons per cor.

Vorlablo costo divided by 1.5 perzons por ony.

Auto Journey, speed 11 moh (5); mssused $1.00 per howr value of personsl tise.

Assused §0.25 Cixed Twe divided by moan journsy Tength of h.h mi, which 1o veighted combination of bus and subway-elevated
Jpustengers, Chicago nrea, 1956 (6).

Aspusad §1.00 per hour value of Permonsl time; apead fn 7 mph; which S0 veightod cosbinntion of bus and subway (elevated
Journey opeeds).
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Figure 3. Comparison of annual travel and time costs for individual and group transpor-
tation as a function of miles traveled per year.

year. This is because the automobile owner must start from the higher level of fixed
investment in a vehicle.

If this is an accurate appraisal (and the figures appear reasonable), then fewer people
would use their cars than now do. However, if it is assumed that person time has an
average value of $1.00 per hour, then the costs of group transportation use rise to in-
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mobile use at a point where
about 6,000 mi of travel
per year are undertaken, el |1 L LA L 1
This is equivalent to a

round trip to work and N
back of 12.5 mi each week- L

day (five-day week). 9

Appraising Figure 3, \
then, one would observe

tersect the costs of auto- ror" \

3

per mile

cost in cents
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that for those persons who

travel less than 6,000 mi

per year, group transpor-

tation is undoubtedly the \

less expensive. For those 1

who travel more than 6,000 [\

mi per year, individual bl transpoptonta

transportation is less ex- g1

pensive. Generally, per- NN H
sons with lower incomes T

live in the older and denser

portions of cities; they can-

not afford to travel much air Yransporta fion|—
and their needs are more

apt to be met close at hand.

0§00 1000 10,000 100,000

Group transportation iS miles per person travelled per year

much more economical for

them. For the suburban Figure 4. Comparison of time and movement costs per
family, income and travel mile and number of miles traveled by mode of travel.

distances are greater; in-
dividual transportation is
a better bargain.

Figure 4 shows the same data as in Figure 3, but on a cost-per-mile instead of on
an annual cost basis. This shows clearly how, with increasing use, individual trans-
portation becomes progressively less expensive to the user. The positions of the lines
shown here may vary, but the principle remains the same. As an afterthought, the
cost of air travel is shown for the persons who travel more than 50,000 mi per year.
At $0.07 per mile and with little time cost ($1.00 divided by 250 mph is less than a
$0.01 of time per mile) air travel is quite inexpensive when a great deal of traveling
must be done.

Summary

In this part, the choice of transportation mode has been analyzed from the viewpoint
of the user, who is assumed to be an economic man with good knowledge of alternative
costs.

An analysis of movement costs suggests that the user considers other things besides
movement costs in making a choice. If his viewpoint were solely movement costs he
would walk for all journeys. Automobile costs would appear to be a high cost form of
transportation. Bus travel would be economical for long journeys.

A hypothesis was advanced that time costs (as appraised by the traveler) vary with
the amount of travel (in time) per day. This hypothesis is reasonable, but lacking
evidence, time costs are considered on a fixed average basis in later parts of this
paper.

Using a fixed value of time, choice of mode can be graphed, including both time and
movement costs, on an annual basis. This kind of presentation suggests that choice of
mode is a function of the amount of travel purchased per year by the consumer. Those
who purchase very little travel will tend to use group transportation. Those who pur-
chase more travel will tend to use individual transportation.
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SELECTION OF CAPITAL INVESTMENT POLICY

Selection of a capital investment policy for transportation systems is a critical prob-
lem in urban planning, and hence to metropolitan management. The following analysis
is focused mainly on the problem of optimizing investment for two modes of transporta-
tion—individual and group. Actually, this could be considered as a four-mode problem,
because the authors deal with travel on buses, rail rapid transit, arterials, and ex-
pressways. However, the investment is only in two modes (rails and expressways).

Much has been written about "balanced" transportation systems. What is or what
is not balanced has never been decided and rarely is defined. It might be defined from
the viewpoint of metropolitan management as the proportion of persons traveling by in-
dividual and group transportation at the point where total transportation costs are least.
However, the proportion which is least cost now may very well not be at least cost
twenty years from now. Thus the idea of "'balance,' with its implications of a static
situation over time, may be misleading. The problem of the amount and timing of in-
vestment is probably more important.

In order to select—or perhaps more properly to move toward—an optimum capital
investment policy, a system must be created for determining what is optimum. This
system requires both a criterion for selection, and a basis for making the necessary
calculations or approximations.

The criterion has already been established: from the viewpoint of metropolitan
management, the goal is to minimize the sum of all transportation costs. Hence this
part opens with a discussion of systems for calculating optimum points, or, more ac-
('urah:lv for arravino alternative cogts.,

Jin sevTiiln s

Systems for Calculation of Alternative Investment Costs

There seem to be four substantially different methods of calculating alternative in-
vestment costs. These include (a) the method of comparing alternative single routes,
(b) the method of equal percentage returns, (c) the method of economic evaluation of
traffic assignments, and (d) the method of simplified models. These are discussed in
turn.

Method of Comparing Alternative Single Routes.—A conventional method of studying
alternative costs is to compare the costs of single routes. One route may be compared
with another, or with the option of not building it at all. Very detailed accounts have
been suggested with this type of work (7, p. 34).

There are two difficulties with this method: (a) the great volume of detailed work,
which may be of misleading accuracy, and (b) the fact that a system is not being dealt
with (7, p. 95). It is quite possible for a single road or rail line to be unprofitable in
itself but to increase profits for a whole system.

Method of Equal Percentage Returns,— Basically, the method of equal percentage
returns distributes available investment capital among alternatives on the basis of the
marginal rate of return. If two or more activities are independent, the optimum in-
vestment policy is one which equates the rate of return on the increments of investment
in the several activities.

This holds true as long as there is no, or extremely little, connection between the
activities. In simplest form, without budget constraints or an existing physical plant,
this is a cumulation of individual maxima for each activity. In a somewhat more real-
istic framework this approach allocates investment among alternatives subject to budget
limitations. For example, if there were no connection between group and individual
transportation and an investment in transportation were to be made, the optimum invest-
ment would be that split which yielded an equal return on the additional investment in
each mode.

There is some evidence for holding that group and individual transportation are in-
dependent—at least for crude levels of precision. Keefer (8) has shown that very high
percentages (85 percent in Pittshurgh) of transit users are "captives.!" The other side
of the question—how many automobile drivers and passengers are actual '"captives' of
their mode—has not been answered. Without further evidence of even a crude independ-
ence of mode the equal rate of return approach is difficult and dangerous to use for this
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problem. The "lumpiness' of efficient investment units between several facilities
also makes this approach difficult.

In other areas of metropolitan management concern, where a comprehensive and
detailed accounting is impossible, this approach provides a useful yardstick., For ex-
ample, this is the only feasible way, at present, for evaluating investment policy in
transportation against investment policy in land development or hospitals or public
open space.

Method of Economic Evaluation of Traffic Assignments.— Traffic assignments cur-
rently in use in various transportation studies offer what is probably the most trust-
worthy means of measuring all costs (that is, all transportation costs) associated with
a particular transportation system plan, including both road and transit systems.
These methods can estimate the traffic volumes on each link of both road and group
transportation systems. Because traffic volumes, coupled with information on road or
bus system characteristics, determine time, accident, and vehicle operating costs, it
is quite easy to sum up the total costs, including construction costs, for each system
plan.

Such a method of accounting, completely computerized, is far superior to the sys-
tem of comparing alternative single routes. It automatically takes into account the
reduced costs which occur when persons use low-cost systems (for example, rail rapid
transit or expressways) instead of the higher-cost bus and arterial systems. The in-
creased capital requirements also are taken into account.

One problem with this method—and it may be more theoretical than real—is that be-
cause of the time and cost of running computer traffic assignments, not all possible
systems may be tested. Hence, there may be one which is superior to all tested solu-
tions. In reality, of course, the severe limitations which restrict the number of possi-
ble schemes make it unlikely that a substantially better plan will have been missed.

Method of Simplified Models.—Because the preceding method is long and cumber-
some, it is desirable to have another method for two reasons. One is to organize the
important constituent determinants of an optimum investment policy so that the princi-
ples of optimization are understood. The second is to have a method that can be used
in planning—that will permit plans to be prepared which are close to the optimum, so
that a smaller range of plans can be tested. More tests on fewer plans presumably
would provide greater precision.

Naturally, these models require simplifications and abstractions from the complexi-
ties of the real world. There is no harm in this, provided the models are thoroughly
understood both in derivation and in purpose.

Several of these models already exist. One is the optimum spacing model, which
treats the problem of optimizing investment in expressways in an all-road situation
(9, 10). Another model deals with the optimum location of transfer stations in an all-
rail problem (11).

Problems which have not been treated include the optimization of subway construction
in a sector of varying density, and the problem of the optimization of the mix of road
and rail transit improvements. These are examined in the following two sections of
this paper.

A Model for Optimizing Rapid Transit

This section of the paper is an off-shoot from the main argument, in the sense that
it is not concerned with both group and individual transportation, but is limited to group
transportation. Nevertheless, the problem dealt with here is a complex one of great
interest. Its solution should be extremely useful, not only in its present elementary
form but also as a base for further refinement and possibly for extension to include both
group and automobile transportation.

A question in cities having no form of rail rapid transit is whether to build such a
rapid transit line, and if so, how long a line should be built. Assuming that rapid tran-
sit should pass through the central business district (CBD), the problem can be stated:
how far out should a rapid transit line be built from the CBD? This section presents a
mathematical solution to this problem.
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__— Assume a sector of the city radiating out
from the CBD a maximum distance of 30 mi,
This sector is populated with people at a densi-
chD o ty which declines as distance from the CBD in-
2 creases. Assume that all these people (or it
could be a proportion, either constant or vary-
ing) travel to the CBD by bus. Because the
angle of the sector is known, this population of
bus riders can be considered either as living

|
= subwQy ~——w+=—— bus

*s) (30=e) | throughout the sector or as living on a single
line—the bus line (see Fig. 5).
Figure 5. Let it be taken, then, that all bus riders

live along a bus line, but at a decreasing densi-
ty from the CBD in accordance with

-x/K 1)

density = a e

in which x is distance from the CBD and a and
K are constants. This can be graphed as shown
in Figure 6.

The problem can now be stated: how far out
(xs) should a subway be built from the CBD in

trip density (ae-x/K) o

e order to minimize the sum of travel and con-
o5 = struction costs? For simplicity, let it be as-
distance (x) sumed that all persons travel each day to the
CBD by bus, and that wherever they meet the
Figure 6. end of the subway line they will transfer, with-

out time loss, to the subway and proceed on the
subway. Their reason for transferring is be-
cause subway travel is cheaper in time and operating costs than is bus travel. The
mathematical statement of this problem follows (12).
o
. ith x: -x/K dx
For any values of x, say xj and Xj with xj < Xj, ae represents the total
Xj Xy )
numpber of trips originating within the range x; < x < Xj» whereas, J axe ~HK gy
Xy
represents the total person-miles of travel resuiting from these trips. Now, because
all trips with origins in the range o = x = xg (xg is length of subway) use the subway ex-
clusively for a distance of x miles, and all trips with origins in the range xg < x =< 30
use the subway for xg miles and use the bus for (x - xg) miles, the following equation
may be developed to sum the costs of travel and subway construction:

Xg 30
Total cost = Cs xg + Ci J axe'x/de+xs I 0o X/ Kax | |
o Xs
30 30
Ca J. ax e-X/K dx - Xg j a e—x/K dx (2)
Xg Xg

in which Cs is the construction cost of subway travel, in dollars per mile, converted to
a daily basis; Cz is bus travel costs, in dollars per mile; and C: is subway travel costs,
in dollars per mile.
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In word form, Eq. 2 says that the total costs density
of transportation in the sector of the city under
study are equal to the construction cost of the
subway plus the cost of all person-miles of
travel on subways plus the cost of all person-
miles of travel on buses. To minimize total
costs, Eq. 2 is first integrated, then differen-
tiated with respect to xg, equated to zero, and
solved for xg. The resulting value of subway

25,000 4
20,000
15,000
10,000

5,000

person—trips per square mile

length is —
o] 5 10 15 20 25 30
c8D miles
_ -30/K Cs
XS“'KII‘[e "G -C)ak aK] (3) Figure 7.

in which In is the natural logarithm function.
Now it can be shown that this value of x4 minimizes total cost if, and only if, C, < Cz.
This condition is reasonable because bus travel costs are greater than subway travel
costs.

Eq. 3 reveals some interesting and reasonable properties with respect to the unit
costs involved, as follows:

1. The length of subway will decrease if construction costs rise.

2. If bus travel costs rise (as by increased operating costs or slower speeds),
more miles of subway should be built.

3. H subway costs decrease (as by lowered operating costs or higher speeds),
more miles of subway should be built.

Some sample results are now in order. For a = 25,000 person-trips per square
mile per day and K = 6, the density relation takes the particular form

density = 25,000 e'x/K, o< x <30 (4)

which has the form shown in Figure 7 and which is assumed to approximate reality.

The rate of decline of the curve can be varied by changing the value of K; this adds to
the flexibility of Eq. 3 and, therefore, to its usefulness in finding solutions for different
sets of empirical data. Also, assuming C, = $0.12 per mile (subway travel, including
time cost), C2 = $0.19 per mile (bus travel, including time cost), and Cs = $1, 500 per
mile (subway construction cost per day), Eq. 3 gives xg = -6 In [e™® - 1,500/(-0.07 x
150,000) 1, or xg = 11.4 mi.

Because the input figures do not pertain to any particular city, the distance value
given for Xg in this example should not be considered as being an actual value.

The value of this work is that it provides a simple means for estimating the optimum
length of subway construction as a function of trip density, bus travel costs, subway
travel costs, and construction costs. The trip density curve, being a declining function,
approximates the actual declines in urban densities.

Optimizing Investment in a Two-Mode Transportation System

In previous sections, ideas have been presented on the goals of travelers and of
metropolitan management, and on the choice of transportation from the traveler's view-
point. Various methods have also been described for estimating optimum investments
in transportation systems, including the method of evaluating individual facilities, the
method of equal percentage returns, the method of assignments, and the method of sim-
plified models.

In this section, a simplified model is presented which may be used for studying trav-
el and capital costs associated with different investment combinations of improved indi-
vidual and group transportation facilities. This section attempts to provide a means for
answering questions such as: How much should be invested in expressways?; How much
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should be invested in rail rapid transit?; and What is the best combination of invest-
ments ?

An understanding of the relationship between alternative costs should be extremely
helpful in planning transportation systems for urban areas. A secondary purpose of
this section is to lay the groundwork for computer programs which may consider more
complicated situations than here developed. A third purpose is to lay the groundwork
for developing a formula for finding the optimum point, or points, for capital invest-
ment in group and individual modes of transportation.

In this section, the basic unit dealt with is the person-mile of travel (PMT), which
is a small enough unit so that it can be dealt with in continuous terms. The cost of per-
son-miles of travel on different types of facilities is known fairly well. Furthermore,
it is possible to estimate reasonably well how PMT will be allocated to different types
of facilities as a function of the amount (or spacing) of these facilities. Because the
amount (or spacing) of facilities is a direct function of investment, it is thus possible
to relate travel costs to investments, and hence to know total costs. Use of the PMT
unit avoids the substantial difficulties inherent in dealing with trips as a basic unit.

Throughout this section, the unit of area dealt with is a 1-sq mi section of urban
territory, the same assumption used in other "simplified model" solutions described
herein. The basic assumption of the unit square mile is that a large urban area of
identical density, trip length, transportation facilities, etc., surrounds the square
mile under consideration. It is necessary to make this assumption in order to con-
struct the kind of model herein described.

To permit a more rapid presentation of the subject the various variables employed
are described as follows:

G = proportion of travel made by group transportation;
X = proportion of individual transportation on expressways;
R = proportion of group transportation on rail rapid transit facilities;

the respective PMT (operating and time) costs on arterials, buses,
expressways, and rail rapid transit, in $0.01 per mile of person
travel;

Cx, Cr = construction costs of expressways and rail rapid transit facilities
expressed in daily terms;

OaA, OB, Ox, Or

T = sum of operating costs plus construction costs;
71, Zz, Zs = spacings of expressways, arterials and local streets,
respectively;
p = trip density, in person-trip destinations per square mile;
T = mean trip length;
Vi, Y2 = spacmg of rail rapid transit lines and bus lines, respectively; and
VX, VR = volumes of persons per day passing points on exple sways and rail

rapid transit lines, respectively.

Consider plane ABCD in Figure 8. On this plane the horizontal axis represents the
percentage, X, of person-miles of travel (PMT) driven on expressways. At point X =
0.0, all person-miles of travel are placed on arterial or local streets. The vertical
axis represents O, or the cost of PMT, a joint function of vehicle operating costs (in-
cluding depreciation) and time costs. The PMT cost declines from Op to Ox as
larger percentages of PMT are placed on expressways, because expressway travel is
faster and safer, with less wear and tear occasioned by stop and go driving. The de-
cline is a linear relationship.

Consider also plane EFGH in Figure 9. On this plane the horizontal axis represents
the percentage, R, of PMT placed on rapid transit (subway, elevated, and/or monorail,
but not express buses). At point R = 0.0, all person-miles of travel are placed on bus
systems. The vertical axis represents the cost of PMT, a joint function of fares and
time costs. Fares are assumed to cover all operating costs (including vehicle depreci-
ation, labor, fuel, oil, and tire costs) but not to cover any capital costs, whether of
roads or of rails, stations, or other capital expenditures.

The PMT cost declines from Opg to OR as larger percentages of PMT are placed on
rail rapid transit. This is primarily because rail rapid transit travel is faster and
safer. The decline is a straight-line relationship.
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Figure 10. Surface of operating costs Figure 11. Surface of operating costs
(X =R). (variable R).

In both cases, PMT is expressed as an average cost per mile of travel. This as-
sumption is necessary in dealing with group transportation, because fixed fares produce
variable per-mile costs as a function of trip length.

The two planes, ABCD and EFGH, are now placed parallel to each other and at a
distance apart on the z axis, which is scaled in units of G; G is 0.0 where intersected
by plane ABCD and 1.0 where intersected by plane EFGH. This is shown in Figure 10,
from which it is possible to consider the surface of person-miles of travel cost. This
surface, identified as OgOROx0p, gives the person-miles of travel costs for any com-
bination of G and X, but only where X = R.

Inasmuch as the preceding assumption about the equality of R and X is rarely likely
to be true, it is necessary to develop a procedure for graphically measuring the costs
when R is not equal to.X. This is done by simply lengthening or foreshortening the
scale on which R is measured so that any value of R can be placed directly opposite any
value of X. By this device, as illustrated in Figure 11, the unit costs for any combina-
tion of G, X, and R can be calculated.

Obviously, graphical devices are limited in their usefulness for making calculations,
although they are very useful in conveying ideas. Hence it is necessary to develop a’
formula which will express unit costs of transportation for any combination of G, R,
and X, as follows:

Operating and Time Cost = T pG [(1-R) OB+ROR ] +
Fp(1-G) [(1-X) 0A+XOx] (5)

In a city where there are no expressways and no rapid transit lines, all persons
would have to travel on arterial streets, either in buses or in individual vehicles.
Costs would then be expressed by a simplified version of Eq. 5, as follows:
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Operating and Time Costs = p* GOg + pT (1-G) Op (6)

If metropolitan management decides to provide expressway and rail service in the
square mile under consideration, some of the residents' PMT will be allocated to the
higher type facilities. The proportion, X, of individual PMT allocated to expressways
can be calculated from

X = : : (7

L [_;_1 " % T F Iz;zjmi]

which is adapted from Schneider's (E) "direct assignment' formula. Similarly, the
proportion, R, or percentage of PMT on rail facilities can be calculated from

1
S (8)
Yy 'y—l- + —f‘—>

which is a simplified version of Schneider's formula for a two-mode (bus and rail)
system.

However, metropolitan management is conscious of capital investment costs re-
quired to permit people to move faster and more safely. These costs are determined by

TABLE 2

TOTAL DAILY COSTS FOR SELECTED PROPORTIONS OF GROUP AND
INDIVIDUAL TRANSPORTATION AT VARYING SPACINGS FOR
EXPRESSWAYS AND RAIL TRANSIT'

(Trip Density = 10,000, Mean Trip Length = 6 Miles)

Group ~ Spacing (mi P o0 PMT (%) Daity

Trans, Costs
%) Exp. Rail Exp. Rail Exp. Rail %)

0 10 None 106 None 36 0 10,206

5 None 75 None 49 0 9,580

3 None 54 None 58 0 0,270

2 None 40 None 67 0 9,560

25 10 3 80 15 36 67 11,002

b 5 56 21 49 56 10,720

3 3 40 15 59 67 10,510

2 5 30 21 67 56 10,800

50 10 3 53 30 36 67 11,382

5 3 38 30 49 67 11,270

3 3 27 30 59 67 11,360

2 3 20 30 67 67 11,650

75 10 3 26 45 36 67 11,692

5 3 19 45 49 67 11,780

3 3 14 45 59 67 12,030

2 3 10 45 67 67 12,400

100 None 10 None 112 0 36 13,376

None 5 None 82 0 56 12,150

None 3 None 60 0 67 11,690

None 2 None 45 0 73 11,680

None 1 None 26 0 83 11,560

Y, of 10, 5, 3, 2, and 1 mi used for each expressway
spacing. the imum total cost rall spacings are shown vhere both group
end individual modes of transportation are used.

The following values are assumed in the calculations:
Trip density, p = 10,000
Mean trip length, r = 6 mi

Y Rail transit spaci
+

= 0.1 mi

Arterial autos, Op = $0.20/mi ste at 8% interest
Expressway autos Oy = $0.lo/mi for recovery. Expre ays are
Rail transit, Og = $0.15/mi $1,460 per day or $5 million per
Buses, Og = $0.26/mt mile. Rail at $880 per day or $3

Arterial spacing, zz = 1 mi million per mile.
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2¢
Expressway investment = X (9)
Z
2C
Rail rapid transit investment = _YR (10)
1
(& C
Total investment = 2 <—X + —B> (11)
Zy Y,

Two examples have been studied. In the first, a medium density area is investi-
gated—one which has a trip population of 10,000 trips per square mile, equivalent to
about 5,000 persons per square mile (Table 2). This is a solidly built-up suburban
settlement. The ratio of bus:rapid transit:arterial auto:expressway auto costs was
taken as 26:15:20:10. This means that the individual travel costs were lower than
group costs by about one-third, whereas express travel costs (either expressway or
rail rapid transit) were considered about one-half of those on unimproved facilities.
These are conservative estimates. Again, the figures given here are subordinate to
the principles and methods.

TABLE 3

TOTAL DAILY COSTS FOR SELECTED PROPORTIONS OF GROUP AND
INDIVIDUAL TRANSPORTATION AT VARYING SPACINGS FOR
EXPRESSWAYS AND RAIL TRANSIT'

(Trip Density = 50,000, Mean Trip Length = 6 Miles)

Crowy  Scimg (m)  PTRLIOLAN pur g Daily

Trans., Costs
%) Exp. Rail Exp. Rail Exp. Rail ($)

0 10 None 545 None 36 0 67,171

5 None 391 None 52 0 60, 542

3 None 284 None 63 4] 56,705

2 None 211 None 70 0 55,055

1 None 119 None 79 0 56,410

25 10 3 409 75 36 67 66, 649

5 3 293 75 52 67 61,970

3 3 213 75 63 87 59,483

2 3 158 75 70 67 58,733

1 3 89 75 79 67 61,213

50 10 2 273 112 36 75 63,799

5 2 195 112 52 75 61,070

3 2 142 112 63 75 59,993

2 2 106 112 70 75 60,083

1 2 60 112 79 75 63,688

75 10 1 136 96 36 86 60, 607

5 2 98 169 52 75 59,870

3 2 71 169 63 75 60,083

2 2 53 169 70 75 61,133

1 2 30 169 9 75 65,863

100 None 10 None 562 0 38 66,286

None 5 None 409 0 54 61,171

None 3 None 300 0 67 58,053

None 2 None 225 0 5 56,328

None 1 None 129 0 86 55,656

1Rail trensit spacings, Y, of 10, 5, 3, 2, and 1 mi used for each expressway
spacing. Only the minimum total cost rail spacings are shown where both
group and individual modes of transportation are used.

The following values are assumed in the calculations:

Trip density, p = 50,000 Local street spacing, zy = 0.1 mi
Mean trip length, r = 6 mi Expresswny spneing, %y = as indicated
Arterial sutosn, Oy = $0,28/mi Capital coats at 8% interest, 25 years
Expresovay autos, Ox = $0.115/mi for recovery. Expressunys mre
Reil transit, Op = $0.15/wi $5,855 per day or $20 millicn per
Buges, Op = 50.26/1::1 mile. Rail st $2,928 per day or

Arterinl spacing, za = 0.5 mi $10 million per mile,
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In Figures 12 and 13 the result-
ing costs surfaces are shown by
the use of the isoline or contour
technique. A word is necessary
on the construction of these fig-
ures. Inasmuch as four variables
are being presented (T, G, R, and
X) it is obvious that one variable
cannot be shown, except in the
case where one of the other varia-
bles is zero. In Figure 12, the
missing variable is R, which is
not shown except along the line
G = 1.0. Therefore, in each plot,
for any particular value of G and
X, the minimum T value is plotted
as determined by one or another
of the values of R. The mate of
Figure 12 is Figure 13, in which
the X values disappear, except
along the X-axis.

. , y Both Figures 12 and 13 show
Digure 12, Cogt surtace for Bemple 1 (%% that the minimum cost point is

associated with optimum invest-

ment in expressways. Investment
in rail rapid transit facilities
would produce some gains, but
not nearly as fast as investment in
expressways. There is a lightly-
defined minimum point in the all
group world, but it is substantially
more costly than the minimum
point in the all individual trans-
portation solution,

In contrast, a very high density
arca was sclected as the second
example. A trip density of 50,000
person-trips per day per square
mile was chosen, equivalent to
about 25,000 persons per square
mile (Table 3). In this example,
the ratio of bus:rapid transit:arte-
rial auto:expressway travel costs
was taken as 26:15:28:11%. This
means that automobile travel on
arterial streets was set higher
than bus costs. This is conceiva-

ble if congestion and parking fees
Figure 13. Cost surface for Example 1. (Data are high enough.

plots where G = 0.25 are with respect to R.) The result, as shown in Fig-
b

ures 14 and 15, is to produce a

definite, two-minimum solution.
Either an all expressway or an all group transportation solution would produce minimum
costs of about $55,000 per day per square mile. However, it must be remembered that
the costs of constructing facilities were not forced up as a function of increased volume
usage. Probably the costs of expressways would rise faster than those of rail rapid
transit facilities at this density; the inclusion of these costs might show a clear mini-
mum in the group transportation world.




With such cost surfaces placed
in front of metropolitan manage-
ment, the direction and timing of
investment can be studied with
much greater facility than other-
wise. For most cities, with medi-
um to low densities, and with G
values of about 0.25 or less, the
direction of investment will prob-
ably be toward the expressway
solution. For high-density cities,
where G > 0.5 it may be more
desirable to move toward the all-
transit solution. Compromising
by trying to maintain a dual policy
is probably the most expensive
policy.

Density plays an extremely im-
portant part in determining costs
—not directly, because the quantity
p does not appear in the equations
fixing the proportionate usage on
expressway or ra