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Foreword

The six papers presented in this Highway Research Record
deal with various aspects of economic decision-making for
highways. They should be of interest to persons responsible
for such decisions, whether they are engaged in planning, lo-
cation, design, or operations.

The first paper (an abridgment by Brenan and Rothrock) pre-
sents a general framework for economic analysis as developed
in the "Route and Project Planning Manual' of the West Virginia
State Road Commission. Another report, by MacDorman, uses
an interesting case study to illustrate the sensitivity of eco-
nomic decisions to changes in certain common variables. The
paper by Lee and Grant deals with the treatment of prospective
inflation, an issue that arises in many economy studies for to-
day's highways.

The papers by both Johnson and Bevis deal with the develop-
ment of mathematical models related to highway user costs.
Their papers are interesting not only because of their reference
to the generation of data useful in highway economy studies, but
because they also contain material of special interest to per-
sons engaged in traffic and operations.

The final paper by Blythe, Dearinger, and Puckett (also an
abridgment) deals with the weighing of trucks in motion. This
paper obviously is of specific value to persons responsible for
securing data on truck weights, but it has general interest as
well.
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Principles of Highway Engineering
Economic Analysis*

MALCOLM F. BRENAN and CLAUDE A, ROTHROCK
Respectively, Director and Highway Engineer, Advanced Planning Division, West
Virginia State Road Commission, Charleston

ABRIDGMENT

eTHE FOUR principal methods used in highway economic analysis are defined and the
relative advantages of each are described.

1. Benefit-Cost Ratio— This method was originally developed for use in evaluating
river basin projects as required by the Congress and adopted for highway projects by
the AASHO Committee on Planning and Design Policies. It has been presented in a
publication commonly called the '""Red Book."

2. Present Worth—The values of all costs and benefits are reduced to a present
worth for comparison purposes.

3. Annual Costs—Values of all costs, both of construction and users costs, are
calculated as an average annual cost, thus giving a direct comparison of alternate
schemes.,

4. Rate of Return— This method considers the interest rate at which the expected
income (net benefits) will amortize the proposed investment,

The paper discusses the determination of quantifiable costs as:

1. Highway costs, consisting of operating, maintenance, and construction costs
(capital costs);

2. User costs, consisting of operating costs of motor vehicles, including the eval-
uation of the users time;

3. Accident costs, an evaluation of monetary worth of an expectation of reduction
of accidents by use of a proposed improved facility; and

4, Comfort and convenience, an evaluation of the users' probable preference for
the new facility, even if the expected operating costs thereon may be greater than those
on the old facility.

The paper discusses the consideration to be given to intangibles, secondary benefits,
and social consequences not reducible to money terms.

The principle interest formulas usable in problems of engineering economic analysis
are given and described, and definitions of the principal terms used in the discussion
are included.

¥This paper is based on a manual of the same title issued as a supplement to the "Route
and Project Planning Manual," prepared for use by the Advanced Planning Division of
the West Virginia State Road Commission, Charleston.

Paper sponsored by Commitkze on Highway Engineering Economy.
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Case Study in Sensitivity of Highway

Economy Factors

LITTLETON C. MacDORMAN, Washington Metropolitan Area Transportation Study

Several plans have been considered as possible solutions to the
increasing Shirley Highway traffic crossing the Potomac River,
including a reversible expresslane bridge, widening of two exist-
ing structures, and a new bridge on a removed location. The
study reflects the advantages of building additional capacity for
the peak hour, as well as maintaining the null condition for off-
peak by considering the daily traffic under three operating con-
ditions.

Considerable emphasis has been placed on an analysis testing
the sensitivity of "vestcharge' rates, the value of time and traffic
growth. The benefit-cost analysis is presented graphically, in
addition to rate-of-return solutions illustrating the sensitivity of
varying combinations of factors. Optimal decision maps are
shown, with consideration given to varying rates of traffic growth
providing depth to the cost picture that will aid in forming a rea-
sonably sound engineering decision.

*THE RAPID growth of the area around the Nation's Capital has caused increased de-
sire for better understanding of transportation needs. Those in responsible positions
are continually being called upon to make decisions concerning large capital expendi-
tures for major transportation projects. This is particularly true regarding river
crossings. The investment, impact and future implication of a new bridge has always
been a source of controversy. Such a bridge or bridges are presently being contem-
plated to relieve expected increases in traffic generated along the Shirley Highway cor-
ridor.

The Shirley Highway is not new to the student of highway engineering. The name is
synonymous with studies in speed, capacity and fuel consumption. This classic road-
way has now reached its life expectancy in terms of capacity. The Virginia Depart-
ment of Highways has adopted a three-two-three reversible lane redesign of the Shirley
Highway and has included the freeway in the Interstate system as I-95. However, there
have been several suggestions concerning roadway configurations crossing the Potomac
River, The study area in Figure 1 shows the relationship of the river crossing to the
presently proposed Interstate Highway System in the Washington metropolitan area.

The number of alternate solutions proposed for crossing the Potomac River have
been reduced to four possibilities:

Alternative 1, Do-nothing or null condition. The two-lane reversible express road-
way in Virginia is terminated in the Hayes St. area before the interchange of the Shir-
ley Highway and US 1. There are no changes considered to take place on either the
northbound Rochambeau Bridge or the southbound George Mason Bridge. The approach
roadways in the District of Columbia are also to remain as they presently exist (Fig. 2).

Alternative 2, Reversible express lane bridge. The two-lane reversible express
roadway is extended in a northerly direction across the Potomac River on a separate
structure, one lane split to 14th St. and one lane to the Washington Channel Bridge
(Fig. 3). This is the same scheme presented in a consultant's report (5) to the Virginia
Department of Highways. B

Paper sponsored by Committee on Highway Engineering Economy.
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MARYLAND

VIRGINIA

Figure 1. Study area 1in relation to proposed Interstate system for Washington
metropolitan region.

J NULL CONDITION

Figure 2. Alternative 1.
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Alternative 3, Six-lane bridges. The reversible express lanes are carried in Vir-
ginia to the Potomac River where they divide connecting to both the Rochambeau and
George Mason Bridges. The present structures and the approaches in the District of
Columbia are to be widened from four to six lanes (Fig. 4).

Alternative 4, Roaches Run Bridge. A new four-lane bridge east of the Richmond,
Fredricksburg and Potomac Railroad Bridge is connected to the Shirley Highway in the
vicinity of the existing interchange with US 1. Connections are made with the Shirley
Highway, the George Washington Parkway and one inbound ramp from US 1. A direct
tie to the Washington Channel Bridge is coordinated with present connections in the
District of Columbia (Fig. 5).

Since the choice of alternatives was clear and the limits of influence could be rea-
sonably well defined, it was decided to make an economy study for the various river
crossing proposals. The purpose of the study was twofold. One was to answer the
project formulation question of which alternative should be recommended as the more
economical solution of vehicular access across the river. The other, and perhaps
more important, purpose was to determine the relative strengths and weaknesses of the
recommendation. This could only be accomplished by testing the sensitivity of the
variables involved in the problem. The study considered these three questions:

1. What is the minimum attractive rate of return for this type of investment, con-
sidering no direct monetary return will be realized?

2. What is the value of time?

3. What is the probable value of traffic volumes that will utilize these facilities?



TABLE 1

CAPITAL COSTS FOR VARIOUS ALTERNATIVES CROSSING
POTOMAC RIVER (x $1,000)

Potomac

Virginia River D. C.
Alternative Approach Crossing Approach Total
1 0 0 0 o}
2 1,890 3,936 350 6,176
3 2,390 7,029 100 9,519
4 6,766 9,586 750 175702

HIGHWAY COSTS
Capital Costs

Estimates of cost were developed for each alternative by the respective highway de-
partments. The capital investment necessary to build each bridge and its approach
roadways is given in Table 1. The annual capital cost for each scheme given in Table
2 was calculated using a selected number of vestcharge® rates for an analysis period of
20 yr. No salvage value was assumed for any alternative (2).

Maintenance Cost

Maintenance costs were recognized as being those necessary to housekeep each
facility. Typical items may include roadway and structure repair, snow removal,
landscape and drainage maintenance, painting, lighting and necessary law enforcement.
At this point it was assumed that all alternatives will incur the same annual maintenance
costs.

TRAFFIC MAINTENANCE COSTS

During the period of construction, another charge may arise. In this study it is re-
ferred to as the traffic maintenance cost and can be separated into two categories,
capiial and operational. The capital costs are those borne by the contractor necessary
to maintain traffic. Examples may be temporary roadways, drainage structures, signs
and signalmen. These are assumed to be included in the capital costs and will not be
diacussed further. Operational traflic mainlenance cosls are those incurred by existing
vehicles during the period of construction. They involve items of additional expense
due to slowdowns, stops, detours and operating over temporary roadways. Time
costs, as well as operating costs, are included in this category. In this problem, for
example, Alternative 3 will probably accrue more of these costs than Alternative 4 be-
cause the plan calls for widening existing bridges which will disrupt the present traffic
flow during construction, The bridge in Alternative 4 is on a new location. These
costs are presently considered equal for each scheme and will not be further discussed
until the conclusion.

TRAFFIC

Forecasl ol Growth

The traffic volumes assigned to the various alternatives were for the year 1980.
The derivation of numbers was a result of trip generation by regression analysis. The
basic forecast figures such as population, employment, retail sales and school acreage

! Vestcharge is a word coined by Robley Winfrey, U.S. Bureau of Public Roads, meaning
the charge for the use ot money invested in physical assets; 1t 1s in lieu of return
on inveested capital wherein operational money returns are received from buginess ven-
tures, but the concept of vestcharge assumes that there is no direct money return.
Rate of vestcharge is used in the same sense as rate of interest or rate of return.



TABLE 2

ANNUAL CAPITAL COSTS FOR VARIOUS VESTCHARGE RATES
AND ALTERNATIVES
n = 20 years (x $1,000)

Vestcharge Rate

Alternative & Capital Cost

1% 6% 10% 15% 20%

1 - Do nothing or

null condition 0 0 0 0 0
$0

2 - Reversible express

lane bridge $ 342 § 538 § 725 $ 987 $1,268
$6,176,000

3 - Six-lane bridges 528 830 1,118 V521 1,955
$9,519,000

4 - Roaches Run Bridge 948 1,491 2,009 2,732 3,512
$17,102,000

were obtained from various planning agencies throughout the Washington metropolitan
area. Trip distribution was made by the gravity model and assigned to the highway
network by a minimum time path algorithm (7). Since the assigned volumes were for
1980, it was necessary to know something about the increase of traffic during the study
period. Two methods were used to obtain the growth factor for the period 1960 to 1980
and are shown by the following equations:

Vehicle trip growth factor (1960-1980) =

1980 area vehicle registrations
1980 zone population 1980 area population
1960 zone population 1960 area vehicle registrations
1960 area population

1980 region fuel consumption
1980 region vehicle registrations
1960 region fuel consumption
1960 region vehicle registrations (1)

Minimum vehicle trip growth factor = 1.38 x 1,29 x 1.00 = 1,78
Maximum vehicle trip growth factor = 1.53 x 1.38 x 1.05 = 2,20
Average vehicle trip growth factor = 2.00
Vehicle trip growth factor (1959-1980) =

1980 Potomac River vehicle crossings = 578,000 2.19
1959 Potomac River vehicle crossings 264,000 ~ “* 7 (

2)

Assuming a straight-line growth, the first method provides for a yearly increase of
5.0 percent of the 1960 volume and the second method yields 5.7 percent. Initially,
it was concluded that 5.0 percent on a linear basis would be satisfactory for estimating
purposes.

Equivalent Annual Traffic

To evaluate trip growth properly during the study period, the following formula (4)
was used to find the equivalent annual traffic:




E.A.T.=a+b+Tb—nTb(crf—i) (3)
where
a = present or initial trips,
b = average trip increase per year,
i = interest or vestcharge rate,
crf = capital recovery factor, and
n = study period in years.

Table 3 gives the relationship between 1960, 1980 and the equivalent annual traffic
volumes for selected rates of vestcharge by assuming thata = 1 = 1960 traffic vol-
ume, b = 0.05, and N = 20 yr.

If traffic grows exponentially rather than linearly, it could be assumed that the vol-
umes compound at a rate approximately equal to 3% percent per year. This would re-
sult in the same volume of 1980 traffic as the 5 percent linear growth. The resultant
change in Table 3 would reduce all factors by less than 5 percent However, it is the

mendation would result by using an exponential growth.
Trip Distribution

Since the same basic traffic was used in each alternative, it was felt that the study
should show the benefit of building extra bridges for peak volumes as well as that of not
building additional capacity for off-peak trips. Several distribution curves plotted for
the existing Potomac River bridges had generally standard shapes. Figure 6 was
plotted from data gathered during the first 10 mo of 1963. The '"best curve' showed
that 9.2 percent of the traffic occurred in the peak hour. It also showed less than 1
percent occurred in the 24th hour. Judging by the general shape of the distribution
curve, the following breakdown of time was used:

High 4 hr = 34.5 percent,
Next 8 hr = 42,5 percent, and
Low 12 hr = 23.0 percent.

In terms of 1980 Potomac River crossings, this would mean that 13,989 veh/hr cross
in the highest 4 hr. Likewise, 9,232 and 3, 331 veh/hr cross in the next 8 and lowest
12 hr, respectively, for a total of 173,784 veh/dav

Each alternative was broken into the three study periods reflecting different operatmg
conditions. Each roadway section volume was converted to a per lane basis and a

TABLE 3

EQUIVALENT ANNUAL TRAFFIC FACTORS IN TERMS OF 1960
AND 1980 VOLUMES FOR LINEAR TRIP INCREASE OF 5 PER-
CENT OF 1960 TRAFFIC PER YEAR

Vestcharge 1960 1980
Rake I'rattic Iraffic
1 1.508 0.754
6 1.430 0,715
10 13795 0.68%
15 1,318 0.659

20 1.273 0.637




Figure 6. Maximum percent of vehicles passing across highway bridge during accumulative
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corresponding speed was assigned according to Figure 7. Constrictions in lane design
were examined in obtaining operating conditions. For example, if a roadway contained
three lanes for the majority of its length but necked down at the outbound end to two
lanes because of a ramp connection, two lanes were considered to be the capacity of
that section. In general, this had its greatest effect on traffic operation during the high
4-hr period, causing some trips to divert to optional routing.

In the case of alternatives utilizing express lanes, the reversible roadway was as-
sumed closed for 2 hr each day, one during the 8-hr period and one during the low 12-
hr period.

Commercial Traffic

Trucks and buses were considered in the problem and again the peak condition re-
flected a different situation than the off-peak. Table 4 reveals that approximately 13
percent of the traffic using the Shirley Highway between Glebe Rd and the Pentagon net-
work was commercial. However, only 7 percent occurred during the peak hour. The
following breakdown of commercial traffic was used in the problem:

High 4 hr = 7 percent,
Next 8 hr = 14 percent, and
Low 12 hr = 20 percent.

In all cases, no trucks were assigned to the George Washington Memorial Parkway or
its connecting ramps.

So that unit automobile operating costs could be used in this problem, a truck-car
cost relationship was established. A ratio was developed based on the operating costs
of trucks and automobiles at different speeds. The resultant curve is shown in Figure
8. This should not be confused with truck-car ratios concerning space or headway re-
quirements.

ROAD-USER COSTS

Unit operating costs (§) were assumed for passenger cars and specifically refer to
gasoline, oil, tires, maintenance and depreciation attributable to mileage for composite
1 percent grades. Unit accident costs (3) for this study were assumed to have a direct
relationship to operating speed. Both curves are shown by Figure 9 and reveal that the

A oan 11 i1,

most economical operating speed occurs between 35 and 40 mph. I was fell ial all

TABLE 4

COMMERCIAL TRAFFIC ON SHIRLEY HIGHWAY BETWEEN
GLEBE ROAD (Va. Rt. 120) AND PENTAGON NETWORK?

Year Percent
1955 12
1956 13
1957 -
1958 L0
1959 13
1960 13
1961 12
1962 13
3Calculated from: Commonwealth of Virginia Department of Highways,

Average Daily Traffic Volumes on Interstate and Rural Primary Routes.
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Figure 8. Truck-car cost ratio for divided highways with grades averaging flatter than
2 percent.

alternatives exhibited generally the same grades, curvature and potential accident
hazards and, therefore, no detailed breakdown of operating and accident costs was used.
The 1980 annual operating and accident costs for the four alternatives are given in
Table 5.
The value of time and the appropriate vestcharge rate are two rather elusive but
very important factors in determining the proper selection of alternatives. Utilizing
the factors developed in Table 3 for the selected vestcharge rates and the four values
of time, the equivalent annual vehicular cost for each alternative was computed (Table 6).

ECONOMIC ANALYSIS

The benefit-cost ratio method of analysis was initially employed in the study through
use of the following equation:

(Ub - Up) - (Dp - Db)
B. €. R. = Iap - Tab (4)
where
Ub = base user costs,
Up = proposed user costs,
Db = base maintenance costs,
Dp = proposed maintenance costs,
Iab base annual capital costs, and

Iap proposed annual capital costs.
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Figure 9. Automobile operating and accident costs.

Table 7 shows the benefit-cost ratios for the various alternatives compared to the
null condition utilizing different rates of vestcharge and values of time. If the ratios
are plotted graphically and the value of 1.0 is interpolated for each condition, a series
of curves will result (Fig. 10). Analyzing each curve separately or comparing the
proposed facility against the existing condition shows that it would be unacceptable to
recommend any scheme for combinations of values that fall beneath the curve. I any

combination of values converge above the

TABLE 5 curve, it would mean that the proposed
1960 ANNUAL OPERATING ARD ACCIDENT COSTS (x 31,000 facility hasg henefits in excess of the capi-
Annual Kl e tal investment and might be recommended.
Atermarive e i A Judging by the more or less acceptable
' T ~  ranges of time values and vestcharge rates,
Ssmiate ) only Alternative 4 does not appear in a
s o e s iy favorable position. Alternative 2 exhibits
M et P gy e higher ratios than Alternative 3 for any
combination of values and, therefore,
Slistmiives should be the choice solution. However,
ool o Bl % o e since Alternative 3 does show favorably,
M e g50a50 - e it was decided to see if the additional in-
vegtment of $3, 343,000 ($9,519,000 -
Ailispuaiive 3 $6, 176, 000) provides any benefits over
Kot 8 hoers S e Yo Alternative 2. Table 8 shows the benefit-
el s5.5a s 513 46056 cost ratios for Alternatives 3 and 4 com-
pared to the new base condition of Alterna-
dlsiptiles & tive 2. These values are plotted in Figure
Nt 4 s i Yo "2 11 and reveal that neither the six-lane
e gz, ke shren § 54 P bridges or the Roaches Run Bridge is ac-

e ceptable,
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TABLE 6

EQUIVALENT ANNUAL VEHICULAR COSTS FOR SELECTED VESTCHARGE RATES AND
VALUES OF TIME FOR THE PERIOD 1960 TO 1980 (x $1,000)
(Growth Rate = 5 Percent of 1960 Traffie per Year)

Values of Time

in Dollars 1980 Equivalent Annual Cost
per Passenger Annual
Car Hour Cost i= 1% 1= 6% i=10% i - 15% i-= 20%

Alrernative 1

Time = $ 6,324 $ 4,768 $ 4,522 $ 4,349 $ 4,168 $ 4,026
= 8,302 6,260 5,936 5,710 5,472 5,285
= 12,456 9,392 8,906 8,566 8,210 7,930
= 18,219 13,737 13,027 12,529 12,008 11,598

Alternative 2

Time = $0.00 $ 6,050 $ 4,561 $ 4,326 $ 4,160 $ 3,987 $ 3,851
= 0.50 7,677 5,789 5,489 5,280 5,060 4,887
= 1.55 11,093 8,364 7,931 7,628 7,311 7,062
= 3.00 15,812 11,923 11,306 10,874 10,422 10,066

Alternative 3

Time = $0.00 % 6,056 $ 4,566 $ 4,330 $ 4,165 $ 3,991 4 1,855
= 0,50 74562 5,701 5,407 5,200 4,984 4,814
= 1.55 10,824 8,161 7,739 7,443 7,134 fi, 890
= 3.00 15,285 11,525 10,929 10,512 10,074 8,731

Alternative 4

Time = $0.00 $ 6,179 $ 4,659 $ 4,418 $ 4,249 § 4,072 $ 3,933
= 0.50 7,756 5,848 5,545 5,333 5,112 4,937
= 1.55 11,067 8,345 7,913 7,611 7,295 7,046
= 13.00 15,643 11,795 11,184 10,757 10,310 4,958

At this point it should be sufficient considering the data and results to recommend
Alternative 2, the reversible express lane bridge. However, it was decided to test
the sensitivity of a change in the growth of traffic volumes. This was done by assum-
ing rates of growth for the study period different than the first assumption of 5 percent.
The two alternate growths chosen were 4 and 6 percent. This would indicate a +20 per-
cent difference in 1980 traffic volumes.

The manner in which this was accomplished was approximate and does not reflect
true operational characteristics for the different volumes. Instead of reevaluating
actual volumes, speeds, truck-car ratios and costs, a relationship of the different
rates of growth was established by substituting appropriate values into Eq. 3. The
results are shown by Table 9.

TABLE 7

BENEFIT-COST RATIO OF VARIOUS ALTERNATE SOLUTIONS COMPARED TO
ALTERNATIVE 1

Values of time

in Dollars Vestcharge Rate
per Passenger
Car Hour 1% 6% 10% 15% 20%

Alternative 2

Time = $0.00 0.60 0.36 0.26 0.18 0.14
= 0.50 1.38 0.83 0.59 0.42 0.31
= 1.55 3.00 1.81 1.29 0.91 0.68
= 3,00 5.29 3.20 2,28 1.61 1.21

Alternative 3

Time = $0.00 0.38 0.23 0.17 0.12 0.09
= 0.50 1.06 0.64 .46 0.32 0.24
= .1.55 2.33 1.41 1.00 0.71 0.53
= 3.00 4,19 2.53 1.80 1.27 0.96

Altervative 4

Time = $0.00 0.12 0.07 0.05 0.04 0.03
= 0.50 0.44 0.26 0.19 0.13 0.10
= 1.55 1.10 0.67 0.48 0.34 0.25
= 3.00 2.05 1.24 0.88 0.62 0.47
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VALUE OF TIME

3
14
2
o
I
14
<
(8]
2
24
w
(Y]
z
w
2]
Q
a
24
w
o 1
]
14
<
-
-
(@)
[a]
0 1
0 2 4 6 8 10 12 14 16
VESTCHARGE PERCENT
Figure 10. Benefit-cost ratio, base condition = Alternative 1.

The rate-of-return method of analysis was employed for this part of the study utiliz-
ing the following equation:

[((Ip-To) - (pwf’ -i-n) (Sp-Sh)](crf-i-n)=(Ub-Up)-(Dp-Db) (5

TABLE 8

INCREMENTAL ANALYSIS, BENEFIT COST RATIO OT' VARIOUS
ALTERNATE SOLUTIONS COMPARED TO ALTERNATIVE 2

Values of Time

in Dollars Vestcharge Rate
per Passenger
Car Hour 1% 6% 107% 15% 20%
Alternative 3
Time = $0.00 -
= 0.50 0.47 - - - -
= 1.55 1.09 0.66 0.47 - -
= 3.00 2415 1.30 0.92 0.65 -
Alternative 4
Time = $0.00 - - - - =
= 0,50 _ =
= 1455 0.03 - ~ - -
= 3.00 0.21 0,13 - - -
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VALUE OF TIME
DOLLARS PER PASSENGER CAR HOUR

0 2 4 6 8 10 12 14 16

VESTCHARGE RATE : PERCENT

Figure 11. Benefit-cost ratio, base condition = Alternative 2.

where
Sb = base salvage value,
Sp = proposed salvage value,
Ib = base capital costs, and
Ip = proposed capital costs.

The results of the calculations given in Table 10 revealed that in each case Alterna-
tive 2 exhibited the higher rates of return over the base condition of Alternative 1. An

TABLE 9

EQUIVALENT ANNUAL TRAFFIC FOR VARIOUS LINEAR GROWTH
RATES IN TERMS OF 1960 VOLUMES

Vestcharge Linear Traffic Growth per Year
e 4, 57 6%
1% 1.406 1.508 1.610
6% 1.344 1.403 1.516
10% 1.300 1.375 1.451
15% 1,255 1.318 1.382

20% 1.219 1.273 1.328
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1960

PERCENT OF

TRAFFIC GROWTH

TABLE 10

RATE OF RETURN OF VARIOUS POTOMAC RIVER CROSSING
ALTERNATIVES COMPARED TO ALTERNATIVE 1

Value of Time Alternative 2 Alternative 3 Alternative 4
in Dollars Reversible Six- Roaches
per Passenger Express Lane Lane Run
Car Hour Bridge Bridges Bridge
Traffic Growth: 4%
Time = $0.00 less than 1% less than 17 less than 1%
= 0.50 3425% less than 17 less than 1%
= 1,55 12.75% 9.29% 1.247
= 3,00 2047, 7:27% 7.67%
Traffic Growth: 5%
Time = $0.00 less than 1% less than 17% less than 1%
= 0,50 3.93% 1.47% less than 1%
= 1.55 13.53% 10.287% 1.847
= 3.00 207, 19.137%7 8.39%
Traffic Growth: 6%
Time = $0.00 less than 1% less than 1% less than 1%
= 0.50 4,57% 2.03% less than 1%
= 1.55 14.297% 10.72% 2,407
= 3,00 20+7, 19.947 9.07%
g
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Figure 12. Optimal decision map, minimum attractive rate of return =

6 percent.
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incremental analysis comparing Alternatives 3 and 4 to Alternative 2 showed merit in
their consideration for certain values of time, vestcharge rate and traffic volumes.
The problem of limiting values for the choice of Alternative 2 prompted the following
questions:

1. If the minimum attractive rate of return is known, at what minimum value of
time would Alternative 3 still be acceptable over Alternative 2?

2. If the minimum attractive rate of return is known, at what maximum value of
time would Alternative 1 still be acceptable over Alternative 2?

The answers to these questions were readily available through interpolation of the
incremental analysis. Assuming two separate and acceptable values for the minimum
attractive rate of return (1), optimal decision maps (6) were plotted (Figs. 12 and 13),
revealing that the choice of Alternative 2 still remains valid for generally accepted
values of time and limits of probable traffic volumes.

CONCLUSIONS

The information contained in the figures of this study presents many interesting re-
sults. For example, the lowest annual operating costs were achieved by the null con-
dition. This was primarily due to a lower operating speed which, according to the
figures used, optimized around 25 mph. However, it should be remembered that the
low speeds are probably in the stop-and-start category and, therefore, the costs are
probably unjustifiably low. Of the other three more comparable alternatives, Table 5
reveals that the reversible express lane bridge offers approximately the same operating
cost conditions as those of the two six-lane bridges.

An examination was made of vehicle-hours. This could possibly be interpreted as
an indication of service level. Table 11 compares time for each alternative by study
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VALUE OF TIME : DOLLARS PER PASSENGER CAR HOUR

Figure 13. Optimal decision map, minimum attractive rate of return = 8 percent.
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TABLE 11
1980 DAILY VEHICLE-HOURS

Daily Relative
Alternative Vehicle Service
Hours Level by
Percent
Alternative 1
High 4 hours 5,609 57
Next 8 hours 4,083 95
Low 12 hours 2,300 99
Total 11,992 78
Alternative 2
High 4 hours 3,544 90
Next 8 hours 4,032 95
Low 12 hours 2,285 100
Total 9,861 95
Alternative 3
High 4 hours 3,195 100
Next 8 hours 3,859 100
Low 12 hours 2,278 100
Total 9,332 100
Alternative 4
High 4 hours 35372 95
Next 8 hours 3,908 99
Low 12 hours 2,28} 100
Total 9,561 98

period. The dark hours showed no particular advantage to any scheme in terms of
service level. Alternative 3 proved to be the better choice during the daylight hours
with Alternative 4 a close second.

In summary, high capital investment is probably the chief reason why Aliernaiive
3 is rejected. This study, as is usually the case, showed that low veslcharge rales
tend to benefit high capital investment. The better service in terms of vehicle-hours
offered by the two six-lane bridges was not great enough to override the initial cost
differential with Alternative 2. The Roaches Run Bridge showed no significant benefit
attached to any feature studied. High capital costs coupled with high operating costs
eliminates this alternative. Since Alternative 2 is the apparent best recommendation,
the questions of maintenance and trattfic operational maintenance costs previously dis-
cussed are now relatively easy to answer. In both cases, the preferred alternative
exhibits the least costs and thereby lends weight to the decision. The selection of the
reversible bridge alternative can be attributed to two factors: low capital investment
and low operating costs directly related to the efficient express lanes carried across
the Potomac River and into the District of Columbia.
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Inflation and Highway Economy Studies

ROBERT R. LEE and E, L, GRANT
Respectively, Assistant Professor of Civil Engineering, and
Professor Emeritus of Economics of Engineering,
Stanford University

The nature of inflation and other price changes is investigated
to determine procedures for treating them in highway economy
studies. Long-and short-term trends of general inflation and
highway costs are calculated to aid in future prediction. Cur-
rent prices should be used for estimates of future costs and
benefits because it is difficult to predict inflation or differential
highway cost trends. In instances of great certainty of dif-
ferential price trends, they should be used, but only in a
sensitivity analysis.

oTHE FACT that inflation has been a feature of the American economy for many years
is a matter of record. For example, food purchased for $1.00 in 1940 cost about
$2.60 in 1963. Clothing prices increased about 110 percent during the same period.

In the highway field, construction costs had an average compounded annual increase

of about 4 percent for the same period (Tables 1and2). Figurel shows thegeneralrisein
prices as measured by the Consumer Price Index, the Wholesale Price Index and
Gross National Product Deflators.

TABLE 1

WHOLESALE PRICE, CONSUMER PRICE, AND GNP DEFLATOR
INDEXES, 1913-1963

Year Wiolesale?  Consumer® GNP Year Whwiesnie Consumsr GNP
Price Price Deflator Price Price Deflator
1913 38.2 34.5 - 1938 43.0 49.1 48.7
1914 7.8 35.0 - 1939 42 2 4R 4 4R 1
1915 38.0 35.4 - 1940 43.0 48.8 48.9
1916 46.8 38.0 - 1941 47.8 51.3 52.9
1917 64.3 44,7 - 1942 54.0 56.8 59.6
1918 1.7 52,4 - 1943 56.5 60.3 64.9
1919 75.8 60.3 - 1944 56.9 61.3 66.5
1920 84.6 69.8 - 1945 857 9 a2 7 fR N
1921 53.4 62.3 - 1946 66.1 68.0 74.6
1922 52.9 58.4 - 1947 81.2 77.8 83,0
e e o 1928w _BEY B0 e o e L 1948, 87.9___ 83.8 88.5

1924 53.6 59.6 - 1949 83.5 83.0 88.2
1925 56.6 61.1 - 1950 86.8 83.8 89.5
1926 54.8 61.6 - 1951 96.7 90.5 96.2
1927 52.3 60.5 - 1952 94,0 92.5 98.1
1928 53.0 59,7 - 1953 92.7 93.2 99.0
1929 52.1 59.7 57.4 1954 92.9 93.6 100.0
1930 44,3 58, 2 55.4 1955 93.2 93.3 101.2
1931 39.9 53.0 49.9 1956 96.2 94,1 104.6
1932 35.6 47.6 44,9 1957 99.0 98.0 108.4
1933 36.1 45.1 44,2 1958 100.4 100.7 110.8
1934 41.0 46.6 46.9 1959 100. 6 101.5 112.6
1935 43.8 47.8 47,4 1960 100.7 103.1 114.2
1936 44.2 48,3 47.7 1961 100.3 104.2 115.7
1937 47.2 50.0 49.5 1968 100, 6 106. 4 116.9

1963 99.9 106. 2 118.17

:D.ILI- derived from Ref. 8.
Intst derived from Ref. 6.

Paper sponsored by Committee on Highway Engineering Economy.
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TABLE 2

CALCULATION OF AVERAGE ANNUAL COMPOUND
PRICE INCREASES?

Year Index No. Period n Ratio (1+i)" i(1)
(a) Consumer Price Index
1913 34.5 1913-1963 50 106.2/ 34,5 3,08 2,3
1929 59.17 1929-1963 34 106.2/ 59.7 1,73 16
1940 48.8 1940-1963 23 106.2/ 48,8 2,18 3.5
1957 94.7 1940-1957 17 94,7/ 48.8 1,94 4.0
1963 106.2 1957-1963 6 106.2/ 94.7 1,12 1.9
(b) Wholesale Price Index
1913 38,2 1913-1963 50 99.9/ 38.2 2,01 1,9
1929 52,1 1929-1963 34 99,9/ 52,1 1.02 1.9
1940 43,0 1940-1963 23 99.9/ 43,0 2,32 3.7
1957 99.0 1940-1957 17 99,0/ 43.0 2.3 5.0
1963 99.90 1957-1963 6 99.9/ 99,0 Lo 0.2
(c) Engineering News-Record Construction Cost Index
1913 100,0 1913-1963 50 900, 7/100, 0 9.01 4,5
1929 207,0 1929-1963 34  900.7/207.0 4,34 4.4
1940 242,0 1940-1963 23 900, 7/242, 0 3.72 5.0
1957 723.9 1940-19567 17 723.9/242.0 2.99 6,7
1963 900, 7 1957-1963 6 900.7/723.9 1,25 3.8
{d) U, 8. Bureau of Public Roads Highway Cost Index

1913 - - - - - -

1929 65,0 1929-1963 34 101,7/ 55,0 1,85 1.8
1940 42.9 1940-1963 23  101,7/ 42,8 2.38 3.9
1957 103.1 1940-1957 17 103.1/ 42,8 2,41 5.3
1963 101.7 1957-1963 6 (103.1/101.7) (1,015) -0.3

(e) Gross National Product Deflators

1913 - = - - =

1929 57,40 1929-1963 34 118, 7/ 57.4 2.07 2.5
1940 48, 9P 1940-1963 23  118.7/ 48.9 2.42 3.9
1957 108. 4P 1940-1957 17 108.4/ 48.6 22.2 4.8
1963 118,70 1957-1963 6 118.7/108.4 1. 095 1.%

Ayalues for mdexes given in Tables 1, 3, and 4,
bIndex = deflato
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The problem is how to consider infla-
tion in highway economy studies. Should
general trends in prices be included or
only differential price changes, i.e., the
difference between the price trend of the
goods and services being analyzed and
the general rate of inflation? Should all
price trends, general and differential, be
ignored? The answers to these questions
are important because the procedure
adopted for the treatment of inflation can
have a decided effect on decisions between
alternatives and on the justification of
expenditures.

To answer these questions, we must
have an understanding of inflation: its
causes and cures, its future outlook, its
measurement, and its effects on decisions.

This paper deals primarily with the
treatment of inflation in economy studies,
not in studies of financial feasibility.
Economic analysis helps answer the ques-
tions "Why do it at all?" "Why do it this
way?'" ""Why do it now?" Financial
analysis helps answer the questions "Can
it be financed?' "Who will bear the
burden?" Both economic and financial
studies are required before rational
decisions can be reached; but the handling
of inflation should be different for these

Index Index
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Figure 1.

General price trends (2k4).



22

0T °I9Y§ WOIJ TOATISD BYIEQ,

0*00T 0001 o*o0T BT 0°03T S61°0 0700T &0 0°00T 0°00T 9°s 00T BEM 0°00T an'o oW 65-LS6T
L*TOT T'2or §'lot #2'gs 4'oor 96T 9*6g L (305] 9's6 e Eto0T & 0*¢oT m u BE
9166 9'g6 50T Lytle TS B 9'lg [ 5'L6 9'86 1508 £196 =y 920t €n° . P2
9'66 9"6. 't 80"$¢ 6'L3 i ' 2ttt 96 2" in's 0'g6 = 1'sot sn* me%-a
T
9'86 $°€6 g'o0T 2945 §'%3 95T T8 (335 0%9% E*n6 ez RIS 82 2790t [2% 3Fuaany
2.0t 1'% §*not $9°% €83 art S'gg 2ur 9'9% <26 a'E 0101 2ty L-ott i w W
4.3 e T'ToT GLus 9™ $9T g'lg €Tt 1766 L6 e 0°$6 T8 2i%T &n W WE
oie 966 2ot g2 253 89T 2eg Tt §*9%6 96 Bl d 9°% €en o010t 2n . VR
L6 9706 "6 99°2% Leg 9T 298 Raadl 393 €6 2 g6 A 2'50T " Ew%:
2961
66 % 5°g6 gE7ES 978 soT* 6'ce st 1*%6 n*s 09 o2y L9 1 sdwrany
246 6 £r20T oSS $'e8 2lr 565 gttt (373 256 00T e 5°86 w* o WY
166 T g'is 9628 8'eg ™ i ju 2'% 2'l6 0*$6 Eisd TigE m w PIE
266 2% €96 g £'%g 510 568 gt 1'% g6 16 foy 5'%% & . R
R 8*06 %6 s n'eg 291" 068 sttt 26 3 5756 8T tles o ...uwmﬁa
96T
6 116 566 2l 3ty 151 % 6t 28 L°g6 L 6% ey 9'¢6 6" 96T
9% 26 8L 00*€S 890 691 EX 921" 966 896 859 §"00T o= Lrs6 on* 6561
9'00T 5796 666 oT"ns 16 T 666 Cas §°00T zoor | lga 8'00T Tt 6501 En* 2961
1'EoT g .01 T eot 96755 0%LTT g2z 'm0t L33 Er00T 1*10T S 2'66 nE=n “L'ooT an” 2861
886 0%201 £°66 nl*€g 64001 2t 616 Lzt e 8'gs 85 1973 = 0'%6 on* 9561
£rig g % 10706 64 151 2 ot 8706 £ 1oy $106 %< o'mg i 561
6'63 0'g8 926 1705 $-g 65T L9 21 €06 L6y 503 6106 86E " oe* 7561
[ o <is 2872 99 2lT g €6 e 946 %6 E5y 0'€6 o 2'%6 o £96T
] b3 796 n2es £re 8.1 % 6TT* 00T 8°noT o] 1166 61y 4+20T En 2561
QW (33 97t6 2L°05 T 9Lt 026 6Tt £7001 ToTT EE"L 9'6g 26°¢ 2'% o 1661
(- 2l LgL Lkl %9 21 2°9L 660° L'5g 5'e 68"3 1'eg 25°¢ LSL 2t 06T
Y SIILILNYNO 3SYE 65—¢G61 WOHA QILNWOD SIXIANI
€2 0*1g g 2*2g - s g'2g 26 ng EE* 2334
Tl 0%9g stsLy N » s §'n8 on*E 6 13 161
£*06 9%26 00" T8 o'ng - . a'ng LE*E 30T o gmét
9°08 2'tg ngisn L - - 6L 10°€ 16 s PALH
™ oL 6L*gE 199 - - T'99 55'2 L*gg (i gné1
1%¢9 nels 91 n'&s ” - 765 ge'z 016 9L Sn6T
9Ly o'gs n6*1t 119 - * 1% Stz 66 ies m™met
gl gns 6170t 9*L3 - - 9°L9 ure 0" TIT e £n6T
crég Sy 91792 9°6¢ - - 965 (3 EsL] i£* 2n6tT
e 67gE me 9o = - 9o s 0'29 L méT
gen gmnE 161 &n - - 6Ty 91 o%es 12 on61
ey e ETéT TEy - - Ty (Y31 §¥ES = 6E6T
SrEn 97nE 90761 & . - 6ran at @ BE6T
iy 6768 gl*6t Toln « - ™ &'t 2t LE6T
§-6n 89t seroz 9Ly - o 9'Ln 16T 92~ 9E6T
TN €26 sltit iy - - Rl 08"t o 33
2708 k3 [ YRR iy - - g 05*1 62 nE6T
8%n €62 Ste9T 9T - - Rl Lg*t 92 £E6T
not gLz £€26T 6%%E . = 3433 't e 26T
&6 Lozt 20°8T £*Tn - - ' Ty 83T 2 16T
218 ngg go"0z o - - "9y 99°1 [ o o867
0765 2r6E g5 1e T * - higid fo'z 9rog 2" 6261
679 smgf 2T e e = hreg ot'z &g n' ge6T
609 T s9%ez 5 - & L ez*e 868 n L2861
Vi e al¥z2 TS - » TS 6z'2 8% 9z* 9261
9 6707 Ecezz 685 - 695 e 4 6 5281
bR 97In %z 665 & 665 on*e o601 £ 42T
Yot e iete 5'03 s - 909 'z £4611 i €261
L 979E g0zt 0% 695 -] - 695 82°2d §*201 07" 0% 22T
38vE 65—LG6T OL 3SVA 62—GZ6T WOH4 ANTVIILYWIHLYW 03 43ANOD SIXIAN!
o n2) ('m (g1 [20) (ax *s) e o)
Y3QNT A1 xHany 30IHL Rl ol 30IMd XEANT 30THd XEANT 30IHc pehiig adnd
xaaar ] s Qg s AL = [t} B
21508 -o0u1S BTN 5 Wk
<500 U0 1zus 13218 FLTAN 0 ALDINOD .
TAULINNIS TVALINLLS ONIMOANIIY SOONINNLIA LAEHGED AKYILEO NOZIYAYD)
STUNLNUIS WIOVANS

2dSVE 6G6T-LG6T ‘NOILONYISNOD AVMHOIH @V-TVIEQHd d0d SANTYL HOIdd

¢ HT1dV.L




23

two types of analysis. The treatment of inflation in financial studies is briefly dis-
cussed later in the paper.

PRICE CHANGES DEFINED

Two types of price changes may be distinguished: inflation and differential price
changes.

Although more elaborate definitions are sometimes use (1), (pp. 510-511), it is suf-
ficient for our purposes to define inflation as anincrease inthe general level of prices and
income throughout the economy, i. e., general price trends. No singleindex has beendevised
which canaccurately measure inflation. The usual approachis to considertogether the Con-
sumer Price Index, the Wholesale Price Index and the Gross National Product Deflators.

By differential price changes we mean the difference between the price trends of
the good or service being analyzed and the general price trend. During inflation some
prices decrease, whereas others remain fairly constant, keep pace with, or exceed
the general trend in prices. Some authorities recommend that differential price
changes should be projected and included in the economic analysis; hence their rele-
vance to this discussion.

Aside from inflation, prices may appreciate either because of anincreased demand for
a particular good or service or because of a diminished supply. This increased demand is
often caused by changing consumertastes. The diminished supply may occur because re-
sources arebeing depleted ina particular area. Animportantfactor in maintaining stable
prices for certain goods and services is the improvement of technology which prevents unit
costs from increasing in spite of inflation. This has beenthe caseinthe highway field, where
average excavation costs were about $0. 40/cuyd in 1922 compared withabout $0. 44/cuyd
in1963(Table3). Thesestable prices canbe attributedtothe advances in earthmoving
equipment and techniques. Therefore, there has beenadifferential decreaseinthe cost of
highway excavation when comparedtothe rate of inflation over the same period.

CAUSES OF INFLATION

Two primary causes of inflation have been identified (1, pp. 511-516, and 2). One is
the demand for goods and services increasing much more than the available supplies.
The price rise thus stimulated is sometimes called demand-pull inflation. This often
occurs when governments undertake large expenditures to finance war or national
defense, or to encourage a rapid rate of economic growth. However, individuals and
business also contribute to inflation by demanding more than can be produced at a
given time. The inflation immediately following World War II is thought to have been
caused mainly by pent-up consumer demands for goods and services. Competition for
available supplies caused general price level increases.

The other cause of inflation has been attributed to wage increases exceeding in-
creases in labor productivity. The inflation which occurs has been termed cost-push
inflation (3). The relative effect of cost-push vs demand-pull factors in causing infla-
tion is a matter of controversy, but it seems evident that inflation would have been
less severe during the past decade if wages had not increased more rapidly than the
productivity of labor.

ECONOMIC EFFECTS OF INFLATION

Unexpected inflation favors debtors at the expense of creditors. Suppose someone
bad borrowed $1,000 a year ago to be repaid now. If prices have doubled in that period,
he will be repaying only 50 percent of the real purchasing power received. He is
benefiting at the expense of his creditor. Those receiving fixed incomes (from fixed
pensions, life insurance annuities and interest) are injured by inflation and those re-
ceiving profits (from real estate, common stocks or commodities) are benefited.
Similarly, a government agency which borrowed funds for public works projects during
a period when inflation was not anticipated finds that its debt is more easily repaid
with inflated dollars.

From the national viewpoint, the transfers that take place between debtors and
creditors during periods of inflation tend to cancel one another. Therefore, unless
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such transfers influence the production of goods and services (as they do during rapid
inflation), they have no effect on the national income. Ina period of creeping inflation,
such as we have experienced in the United States, transfers of this type need not be
considered in an economy study. It follows that there is no economic gain to the nation
in accelerating the building of public works because inflation is anticipated. Nor is
there any ground for public officials to congratulate themselves on having built projects
when money costs were lower. If the purchasers of the bonds fail to anticipate inflation,
they lose and the debtors gain. If inflation is anticipated correctly by the bond holders,
they will probably demand a higher interest yield to compensate for inflation. There
is still nonet change from the national viewpoint (4).

On the other hand, from a local viewpoint, an area can benefit from having built
public works during periods of low prices, provided that an inflation increment was
not included in the interest rate on the bonds. In this case, the repayment of the debt
can be made with inflated dollars which means that the real cost to the area is less
than it would have been had inflation not occurred. A loss occurs to the creditors who
failed to anticipate inflation, but this is generally of little concern to the local area.

CURES FOR INFLATION

The techniques to be used by government to cope with demand-pull inflation are well known
(E, pp. 22-24). To diminish demand to bring it into equilibrium with supply, the
Federal Government can use both fiscal and monetary policy. Fiscal policy is con-
cerned with taxation and cxpenditure measures, whereas monetary policy concerns
actions affecting credit and the money supply. When serious inflation appears imminent,
the government can increase taxes and reduce its expenditures or it can impose credit
restrictions through the Federal Reserve Board. One problem in using these measures
is that they may be politically unpopular since many groups gain during inflation.
Another is that it is difficult to know to what extent and in what combination these
measures can be applied to have stable prices and not deflation. There is the very
real possibility that an overzealous dedication to the elimination of inflation will lead
to depression and unemployment.

There are no similar stabilization tools available to the government to minimize
the threat of cost-push inflation. Restraint on the part of business and labor is called
for so that their actions will not contribute to inflation. When this restraint is not
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Kennedy's dramatic encounter with United States Steel in the spring of 1962. President
Johnson has given clear warning that he is watching closely the actions of business and
labor with regard to wage demands and price increases:

In the face of a 44 percent increase in corporate profits in
less than three years and the prospect of further increases to
come with the tax cut, I see no warrant for inflationary price
rises.

On the heels of solid increases in real wages, plus the rise

= -in take-home-pay under the tax cut, I see no warrant for in-
flationary price rises. Accordingly:

I shall keep a close watch on price and wage developments,
with the aid of an early warning system which is being set up
in the appropriate agencies.

I shall not hesitate to draw public attention to major actlons
by either business or labor that flout the public interest in
non-inflationary price and wage standards. (ﬁ, p. 1)

FUTURE OUTLOOK FOR INFLATION

Notwithstanding increased knowledge of the causes and cures of inflation, few econ-
omists would be willing to predict that the problem has been eliminated. According to
Musgrave:



25

No one can predict whether the bias in years ahead will be
toward inflation or deflation. Much depends on the outlook for
peace and war and the resulting level of military expenditures
in the budget. In any case, there is little reason to expect
that stabilizing policy will become unnecessary. While much
has been said in recent years about built-in stabilizers, these
remain to be tested; and contrary to current belief, the in-
herent tendency toward instability may increase rather than
decline as the economy develops and gains in complexity.

(5, pp. 22-23)

Another economist, John Kenneth Galbraith, is of the opinion that inflation, not de-
pression, is the greatest threat to the American free-enterprise system, since most
of the forces in the economy are of an inflationary nature (7).

MEASUREMENT OF PRICE CHANGES

Numerous indexes have been devised to measure past price trends for different
goods and services. We are concerned with those used to (a) indicate general price
trends and (b) gage price changes in the highway field. These may help in predicting
future price trends.

Measuring General Price Trends

Unfortunately, there is no single index completely satisfactory for measuring the
general trend in prices, i.e., inflation or deflation. The three indexes commonly used
are the Consumer Price Index, the Wholesale Price Index and the Gross National
Product (GNP) Deflator. Each has certain shortcomings and cannot be relied on ex-
clusively for measuring changes in price levels (3, pp. 9-14). Therefore, it is cus-
tomary to look at all three when estimating what past inflation has been and what the
future might hold.

The U. S. Department of Labor, Bureau of Labor Statistics, publishes regularly the
Consumer Price Index and the Wholesale Price Index (8, pp. 348-358). The Depart-
ment of Commerce publishes implicit GNP deflators which are included annually in
the Economic Report of the President (6, pp. 214-215),

The Consumer Price Index measures:

the average change in prices of goods and services purchased
by city wage-earner and clerical-worker families. The
weights used in calculating the index are based on studies of
actual expenditures by families of wage earners and clerical
workers. The quantities and qualities of the items in the
"market basket" remain the same between consecutive pricing
periods, so that the index measures the effect of price change
only on the cost of living of these families. The index does
not measure changes in the total amount families spend for
living; city indexes do not measure relative differences in
prices or living costs between cities....

The list of items currently priced for the index includes
approximately 300 goods and services. For some items,
several different qualities are priced. The items priced are
described by detailed specifications to insure that, as far as
possible, the same quality is priced each time, and that dif-
ferences in reported prices are measures of price change
only. (8, pp. 348-350)

The Wholesale Price Index has been described by the Bureau of Labor Statistics as
follows:

This index, dating from 1890, is the oldest continuous
statistical series published by the Bureau of Labor Statistics.
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It is designed to measure average changes in prices of com-
modities sold in primary markets in the United States.

The index has undergone 4 major revisions....It is now
based on nearly 2,200 commodity price series instead of the
nearly 1,900 included in the 1947-60 period and the 900 in-
cluded for the period prior to 1947. Prices used in con-
structing the index are collected directly from sellers, if
possible, and apply as nearly as practicable to the first large
volume commercial transaction for each commodity.

(8, p. 350)

Gross National Product (GNP) is the total of all final goods and services produced
by the economy in any period of time, usually quoted in yearly figures. GNP figures
reflect inflation; therefore, the U. S. Department of Commerce has combined a number
of price indexes to be used to remove general price level changes so that a true picture
of economic growth can be given. This combined index has been described in this
manner:

By combining a number of appropriate price indexes, the
U. S. Department of Commerce calculates price series which
are comparable in coverage with the GNP. These measure the
price changes in GNP from year to year and are known as
"implicit price deflators.”" They can be used to remove the
price element from the current dollar GNP series, resulting
in GNP totals in constant dollars, often known as real income.
(In economics, ""real' means that changes in value have been
eliminated.) In these terms, inflation would be the condition
in which the deflator was rising, i.e., where national money
income is rising faster than national real income. (3, p. 12)

Measuring Price Trends in the Highway Field

Price indexes commonly used in the highway field are the Engineering News-Record
Construction Cost (ENR) Index, the U. S. Bureau of Public Roads Highway Cost Index
and individual state highway cost indexes. From thcsc indexes we hope to gain some
idea of the price trends in the highway field for comparison with the general price
trend to calculate a differential price change, if any.

The ENR Index (Table 4) was created in 1921 to ""diagnose the wild gyrations of prices
during and immediately following World War I and to appraise their effect on construction
costs." The components and weighting of the index are ''25 cwt structural steel shapes,
base mill price; 6 bbl portland cement, 20-cities average, bulk; 1, 088 Mfbom 2 X 4,
54S lumber, 20-cities average; 200 hr common labor, 20-cities average' (9, p. 79).

The ENR Construction Index does not adjust for "productivity, black or grey
markets, competitive conditions, mechanization, design changes or other 'intangibles'
that affect the final cost to the owner, or the contractor's'selling price'" (9, p. 80).
Although this index may be satisfactory for some purposes, it should not be used
uncritically. For example, it should not be used in the highway field because it neg-
lects so many matters that influence highway costs. Better indexes are available to
measure highway construction cost trends, e.g., the U. S. Bureau of Public Roads
Highway Construction Cost Index. For the 1957-1959 base period, the index includes
3,641,885, 000 cu yd of roadway excavation, 154,953,000 sq yd of portland cement
surfacing with average thickness of 9.1 in., 111, 516, 000 tons of bituminous concrete
surfacing, 2,206,879, 000 1b of reinforcing steel for structures, 2,581,462, 000 lb of
structural steel, and 14, 583, 000 cu yd of structural concrete (10, p. 174). This isa
nationwide index and should only be used when state highway cost indexes are not
available. A sample of state highway price indexes can be found in Engineering News-
Record (9, p. 98).

Figure 2 shows that the overall trend of highway prices appears to be fairly stable
since 1957, as indicated by both the U. S. Bureau of Public Roads Index and the
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TABLE 4 California Highway Cost Index. It also

ENGINEERING NEWS-RECORD CONSTRUCTION  shows how the ENR Index, which fails to

COST INDEX/ 1903-1963 reflect technological change, is without
Year Annual Indexes Year Annual Indexes value in any study of trends in highway

costs.
1903 93.90 1933 170.18
1904 817.40 1934 198.10 Techniques for Calculating
1905 90.55 1935 196.44 Price Changes
1906 95.10 1936 206, 42 —_—
1907 100. 55 1937 234.71 Two techniques used for measuring
1908 97.20 1938 235.83 price changes are the arithmetic rate
109 20,08 1329 235, 51 method and the compound rate method.
1910 96. 33 1940 241.96 :
1911 93. 43 1941 957.84 The 1atter_1s emp}oyed here. Howew{er,
1912 90.70 1942 276. 30 both techniques will be briefly explained.
1913 100.00 1943 289.95 In the arithmetic rate method, the in-
1914 88. 56 194; 393- 7§ crease in price is divided by the number
Leih 2. o0 s 073 of years covered and the initial price to
1916 129,58 1946 346. 04 : . _ .
1917 181. 24 1947 413.16 arrive at an annual ar1t1?met1_c rate of in-
1918 189. 20 1948 460.72 crease. For example, if an item cost
1919 198. 42 1949 477.02 $100, 000 in 1940 and $200, 000 in 1960,
1920 251.28 1950 509. 62 the average arithmetic change in price
1921 201.82 1951 542, 62 or vear Is
1922 174,45 1952 569. 40 PEE JEAT X
1923 214.12 1953 599. 99 ]
1924 215.36 1954 627. 96 i = (200, 000-100, 000)/20(100,000) =
1925 206. 68 1955 659.72 0.05 = 5 percent
1928 208.03 1956 692. 37
1927 206. 24 1957 723.85 The compound rate method is some-
1928 206.78 1958 759.16 what more complicated because it assumes
1929 207. 02 1959 796. 91 that price changes proceed at an expo-
1930 202.85 1960 823.55 L Pk For th dixln
1931 181.35 1961 847,05 nentia. rat€, rorthesame » the
1932 156. 97 1962 871.84 compound rate of price change would be
963 900.73 ;
1 . (1+1)% = 200, 000/100, 000 = 2. 0

a. s -
Data derived from Ref. 9. (1 +i) . (2. 0)1/20

i=(2.0)Y*_1.0
i=1.035-1.0=0.035=
3.5 percent

The calculation of compound rates of price changes can be facilitated by referring
to compound interest tables which have values of (1+i)® for various values of i and n

(11).

Summary of Past Price Changes

Table 5 gives an indication of the average annual compound rates of price changes
for the indexes just reviewed. Rates are also calculated for short periods to show
the variation with long-term trends.

Several conclusions can be reached by analyzing Table 5. The long-term general
trend of prices as measured by the Consumer Price Index, the Wholesale Price Index
and GNP Deflators has varied from 1.6 to 2.5 percent per year. Since 1957, these
indexes have indicated rates of price increase from 0.2 to 1.9 percent per year. From
1940 to 1957, prices increased at rates from 4.0 to 5. 0 percent per year. What rates
may be expected in the future? As indicated earlier, projections of the trend of infla-
tion are beset by great uncertainty. Long-term trends contain figures from periods
when price stabilization tools were little understood. On the other hand, the growth
of the threat of cost-push inflation and the increasing complexity of the economy prevent
the optimistic view that inflation is under control. Since many observers feel that an
annual rate of inflation of no more than 2 percent can be tolerated, this may give an
upper limit. Since the long-term rates and the recent short-term rates approach
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2 percent, perhaps this is as good an as-
sumption as any, if a projection is to be
made. Whether or not any projection

AVERAGE ANNUAL PRICE CHANGES®

Compound Rates (4)

Year

[of Wholesale GNP ENR BPR 3 i
O;i;jcmeer Porfj: Deflators Cost Highway Costs ShOuld be made 1s dlscussed more fully
later.
1913-1963 2.4 LY = 4.9 - . . - .
1929-1963 1.6 1.9 2.5 4.4 1.8 To find past differential price changes
- s 3. 3.9 5.0 3.9 . .

prévitr 5.0 48 6 5.3 for highway costs, past highway cost
Jortm  wp & e trends must be determined for comparison
ag ting data and caleulations derived from Tables 1 through 4; i i

c‘pj‘l"cp\t\‘l;t;:)ens ’;J; ;lnider:‘x:.{: i-;t(;xn;r than compound interest tables to get Wlt!‘ thC gono ral pI‘le) t_rend' Table 6.
more accurate indications of price changes. indicates a great variation between price

trend rates as computed from the Engi-
neering News-Record Construction Cost
Index and the U, S. Bureau of Public Roads
Highway Cost Index. Although the ENR
Index may be appropriate for some short-term purposes, it is inappropriate for meas-
uring long-term price changes and obviously does not agree with the facts in the highway
field. The Bureau of Public Roads Index reveals a long-term rate of about 1.8 percent
with practically stable costs since 1957. However, from 1940 to 1957 costs increased
by about 5. 3 percent per year. Again, it is difficult to predict what future highway
cost trends will be over any extended period of time. If we assume highway costs will
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TABLE 6

CALCULATION OF SURFACING COST PRICE TRENDS
VS HIGHWAY COST TRENDS2

Year Index No. Period n Ratio 1+1)2  i(q)

(a) Composite Highway Cost Index

1929 55.0 1929-1963 34 101.7/ 55.0 1.85 1.8
1940 42.8 1940-1963 23 101.7/ 42.8 2.38 3.9
1950 78.3 1950-1963 13 101.7/ 78:3 1.30 2.0
1957 103.1 1940-1957 17 103.1/ 42.8 2.41 5.3
1963 101.7 1957-1963 6 (103.1/101.7) (1.015) -0.3
(b) Portland Cement Concrete Index
1929 51.1 1929-1963 34 100.3/ 51.1 1.97 2.0
1940 41.9 1940-1963 23 100.3/ 41.9 2,40 4.0
1950 82.17 1950-1963 13 100.3/ 82.7 1.21 1.5
1957 99.2 1940-1957 17 99.2/ 41.9 2,36 5.2
1963 100.3 1957-1963 6 100.3/ 99.2 1,012 +0.2
(¢) Bituminous Concrete Index

1929 - - - B - -

1940 - - - - - -

1950 88.5 1950-1963 13 95.6/ 88.5 1.08 0.6
1957 101.4 - - - - -

1963 95.6 1957-1963 6 (101.4/ 95.6) (1.06) -1.0

8Cost data from U. S. Bureau of Public Roads as given in Table 3.

increase at the long-term rate of 2. 0 percent, the differential rate of change is zero
percent per year for highway costs, because the rate of inflation and the rate of high-
way cost increases are equal. If the highway cost trend since 1957 continues, the
differential decrease in prices would be approximately 2 percent per year.

The indiscriminate use of composite indexes can lead to serious errors. For ex-
ample, when performing an economic comparison of pavement types, it might be wholly
inappropriate to use a composite highway cost index, Instead, surfacing cost indexes
should be used to calculate price trends. It may be that surfacing cost trends parallel
the composite highway cost trend, but this should be investigated.

Table 6 presents an analysis of composite highway cost and surfacing cost trends
using data from the U. S. Bureau of Public Roads. Unfortunately, surfacing cost data
for bituminous concrete were not collected before 1950 and long-term price trends
could not be derived for this material. Nevertheless, recent trends can be observed
for bituminous concrete surfacing and long-term trends can be ascertained for portland
cement concrete surfacing.

A comparison of the portland cement price trends with composite highway costs
shows that they have not differed by more than 0. 5 percent for any given time period.
However, costs of bituminous concrete have recently been changing as muchas 1.5
percent less per year than the composite highway costs. This clearly demonstrates
the necessity of examining the cost trends of the major elements of highways.

Table 6 also shows that costs of portland cement concrete have increased at an
annual rate of about 2 percent since 1929 but have remained fairly stable since 1957.
Costs of bituminous concrete have risen by only 0. 6 percent per year since 1950 and
have been decreasing by about 1 percent per year since 1957.
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If the future general price trend is assumed to be about 2 percent per year and
surfacing cost trends since 1957 continue, it would be appropriate to decrease future
portland cement concrete costs by 2 percent and bituminous concrete costs by 3 per-
cent in the economic analysis.

If the future general price trend is assumed to be level and surfacing cost trends
since 1957 continue, there would still be no justification for increasing future surfacing
costs. Rather, future portland cement concrete costs would remain unchanged and
future bituminous concrete costs would decrease by 1 percent per year, relative to the
general price trend.

A word of caution is in order; the Bureau of Public Roads Indexes are nationwide
figures and should not be used where accurate state or local data may give better price
trends. Nevertheless, a compilation by the Engineering News-Record reveals that of
10 states reporting highway cost trends, only two had price changes greater than those
indicated by U. S. Bureau of Public Roads Indexes (9, p. 98). Moreover, a look at
surfacing costs in California bears out the same conclusions (12). The 1963 costs of
portland cement concrete pavement and asphalt concrete pavement did not change
appreciably compared to 1956-1957 levels. These cost trends are remarkably close
to the nationwide figures published by the U. S. Bureau of Public Roads., If these cost
trends continue in California and the general price level remains constant, it would be
erroneous to increase future surfacing costs in economy studies as advocated else-
where (13).

TREATMENT OF PRICE CHANGES IN ECONOMY STUDIES

Most of the recommendations for the treatment of inflation and differential price
changes have come from those concerned with Federal water resources investments.
These recommendations should apply equally well to Federal highway investments.
We shall proceed by examining Federal water resources agency practice, the recom-
mendations of certain economists, and the practice of private enterprise.

U. S. Department of Agriculture

In an article appearing in the 1958 Yearbook of Agriculture, the policy of the
Department of Agriculture with regard to dealing with price changes for land and water
resources development is expressed as follows:

Because supply and demand determine prices, each re-
quires careful analysis when one tries to derive estimates of
prices. Expected future prices, rather than current or
historical prices, should be used in the evaluation of project
benefits. (14, p. 546)

That they are writing of differential price changes in this statement rather than
general price trends is shown by an ensuing paragraph:

Inflationary and deflationary trends should be removed from
the analysis of commodity and service prices so that a constant
dollar may he used in comparing project costs and benefits.
(14, p. 547)

The same treatment of price trends is also recommended in a guide for the Soil
Conservation Service to be used in performing economic analyses of watershed pro-
tection and flood prevention projects (15).

U. 8. Burean of Beclamation

The Bureau has given the following instructions to those engaged in economic in-
vestigations:

Price levels for project evaluation should reflect the ex-
change valucs of the goods and gervices involved, consistent
with assumed general price levels for the period of analysis.
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Long-term projected prices reflect relatively high national em-
ployment, increasing population, continued economic growth,
and a stable general price level, with production and require-
ments in balance under competitive conditions. Deferred or
recurring benefits and costs should be measured at average
long-term prices representative of the period of analysis.
Current prices should be used for investment costs to be in-
curred in the near future. When benefits are based on alterna-
tive cost, the price level should be that expected to prevail at
the time when the costs would occur. (16)

U. S. Army Corps of Engineers

Federal water resources agencies have not been in agreement on this matter, how-
ever, and the Corps of Engineers has stated:

unless and until research and experience produce techniques
for forecasting future prices in such a way as to engender con-
fidence that the price projections are sound and consistent,
prices current at the time of the study will generally be as-
sumed for costs and benefits. Price experience to date
applicable to each situation will be considered. Possible
future changes in prices will be used only in special situa-
tions warranting a departure from use of current prices. (E)

Senate Document 97

The most recent Federal statement on recommended price levels is included in
Senate Document 97, which is an agreement reached on project evaluation standards
for water resources development by the Secretaries of Agriculture, Interior, Army,
and Health, Education and Welfare:

The prices used for project evaluation should reflect the ex-
change values expected to prevail at the time costs are incurred
and benefits accrued. Estimates of initial project costs should
be based on price relationships prevailing at the time of the
analysis, Estimates of benefits and deferred costs should be
made on the basis of projected normal price relationships ex-
pected with a stabilized general price level and under relatively
full employment conditions for the economy. Pending develop-
ment of mutually acceptable long-term price projections of this
type, normalized current price relationships may be used in

, estimating deferred project effects. (18)

Recommendations of Economists

A number of economists outside of government have written on the subject of the
use of price trends in economy studies and have been unanimous in their rejection of
the inclusion of an inflation rate in the analysis. Some, however, would include dif-
ferential price trends.

McKean suggests that current price levels be used because:

there seems to be no good reason for having the government
bet on inflation in connection with water-resource projects,
since a bet on inflation, even if it seems likely to be a good
wager, makes projects spuriously attractive to the nation.
Furthermore, it is a bet by government on its own failure to
win its struggle for stability—a type of wagering that is
frowned upon in most contests. (19)

Eckstein also argues for the assumption of stable future prices when making economy
studies of water resources projects:
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an assumption of steady inflation is unacceptable because it
would mean that government investments would be justified by
price increases which, at least in part, would be caused by
Lhe program itself; it would be politically immoral for the
federal government to operate any expenditure program on
the assumption that it will finally be justified by the govern-
ment's failure to maintain the value of the currency. (2_0 )

Furthermore, Hirshliefer and others, state that:

it would be a crude error to inflate future revenues in propo-
tion to the price levels expected to govern in those periods
and then Lo weigh these influled revenues against costs meas-
ured in today's dollars. The entire comparison of costs and
revenues should be calculated using dollars of constant pur-
chasing power of some convenient period, usually the present
period. (4)

A panel of consultants to the U. S. Bureau of the Budget on evaluation standards for
the development of land and water resources advised that "In no case should trends in
the general price level be incorporated into the economic analysis of projects." Only
when values of goods and services associated with a project are expected to rise rela-
tive to the general price level do they recommend an escalation of prices and then for
only 10 yr in the future because of uncertainty. However, they warn that this advice
is not appropriate if sites, such as open spaces for recreational purposes, were
preempted for other purposes. In this case, price projections beyond 10 yr might be
justified (21).

Private Enterprise

The American Telephone and Telegraph Co. has adopted the following convention
with regard to inflation:

Neither short nor long rates of inflation are predictable with
any degree of certainty. To compound the problem, the effects
of inflation on individual items of a study become less predict-
able especially in light of probable technological advances.

While a rigorous evaluation of inflation in studies is not rec-
ommended the engineer should consider the possible effects of
inflationary trends as a part of uncertainty analysis. If, for
example one of two plans has a large labor component compared
to the other, it is certainly in order for the engineer to ask,
"Which plan is more sensitive to inflation? At what rate, and
over what period, would inflation cause the decision to shiit to

SUMMARY OF OPINIONS

Most of the sources cited agree that trends in the general price level should not be
included in an economic analysis from the national viewpoint. But disagreement is
evident when considering relative price changes.

In the first case, that of general price level changes, it is agreed that an inflation
rate should not be included because: (a) future dollars to pay for future expenses will
likewise be inflated and there is no net change; (b) it is not known what the rate of in-
flation will be in the future, if any; (c) inflated future benefits may make an uneco-
nomical project appear justified, whereas if constant prices were used it would not be.
The resources used and the services rendered are the same in each case; and (d) it
would be irresponsible on the Federal level to include an inflation rate when the govern-
ment is committed to a price stabilization policy. Moreover, Federal expenditures in
time of inflation may contribute to inflation.
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With regard to relative price levels, the argument seems to rest primarily on our
ability to forecast the general price trend and relative price trends of project goods
and services. The government's commitment to stabilization policies, the difficulty
in measuring price changes, and improved technology make it exceedingly difficult to
predict either general or relative price changes. Nevertheless, there may be instances
where differential changes are evident and these should be included in a sensitivity
analysis. Probably the most common instance is that of changes in land prices. The
situation often exists where land prices have been increasing at a greater rate than
general price levels, and it is expected that the trend will continue. Projections of
land prices must then be made and used (with inflation removed) in the economy study.
This, however, is an extremely complex matter and beyond the scope of this paper. It
is a subject in need of intensive research.

THE QUESTION OF VIEWPOINT

The foregoing opinions deal primarily with the national viewpoint. When the view-
point is nationwide, an estimated general trend in prices should not be included in the
economy study. Nevertheless, in principle, expected differential price changes ought
to be considered. In contrast, from the state or local viewpoint, a condition may call
for the use of the general price trend in the analysis. This occurs when creditors fail
to increase the interest rate on borrowed funds in anticipation of inflation. If creditors
raise the interest rate on borrowed funds to account for expected inflation, no advantage
accrues to the state or local area. (Whether or not interest rates reflect anticipated
inflation is a matter of controversy, in need of further investigation.) The reasons
for the difference in viewpoint were discussed previously.

EFFECT OF INCLUDING PRICE CHANGES IN ECONOMY STUDIES

Here we are concerned with the effect of increasing future costs and/or benefits in
economy studies. Whether or not any price changes should be included is discussed
later.

The use of rates to increase future costs and/or benefits in economy studies will
tend to promote greater capital outlays and more capital-intensive projects than would
otherwise occur.

The first situation can arise if future benefits alone are increased. This practice
will cause projects to be accepted which would be rejected if the benefits were not
inflated. Moreover, the practice could have adverse effects when allocating funds
among departments if some departments choose to inflate benefits and others do not.

The second situation happens when future capital costs are increased, causing stage
construction to appear less desirable than would otherwise be the case. Moreover,
longer lived facilities will be favored over shorter lived ones. Thus, a bias occurs
which compounds the problem of uncertainty since capital-intensive projects usually
allow less flexibility when changes in forecasts arise. This situation is typical of that
faced by highway engineers trying to determine which pavement type to use or whether
to build highways in stages. For example, increasing future costs might cause a
decision to be shifted from asphalt concrete pavement to portland cement concrete
pavement. It can also result in the selection of single-stage highway construction when
multi-stage highway construction would otherwise appear more economical.

The higher the minimum attractive rate of return (i.e., the interest rate) used in an
economic analysis, the less sensitive a decision among alternatives will be to the
evaluation of benefits and costs occurring some years in the future. This point was
made by Fish over 40 yr ago (23). Therefore, the issue of treatment of prospective
price changes is more important in those highways agencies requiring rates of return
of 0 to 3 percent to justify investments and less important in agencies requiring, say,
6 percent or more.

PRICE CHANGES AND FINANCIAL ANALYSIS

General price trends as well as relative price changes are properly a part of the
financial analysis of highway programs. Consider the situation where highway costs
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are increasing at the same rate as income. For a pay-as-you-go program, the burden
on the public of spending more dollars in the future for the same physical amount of
highway construction is not increased if inflation occurs. Nevertheless, institutional
problems are created in getting the required additional funds because user taxes must
be increased. When ad valorem taxes are used, the increase in assessed valuation
automatically brings in the necessary additional funds whenever assessors regularly
adjust their assessments to recognize inflation.

However, when highway projects are funded by bonds rather than on a pay-as-you-go
basis, consideration must be given to inflation; otherwise funds set aside or authorized
now to finance future construction may not be sufficient because of price increases.
For example, a bond issue of $70,000, 000 (based on current prices) to finance a traf-
ficways program may not be adequate when facilities are built in stages. Yet a proper
economic analysis may have shown staging to be the more economical solution. To be
able to finance the staged project, an allowance for inflation would have to be included
in the original bond issue or a future bond authorization would be necessary.

CONCLUSIONS

From the foregoing analysis we observe that it is difficult to measure past inflation
rates since no single index is completely satisfactory. Nevertheless an approximate
figure of 2 percent per year compounded is probably a reasonable figure for the long-
term rate in the United States. The magnitude of future inflation cannot be known with
any certainty.

The body of professional opinion is against including an inflation rate in engineering
economy studies made from a national viewpoint. The main reasons are

1. Difficulties are inherent in forecasting;

2. The Federal Government is committed to price stabilization;

3. Federal programs, justified in part by inflating benefits, may contribute to in-
flation;

4. The gains received by debtors are offset by losses to creditors.

5. Future dollars to pay for future expenses will likewise be inflated and there is
no net change; and

6. A bias toward capital-intensive and long-lived projects results, making adaptations
to future changes more costly than otherwise.

In principle, expected differential price changes should be included in an economy
study. Thus, if the inflation rate is expected to be 2 percent per year and estimated
project costs are expected to increase at 3 percent per year, the differential rate for
increasing project costs would be 1 percent per year. It is likely that the differential
rates will vary for each of the cost components of the project and these should be
computed separately for the major components such as land.

From the state or local viewpoint, it is appropriate to use the expected general
price trend since transfers can be beneficial from these viewpoints, provided inflation
is not anticipated by those persons and institutions lending funds.

The indiscriminate use of indexes of price changes to situations where they do not
apply can cause serious distortions in the decision-making process. Nationwide com-
posite cost indexes should not be used when state or local indexes are available.
Neither should composite indexes be used if component indexes are available. The use
of the Engineering News-Rccord Construction Cost Index may be entirely appropriate
in some instances but wholly incorrect in others. The cost of each important item
should be carefully examined.

RECOMMENDATIONS

In view of the findings of this paper there is no justification for including inflation
rates in highway economy studies when taking the national viewpoint. Even from the
local viewpoint, such a practice is hard to justify because of the difficulties in predicting
future inflation rates.
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Although differential rates should, in principle, be included in highway economy
studies, there are good reasons for using current prices to evaluate costs and benefits.

1. It is extremely difficult to predict relative price changes for most items in high-
way economy studies.

2. Over the long term, the average highway cost trend and the general price trend
have been quite parallel, which indicates a zero differential rate.

3. Future deviations from current prices are not as serious as might appear be-
cause the usual purpose of the analysis is to compare alternatives. Moreover, dis-
counting further reduces the effect of actual costs deviating from current prices.

It is, therefore, our recommendation that, as a general rule, current prices be
used to evaluate benefits and costs in highway economy studies, regardless of view-
point. When there is overwhelming evidence that certain inputs or outputs such as
land are expected to experience significant price changes relative to the general price
level, the engineering economy study might well include a sensitivity analysis. At the
point where the decision is reversed, the prices can be carefully examined to determine
if there is a high probability that they will prevail.
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Discussion

A. C. ESTEP, Engineer of Design, California Division of Highways—We agree with the
general conclusions of this paper, and concur that inflation factors or price trends
should not be used in most highway economy studies. However, the California Division
of Highways uses a price trend factor in making economic comparisons to be used as
one element in the choice of pavement type. Therefore, it may be of interest to
present some of our reasons for this practice.

An economic comparison of pavement types is an unusual econotic problem in that
most of the decisions have already been made. The project has been found a justifiable
expenditure, its priority has been tentatively established, the route has been selected,
and the number of lanes required has been determined. With the standard of main-
tenance we endeavor to accomplish, it can be assumed Lhal the benefits to the motorists
will be the same with either pavement type. The only economic problem is to determine
the pavement type with the lowest long-term cost.

The California method includes initial cost, maintenance, resurfacing cost including
engineering and supplemental work occasioned by the resurfacing, and a salvage value
of the last resurfacing applied, if necessary, to bring both costs to the chosen com-
parison period. A price trend factor is applied to compute the estimated cost of future
resurfacing. All costs for both types are reduced to present worth using the appropriate
factors for 5 percent compound interest. The comparison periods chosen are 20 yr
and upward, based on the life of exigting nortland cement concrete pavements in the
vicinity or under comparable conditions., The estimated time when resurfacing of the
asphalt pavement will be required is based on experience in the same general area.

The asphalt concrete resurfacing of an asphalt pavement represents a delayed
capital expenditure different in time and amount from all other cxpenditures for either
pavement type. Its entire cost represents a difference in cost between the two types,
and there are no balancing cost items to counleract any price trend, up or down, that
may occur. The problem is how to determine the best estimate of the future cost of
an asphalt resurfacing.

Following the same type of reasoning developed by Lee and Grant, we concluded
that a price trend factor for asphalt concrete surfacing should be based on an asphalt
concrete surfacing cost index. The statement is made by the authors that surfacing
cost data were not collected before 1950. California is fortunate in having asphalt
pavement cost data going back many years. Starting in 1940, these costs have been
used as one of seven items combined to prepare the quarterly reports on the California
Highway Construction Cost Index.
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Based on the data for this one item for the 20-yr period from 1941 to 1961 and using
the compound rate method, the price trend factor was determined to be 2 percent com-
pounded annually. Data from 1961 to the present support the continued use of this rate.
The figure for the third quarter of 1964 is somewhat above our 2 percent trend line,
The statement that 1963 costs for portland cement concrete pavement and asphalt con-
crete pavement did not change appreciably compared to 1956-1957 levels is not appli-
cable to our method. This is a price comparison and does not indicate the trend. A
comparison of prices for 1962 and 1954 would show a greater increase than indicated
by a trend line,

Economic comparisons of future pavement construction alternates are no better
than the estimates of cost used, and past cost data are the best evidence available on
which to base these estimates. We believe it is more valid to use the long-range
price data extrapolated than to assume that there will be no trend in the future.

ROBERT R. LEE and E. L. GRANT, Closure—The reasons given by Mr. Estep as
justification for the use in California of a price trend factor are not valid. The
California Division of Highways uses a factor of 2 percent compounded annually to
inflate surfacing costs, stating that this is the long-term trend expected in the future.
We have no argument with this being the cost trend, but we do argue against the 2 per-
cent figure being used in the economic analysis.

First, the long-term general inflation trend has been approximately 2 percent per
year compounded annually, This means that the differential rate to be used to inflate
surfacing costs would be 0 percent, not 2 percent. Only if surfacing costs are expected
to increase 2 percent more than general price trends would future surfacing costs be
increased by 2 percent per year. Since this has not been the case, and there is no
evidence to suggest this will be the situation in the future, California should use 0 per-
cent, not the 2 percent price trend factor.



Use of Traffic Volume Data in Evaluation of
Highway User Costs for
Economic Analysis

WILLIAM F., JOHNSON, Instructor of Civil Engineering,
Massachusetts Institute of Technology

A method for computing annual user costs for economic anal-
ysis of highway improvements is described which takes into
consideration the effect of traffic conditions over the entire
year. The distribution of traffic volumes over time is used to
establish a traffic speed for determining unit costs of vehicle
operation and travel time, The method can be applied to
proposed route locations where projected traffic volumes are
known,

eTHE EVALUATION of highway user costs is an important step in the economic anal-
ysis of highway improvements. These costs are compared with initial capital and con-
tinuing maintenance costs to determine the economic feasibility of a proposed invest-
ment, This paper presents a technique for computing annual user costs which takes
into account the changes in vehicle operating and time costs resulting from variable
traffic flow rates, The technique can be applied to highways in urban and rural areas
where large variations in traffic flow rates occur during the year,

Highway user costs are defined in this paper to include the costs of vehicle operation
and travel time. Total annual user costs on a highway section may be computed with
the equation:

TAUC = 365: (AADT)- L (uc) (1)

where TAUC is the total annual user cost, AADT is the average annual daily traffic, L
is the length of the section in miles and uc is the average unit cost of travel in dollars
per vehicle-mile,

The average unit cost represents the operating and time costs incurred by an average
vehicle operator and his passengers in traveling 1 mi along the highway under condi-
tions averaged over the entire year. The conditions influencing unit costs, according
to AASHO (1), include the types of vehicles  numher of lanes, road surface gradients,
highway geometric design, type of operation and the average speed of the traffic. The
type of operation and the average speed of traffic are a function of the number of vehi-
cles on the hishway. Changes in these variahles affect hoth the operating and time cost
components of the average uuil cusl. Houwever, il is difficull lv eslimale a single
average unit cost which adequately accounts for the wide range of traffic conditions
oceurring on a highway during a year.

The accuracy with which user costs can be evaluated depends a great deal on the
techniques employed to compute them. A computation technique is often formulated
with the objective of limiting the number of calculations performed by hand. However,
the electronic computer removes this limitation and permits a thorough examination
of highway user costs with refined techniques. A method has been proposed by Martin
and Manheim (2) for computing an average unit cost which accounts for the changes in
traffic conditions over the year. The unit costs arc defined for the range of possible
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traffic conditions on the highway. Each unit cost is then weighted by the number of
vehicles using the highway under the corresponding traffic condition. These conditions
are measured by the volume of vehicles traveling over the highway in 1 hr or the
traffic flow rate. The number of vehicles at each flow rate is the product of the flow
rate and its frequency of occurrence during the year. In mathematical terms, the
total annual user cost for a highway section is

L-N |

TAUC = 100

n
Z | (wep - (v) - (By) (2)

where

TAUC = total annual user cost in dollars per year;
L = length of highway section in miles;
N = number of hours in the year;
n = number of flow rate intervals;

ucj = unit cost in dollars per vehicle-mile at ith flow rate;
Vj = ith flow rate in vehicles per hour; and
P; = percent of hours in the year that ith flow rate occurs.

The total annual operating costs or the total annual time cost could be evaluated
with this equation by substituting the unit costs of operation or of time for the total
unit cost term (ucj). The user costs for a time period less than 1 yr can be computed
by defining P; as the percent of hours in the year that flow rate Vj occurs during the
relevant time period. For example, the time period of interest might consist of all
the hours in one month or the peak hours of each day of the year.

The technique requires a definition of the frequency of occurrence of volumes per
hour and a description of unit user costs as a function of volume per hour. These data
are discussed in the next two sections. Finally, an example application is presented
to illustrate the technique.

TRAFFIC FLOW FREQUENCY DISTRIBUTIONS

Traffic counts at many locations throughout the country have established that repet-
itive patterns exist in the flow rates as a function of the hour of the day, the day of the
week, and the month of the year. These patterns exist because of the repetitive nature
of traffic-generating activities. For this reason, they remain as stable as the activ-
ities of the people who use the highway.

There are significant differences in the observed patterns at different highway loca-
tions. For example, Figure 1 is a plot of the average annual traffic volumes in each
hour of the day at three different locations in Massachusetts. The urban-recreation
station is located on US 6 in Fairhaven where it serves summer recreation traffic in
addition to local traffic. The recreation station is also on US 6 but is located near
Barnstable on Cape Cod. (Volumes for only one direction, eastbound, are plotted.)
The third location is at Sterling on Rt. 12 in the central corridor of Massachusetts,
There are significant differences in the average volumes per hour in each case. The
daily traffic volumes vary in magnitude throughout the year. The ratios plotted in
Figure 2 relate the average daily traffic in each month to the average annual daily
traffic for each station. The considerable increase in daily volumes during the sum-
mer months on the recreation routes is quite evident. At these stations, the highest
volume hours occur only during the short summer season.

The differences in the distribution of traffic flow rates at the three stations are
summarized in Figure 3 as histograms of the frequency of occurrence of volume in-
tervals, The distribution for the rural route is spread over only a few intervals and
has a relatively short tail at the high volume end. This shape follows from the low
annual average hourly volumes and the small seasonal fluctuation. The distribution
for the urban-recreation route is spread over a wider range of volume intervals be-
cause of the larger average annual volumes per hour and a longer seasonal cycle. The
frequency distribution for the recreation route (one way, eastbound) is distributed
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Figure 2. Traffic volume trends by months.

over almost as large a range of volume
intervals as the suburban recreation

route but the frequency of occurrence of
the higher volumes is much lower. The
highest hourly volumes occur during the
summer season which is only three months
of the year. During the remaining months,
the traffic volumes are significantly
lower.

The preceding discussion has described
characteristics of the variation of tratfic
volumes per hour with reference to three
specific cases. The frequency distribu-
tions can be prepared directly from traffic
count data which have becen recorded
separately for each direction or recorded
as total two-way volumes with directional

______ The percent
of truck traffic and an estimate of future
growth in traffic volumes are needed. Ifit
is assumed that the same pattern of flow
rates over time will occur in future years,
an annual growth rate is sufficient. A
maore sophisticated analyeis of future
traffic growth would consider changes in
the patterns of traffic-generating activities.

USER COST FUNCTION

The purpose of a user cost function as
referred to here is to relate unit user
costs in dollars per vehicle mile to the
traffic flow rate in vehicles per hour.
This section outlines the development of
a user cost function with reference to a
particular highway but user cost functions
for other highways can be developed using
similar techniques.

There are two major consequences of
increasing traffic flow rates. First, the
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capacity of the highway.

A mathematical expression to relate average speed and volume per hour must satisfy
two boundary conditions. First, at very low flow rates, the average speed of all vehi-
cles approaches the mean free speed or average desired speed of traffic on the highway.
The second boundary condition is the locus of maximum uninterrupted flow rates which
can be maintained on the highway.

The maximum flow rates can be developed by considering the limiting capacity of a
single lane of traffic with vehicles moving so that passing is not permitted. As the
density increases, all vehicles approach the same speed and the time gaps between
vehicles decrease. The limiting gap which each operator would maintain between his
vehicle and the one in front of him would be determined by his intuitive evaluation of
the time necessary to perceive and react to a change in speed of the preceding vehicle.
Studies of minimum vehicle separations (4) have reported that the gaps between moving
vehicles are statistically distributed abouf a mean which is a characteristic of the
vehicle operators and the design of the road.

An observer stationed at the side of the road could measure the total time elapsed
between the passage of successive vehicles at capacity flow. This total headway is
composed of the time gap between the vehicles and the time for the length of the vehicle
to pass. The average headway between vehicles is expressed in the following equation:

H=t+d/m (3)

where H is the average headway in seconds per vehicle, t is the average perception-
reaction time of vehicle operators in seconds per vehicle, d is the average vehicle
length in feet per vehicle and m is the average speed of the traffic in feet per second.

The reciprocal of H is the limiting volume flow rate in vehicles per second. This
can be expressed in vehicles per hour by multiplying by 3, 600 sec/hr:

Vc _ m‘3!600 (4)

" (m-t) +d

where V; is the maximum volume in vehicles per hour for a given speed and the other
symbols are as defined in Eq. 3. Since the values of both t and d are assumed to be
independently distributed, there is no unique relationship between the flow rate V¢ and
the speed m. However, boundary curves can be plotted for appropriate values of these
parameters for the highway under study. In Figure 4, the three boundary curves are
based on an average vehicle length of 16 ft and average minimum perception-reaction
times of 2.1, 1.8 and 1.5 sec (curves 1, 2 and 3, respectively).

The shape of a curve to represent the state of flow between the two boundary condi-
tions will depend on the effect of the geometric design of the highway on vehicle oper-
ators and the interaction between vehicles. The particular curve chosen should reflect
the conditions on the highway under study.

One possible relation suggested for uncontrolled-access facilities has been used in
the example problem of this paper. The equation was originally formulated by Guerin
(3) on the basis of empirical studies he performed. This form of the equation is due
to Haight (5):
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where

m = average speed in feet per second;
m, = mean free speed in feet per second;
D’ = maximum density of traffic in vehicles per foot, equal to reciprocal of average
vehicle length;
D = density of traffic in vehicles per foot; and
A = constant dependent on parameters of the system.

The constant A can be evaluated using two conditions: (a) the slope of the curve is
infinite at maximum capacity, and (b) the headway at maximum capacity derived from
Eq. 3. The following expressions can be developed (6):

) ' 3/2
% e 2 (I: De¢) (6)
mg-Dg’-(2-D'- Dg)

where symbols not previously defined are

D = density of traffic at maximum capacity in vehicles per foot;

X-VX2-4yY|;

D.=D'-

. ¥
X=3.5+my-t-D%and
Y=3.0+mg-t-D".

The speed vs volume per hour curves in Figure 4 illustratc the shape of curves
derived from Eq. 5. Each curve begins at the same mean free speed but intersects a
different boundary curve at eapacity flow. The slopes of these curves vary between
zero at zero flow and infinite at capacity flow.

A unit operating cost and a unit travel time cost are associated with each point on
the speed vs volume per hour curves. An example user cost function is plotted in Fig-
ure 5 based on the first speed-volume curve in Figure 4. The operating cost curve
was developed using cost data published by AASHO (1) for 0 to 3 percent grades and
no commercial vehicles. These cost data are divided into three categories, free,
normal and regtricted hased on the ratio of the traffic volume in the 30th highest hour
of the year to the practical capacity of the highway. Each category is a weighted
average for the entire distribution of volumes over the year. For this reason, the
unit costs in each category are not necessarily equal to the unit cost in the corre-
gponding 30th highest hour. Huwever, to adapt the data, thc volume per hour axis
was divided into the same categories, defined by the ratio of the volume to the prac-
tical capacity, and the appropriate tabulaled data were then used for each category,
The free traffic range in this example extends from zero to three-quarters of the
practical capacity (720 veh/hr/lane), the normal traffic range extends to 1 Yy times
practical capacity (1,200 veh/hr/lane), and the restricted range extends to higher
volumes.

The unit time cost curve assumes a value of time of $0.86/person/hr and an average
of 1.8 persons/veh. These values are suggested by AASHO as typical but other values
could be substituted when more gpccific data are available. The total unit cost curve
is the sum of the unit operating and time cost curves.
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= ' l T ! T EXAMPLE APPLICATION
The purpose of this example application
il is to illustrate the technique and some
= Total Unit Cost computation results, An existing highway
H & is analyzed to determine the annual user
2 Time Unit costs in the present year and in future
i Gogt years. An alternative highway design for
& 61 Operating Unit Cost the same location is a.lso exa.n.nped and
a compared to the existing condition. All
& computations for the example were per-
o3 formed on a computer.
o The highway selected for study is a
I Ry I N | section of US 6 in Massachusetts from
0 300 600 900 1200 1500 1800 Fairhaven east to Mattapoisett. This
VERICLES PER HOUR: PER LANE section serves traffic desires in the
) -~ _ urbanized area of New Bedford and also
FAgUTR oy JEANPIA BSER CHBY IunatioL. summer recreation traffic between
southern New England and Cape Cod. The
time distribution of traffic is character-
TABLE 1 istic of an urban recreation route (Figs.1,
HOURS GROUPS FOR ANALYSIS 2, and 3) with morning and evening peak
o e e D periods on weekdays during the off-season.
Nogy s emecmil  of Split Trucks However, from mid-June to mid-Septem-
From To Week From To (#) i ber, there is a large influx of recreation
1 1/t 12/31 M-F 0 6 50 6.3 traffic on the highway.
2 };} lgﬁ’; rr ¢ ® o The total two-way traffic volumes for
4 6/16 9/15 M-F 9 15 50 6.0 each hour of the year 1959 were used to
2 ;’;}6 Igﬁé b 12 }g o gg prepare the frequency distributions. These
7 6/16 9/15 M-F 15 19 58 5.5 volumes were recorded by a permanent
: i’ﬁs }S;gi L & 4 ol gg traffic counting station maintained by the
10 1/t 12/31  Sun 0 12 50 2.0 Massachusetts Department of Public
i éﬂﬁ gﬁg g 2 3 Works. The recorder is located in Fair-
13 9/16 12/31  Sun 12 20 50 2.0 haven approximately 1.8 mi east of the
. {ﬁ }'Zgi - 2 i New Bedford town line. The unit costs of
16 1/1 8/15  Sat 10 20 50 6.3 travel on the highway have been computed
o’ gﬁg 1%? - 2 o and compared for a number of different
19 1/t 12/31  Sat 20 24 50 6.3 traffic conditions by analyzing the frequency

distributions of the hours of the year in
groups. The breakdown into hour groups
in Table 1 reflects low, moderate and
high volume hours, and weekday, weekend and seasonal characteristics. The hours
from and to are based on a 24-hr clock. All hours of the year are included in the list.

Vehicle classification and directional distribution data were obtained from short
count samples made by the Massachusetts Department of Public Works. The average
growth rate of traffic over the previous 6 yr was 4.1 percent. This is used to project
future volumes in all hour groups. For the purpose of this example, it is assumed
that the basic characteristics of the traffic demand and the growth rate would not
change in the future.

The existing highway has two 10-ft wide lanes in each direction with no median strip.
There is no control of access to the roadway. The geometric design of the vertical
and horizontal curves does not permit safe travel at high speeds and, hence, the high-
way is posted for 35 and 40 mph. In two test trips made over the facility, a speed of
35 mph was found to be reasonably safe at low volumes.

A user cost function similar to the one developed previously and plotted in Figure 5
is used in the computations. An average minimum perception-reaction time of 2, 1 sec,
an average vehicle length of 16 ft and a mean free speed of 35 mph define the param-
eters of the user cost function, The length of the highway is divided into subsections
with different gradients. These subsections are listedas separatealignments in Table 2.
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TABLE 2 TABLE 3
ALTERNATIVES AND ALIGNMENTS SUMMARY OF ANNUAL USER COSTS
FOR EVALUATION OF USER COSTS - RT A P —————
Alter- [run nual User (cents/veh-mi)
) Mean No Avg native Preselt Cost ($ mil-
Alter- Align- Free of Length Gradient n lions) Operating Time Total
native ment  Speed L (mi)
(mph) Lanes (%) 1 1 2.92 4.94 449 9.43
5 3,43 4,94 4,51 9,45
10 4.21 4,94 4,53 9.47
A ; 4% 4 (1).3 (1)'.?3 15 5.17 4.93 4.57  9.50
. . 20 6.34 4,92 4,63  9.55
3 1.6 0.75 2 1 2,75 5.41 3.49  8.90
4 1.3 0.57 5 3,24 5.40 3.50 8.90
2 1 45 4 1.6 1.0 10 3,96 5,38 3.52  8.90
2 0.8 0.73 15 4.84 5.35 3,57  8.92
3 1.8 0.75 20 5.93 5.32 3.61 8.93
4 1.3 0.57
An alternative design (No. 2 in Table 2)
TABLE 4 is assumed to replace the existing high-
SUMMARY OF EQUIVALENT way on the same right-of-way. This
ANNUAL USER COSTS design is basically the same as the existing
= condition but would incorporate necessary
Millions of Dollars 4 i .
Alter- improvements to increase the free running
native 04 Int. 54 Int. 104 Int. speed to 45 mph. In this analysis, it is
desired to know what savings to road users
; i’ ‘llg g- ég g 23 would result from the higher travel speeds.
(0.29)2  (0.25)  (0.23)2 If the improvements are to be justified,
the present value of these savings must
5’}E}quiva_LenL a!mu:—?l user ct?st sa-w.ings on exceed the initial investment. These im-
second alternative existing highway. provements mlght include straightening

curves, imposing a partial control on
access, and widening the pavement. For
this alternative, an average minimum
perception-reaction time of 1.8 sec is
used in the user cost function.
~_ The total annual user costs for each year in the future were computed in accordance
with Eq. 2. These total annual user costs have been converted to an equivalent annual
user cost at interest rates of 0, 5 and 10 percent. To examine the effect of increasing
traffic on user costs, the average unit costs for each year have been computed and
serve as output in the analysis.

The total annual user costs are summarized in Table 3 by alternatives for selected
years. The existing condition has the higher user cost in all years. The average
annual unit operating and time costs are also summarized for the same selected years.
For both alternaiives, ihe unit time costs increase ag future volumes increase. On
the other hand, the unit operating costs decrease slightly with time,

The equivalent annual user costs are summarized in Table 4 at selected interest
rates. These cosis currespond to the total annual user costs in all vears expressed
as an equal annual sum. The figures in parenthescs represent the equivalent annual
user cost savings on the second alternative over continued use of the existing highway.

The trends over time of the computed average annual unit costs per vehicle-mile
for each alternative are plotted in Figure 6 as dashed lines. These unit costs were
obtained as a weighted average of the unit costs in each hour group. In the first year,
the unit cost of the second alternative is 6 percent below those of the existing highway.
After 20 yr, the annual unit costs have increased 1.3 percent for the existing condition
and 0.3 percent for the second alternative,

The average annual unit costs for the separate hour groups are also plotted in
Figure 6. The highest unit costs are assoclated willi Lhe highest volume hours. On
the existing highway over a period of 20 yr, the total unit travel costs increase 5.5
percent in the peak hours of the summer season. The rate of increase of travel costs
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during the same peak hours is lower for the assumed alternative and amounts to only
3.8 percent after 20 yr.

CONCLUSIONS

A method for computing user costs which takes into account the variation of traffic
volumes over time has been outlined in this paper. Examples of traffic volume dis-
tributions over time at three dissimilar stations have been examined and techniques for
obtaining unit costs as a function of volume per hour have been developed.

The annual user cost of the example application increased in future years for two
reasons: the traffic volume increases each year and the total unit cost of travel in-
creases each year. The rate of increase of total unit costs is a function of the traffic
volume per hour and is highest in the peak volume hours. This particular example
was selected because the proposed alternative would not appreciably affect the demand
characteristics and the same volumes could reasonably be used for both alternatives,
The change in unit costs in this example is not large because the range of operating
speeds on this highway is near the optimum speed for lowest total unit cost. Near this
point, the variation in unit costs is small for relatively large changes in travel speed.

The advantage of this method is that it provides a rational procedure for selecting
a unit cost under conditions of varying traffic flow. The traffic volumes in all hours
of the year, not merely the highest hours, are taken into consideration. Use of the
method in an economic analysis of a highway improvement should result in a more
precise estimate of the costs incurred by road users,
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Estimating a Road-User Cost Function from
Diversion Curve Data

HOWARD W. BEVIS, Alan M. Voorhees and Associates

A theory and methodology are presented for estimating a road-
user cost function using diversion curve data. The theory of
diversion curves is presentedas beinga probability density func-
tion with normal distribution. The point in the density function
associated witha given proportion of freewayusage is related to
ageneralized cost difference equation describing the comparative
costs of using the freeway as opposedto the best alternate. The
parameters of the costfunction are then derivedusing regression
techniques.

The road-user cost equation derivedfrom this analysis agrees
quite well with theoretical predictions and with results obtained
from other studies where relationships between the various com-
ponents of road-user cost and speed of travel have been derived
and priced outto obtaina user costfunction. Thisgeneral agree-
ment of results implies that drivers tend to behave in a cost-
conscious manner andthat the costfunction of theaverage driver
approximates that obtained from the pricing studies.

®ESTIMATES of road-user costs are valuable to the highway planner in a number of
ways. Apart from their use in benefit-cost analysis, other research (1) has indicated
the desirability of user costs in predicting zonal interchange volumes and traffic vol-
umes on the various links of an urban network. In fact, research in developing diver-
sion curves for assigning a portion of the zonal interchange volume to an expressway
as opposed to the best alternate route (2, 3, 4, 5, 6) indicates that the best results are
most likely obtained by using a combination of both comparative distance and compara-
tive time. The relative weighting of distance and time, or some alternative combina-
tion where distance and speed are used, may be interpreted as being equivalent to de-
termining the appropriate weighting between out-of-pocket costs associated with dis-
tance and the value of personal time associated with travel time.

In developing a road-user cost function, two alternative approaches are available.
The first requires itemizing the components of the cost function (e.g., gasoline and
o0il consumption, tire wear, maintenance and personal time), determining how con-
sumption of these different components varies with respect to speed of travel, estab-
lishing prices or costs for the different components and hence component cost functions,
and adding up these component cost functions to obtain an overall user cost function.
The second approach describes theoretically the expected shape of the user cost func-
tion and then attempts to estimate the parameters of the function statistically by using
data where the cost function should be operative in determining how drivers behave.
The values of the parameters in the function do not necessarily represent the true prices
or costs encountered by the driver but only the relative weights between the different
components of the cost function. Comparison of these relative weights will, however,
indicate the degree of agreement between the two approaches.

The research described in this paper follows the second approach using diversion
curve data for the Shirley Highway, the Dallas Central Expressway, the Gulf Express-
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way in Houston and the Alvarado-Mission Valley Freeway in San Diego. In addition,
an attempt is made to estimate changes in the value of personal time associated with
changes in personal income, at least to the extent that these changes affect driver
behavior.

The first section describes the theory behind using diversion curve data and why
these diversion curves are S-shaped. The second section describes a generalized
road-user cost function of mixed quadratic-hyperbolic form and why the function should
take this form. In the third section, the statistical problems of estimating the param-
eters of the cost function are discussed along with the final form of the estimating equa-
tion. Empirical results are given here. Finally, the research conclusions are given
along with a comparison of the results derived here and those obtained by the more
usual method of pricing out the various components of the cost function.

THEORY OF DIVERSION CURVES

When faced with the problem of choosing among alternatives, a person generally
adds up the gains and costs for the various alternatives according to this value system
and picks the alternative that is ""best' for him. Best in his sense may be that where
gains are greatest if costs are zero, where costs are least if gains are zero, or where
the gains-cost ratio is greatest implying the highest rate of return among the alterna-
tives.

However, it is well recognized that different people, when faced with the same
problems of choice, act differently. That is, they do not choose the same alternative,
as has been adequately demonstrated by diversion curve data. These differences are
usually ascribed to two factors: (a)imperfect information concerning what the true
gains and costs are among the alternatives, and (b) underlying differences in the value
systems used when determining the total gains and costs for each alternative.

In most instances, available data only describe variations in behavior and do not
distinguish between the two sources of variation. This lack of differentiation is prob-
ably unimportant in predicting behavior in the steady state. However, it could become
important in trying to estimate the impact that an improved information system would
have on behavior, e.g., how many drivers would change their route of travel given
advance warning of an impending bottleneck on their present route along with knowledge
of free flow conditions on some alternate. This is the problem with diversion curve
data; they only measure total variations in behavior.

The hypothesis used in explaining the variations in behavior evidenced by diversion
curves is simply that the variations in individual value functions caused by the two fac-
tors mentioned previously are normally distributed. In other words, individual esti-
mates of the cost of travel on a given route, which differ due to these two factors, are
normally distributed.

Given a normal distribution of estimates of travel costs on a given route, the dis-
tribution of estimates of comparative costs between two alternative routes, i.e., a
freeway and best alternate, will also be normal or approximately normal (7), depend-
ing on how the cost comparison 15 made. For an aigebraic differeuce, the comparative
cost distribution will be normal, and for a cost ratio, the comparative cost distribution
is approximately normal.

Support for this hypothesis 1s given in Figures 1 and 2 where e pércentage oi
people using the freeway is plotted against distance difference and time dilference,
respectively. Both distance difference and time difference represent a major portion
of a user cost function. Both plot linearly on probability paper, indicating that the
comparative cost function is indeed normal.

It is to be expected that this distribution of route preferences with respect to com-
parative costs would, in addition to being normally distributed, have a zero mean.
Even though the distribution may not have a zero mean for distance difference or time
difference when considered separately, it should when considering the total cost func-
tion. This is because one would expect half the people to use the freeway and half to
use the alternate when the comparative costs are equal, always remembering that
costs are defined by user value systems.
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Figure 1. Relationship between percent using freeway and distance difference.

The problem of estimating the proportion who will use which route then becomes
one of determining where the measure of comparative costs falls under the distribution
and determining the amount of area under the curve that falls on either side of the com-
parative cost measure. This is shown in Figure 3. The curve is the normal distribu-
tion curve with mean zero corresponding to the case where comparative costs are equal
for the freeway and the alternate. Two illustrative cases are given, AC; and AC;,
where AC refers to alternate costs minus expressway costs. In each case, the area
under the curve to the left of the line corresponding to a given AC represents the pro-
portion of trips taking the freeway and the area to the right represents the proportion
taking the alternate. Thus, for AC,, where freeway costs are lower than arterial
costs, the area to the left of the vertical line indicates that a larger proportion of per-
sons will use the freeway than the arterial. The converse holds for the case of ACa.

Estimating the amount of area under the curve on either side of the vertical line
(A C) may be accomplished by integrating the equation for the normal curve to some
standard score (x) that is equivalent in position to AC. Thus, using the equation for
the normal curve with mean zero and unit variance, the probability (or proportion of
trips) of using the freeway P(F) or using the alternate P(A) are

X x?2 dx
P(F) = f 1 &2 (1a)
- 2T o
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Figure 2. Relationship between percent using freeway and time difference.

It is clear that P(F) plus P(A) equal one. It is also clear, though not presented here,
that similar reasoning could be extended to the multivariate case where more than two
alternate routes are considered.

Sincc P(F) and P(A) are precisely determined for a given value of x, the problem is
one of estimating the value of x for corresponding values of AC. This is accomplished
by determining the value of x, i.e., the standard score, corresponding to the percent
of trips using the freeway and relating this to AC using multiple regression:

x =f(AC) (2)

GENERALIZED COST FUNCTION

The two major components of user costs are out-of-pocket costs and the value of
personal time. Out-of-pocket costs include such items as gasoline and oil consump-
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tion, tire wear, and maintenance. Pre-
vious research has indicated that these
costs are parabolic with respect to speed

| (8, 9, 10). This is to be expected because

: energy requirements for moving a vehicle

| are proportional to the square of the veloc-

A C: 7% O ity. The constant and linear terms found
in empirical estimating equations result
Figure 3. from the loss of operating efficiency at

low speeds. This loss is due to stop-and-
go travel with the consequent consumption
penalties due to idling, acceleration and
deceleration and to vehicular design itself. Most automobiles are designed to operate
most efficiently in the middle speed range. The value of personal time is usually as-
sumed to be linear so that, for a given distance, its value is hyperbolic with respect
to speed. The same assumption is made here.
A generalized cost function can, therefore, be described as follows:

C = D[ao+aiS +as%+as(1/8)] (3)
where
C = cost,
D = distance,
S = speed, and
a; = parameters to be estimated.

In this equation D(ao + 2.5 + 257 represents out-of-pocket costs and D[as(1/S)Irepre-
sents the value of personal time. In addition, the estimates of the parameters indi-
cate the relative importance of the different parts of the cost function. These can be
compared to the estimates obtained by the usual pricing procedures for consistency.

Empirical Results

The theory has been developed explaining choice between alternative routes of travel
in terms of a probability density function whereby the position of the comparative cost
of travel on the alternate routes under the normal distribution curve determined the
probability of choice of a given route. It was also shown how this probability measure
could be linearized by using a standard score corresponding to the percent using the
expressway.

This standard score could then be estimated using the usual single equation multiple
regression techniques with a set of independent variables representing a comparative
cost function. For this analysis, a cost difference equation was used, i.e., cost via
alternate minus the cost via the expressway. The cost difference is preferred to the
cost ratio because: (a) we see no theoretical basis for choosing one over the other,
particularly in urban travel; and (b) use of the cost difference is more tractable math-
ematically. Thus, we can write a generalized cost function, as in the previous section,
for use of the expressway and another function for using an alternate, and take the dif-
ference between the two. This yields the following equation used in the multiple re-
gression analysis:

P(F) = k + ao(D, - Dg) +a1(D,8, - DSe) + 22(D,SZ - D.SZ) +2aa(T, - Ts) (4

where
P(F) = probability of using expressway;
D, S, and T = distance, speed, and time for the expressway and alternate as denoted
by the subscripts a and e;
aj = parameters of equation to be estimated; and
k = constant term in regression equation which, according to our hypoth-
esis, should equal zero.
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TABLE 1

COMPARISON OF PARAMETER ESTIMATES OF COST FUNCTION
FOR DIFFERENT REGIONS OF THE COUNTRY

Parameter California Texas Washington, D.C. All
a0 0. 608 0. 806 0. 656 0.726
as (T) 0.562 0. 687 0.385 0.737
a1 (8) -0.0174 -0.0252 -0.0189 -0.0158
a» (8%) 0.000362  0.000648 0.000375 0.000298
r 0. 820 0. 867 0.946 0.813

The data used in this analysis were from the Shirley Highway (2), the Gulf Freeway
in Houston (3), the Central Expressway in Dallas (4), and the Alvarado-Mission Valley
Freeway in San Diego (5). Certain zonal interchange volumes were not used because
it was felt that the sample size represented by them was too small to be reliable, re-
gardless of whether or not they fitted the equation well. This provided a total of 197
sample cases.

In testing this hypothesis, both theory and previous experience indicate the range of
values the parameter estimates should take. Thus, k, the constant term in the equa-
tion, should approximate zero because, if the comparative costs of the two routes are
equal, 50 percent of the people should take each route. The standard score associated
with 50 percent usage is zero. The three paramelers, ao, a,, and az, are the three
parameters in the parabolic equation relating per mile cut-of-pocket cost to speed of
travel. Thus, ao should be positive. The value of a; should be negative and smaller
in magnitude than ao. The value of a; should be positive and smaller in magnitude than
a;. Both the sign and relative size of these parameters has been indicated in prior
research (8). Finally, the value of as, which corresponds to an estimate of the value
of personal time, should be positive.

In estimating the parameters of the equation a departure from the usual type of
multiple regression analysis was done because of the high degree of intercorrelation among
the independent variables. Briefly, the procedure followed was to obtain orthogonal
estimates of each parameter, assuming independence among the independent variables,
and then to multiply these parameter estimates by the variance-covariance matrix for
the parameter estimates obtained through the usual multiple regression analysis. The
variance-covariance matrix was scalar multiplied by an iterative procedure to con-
strain the constant term (k) in the equation to be equal to zero.

The final parameter estimates obtained by this procedure are presented in Table 1.
For these purposes Dallas and Houston were combined under the assumption that there
would be no regional differences in behavior between the two cities and to increase the
sample size for that region. It will be noted that there is general agreement among the
parameter esitimaies for ilie diiiereut areas. They are, in fact, statistically not signif-
icantly different from each other.

The comparative cost equation was further modified to incorporate median income
of the home zone to determine if the value of personal time was related to income. This
was accomplished by adding an additional term Lo Lhe right-hand side of Eq. 3 ot the
form a<YT where Y corresponds to median income, and incorporating it in Eq. 4 as
a4Y(Ty - Te). The results are not presented here because the parameter estimate of
a4 was not found to be significantly different from zero; in the three different reg1ona1
samples and the combined sample, the parameter estimate was in the order of 10"
or greater.

CONCLUSIONS

The theory and methodology have heen explained for deriving a road-user cost func-
tion using diversion curve data. The correlation coefficients, which all exceed 0. 80,
indicate that the data fit the theory very well. Indeed, when the sampling error inherent
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in estimating the zonal interchange volumes and, hence, the proportion using the ex-
pressway is considered, these correlation coefficients are probably close to the upper
limit that could be achieved from the data.

The implications of this research are three-fold. First is the obvious one in using
the results obtained for assigning traffic to a proposed new facility where it is desired
to use diversion curves. Second, and probably more important, is that the user cost
equation developed may be used in predicting zonal interchange volumes or traffic
assignment with the minimum path programs currently in use, or both. Finally, user
trip costs, which can be estimated using the equation, represent another measure of
trip length rather than either distance or time alone and can, therefore, be combined
with other data in estimating trends in trip length.

The derivation of the user cost equation from the results is straightforward. Since
the hypothesis presented here states that the proportion of trips using the expressway
is a function of comparative costs on the two routes and the comparative cost function
is well defined, the costs on either route can be arbitrarily set equal to zero and the
total cost for the remaining route can be estimated. It should be pointed out that the
user costs estimated by this equation are parametric estimates; i. e., the parameters
indicate the relative importance of the different components in the user cost equation.
The final measurement is not in dollars and cents but in some arbitrary unit—maybe
gilders. However, a direct comparison may be made between the user cost equation
derived here and that obtained by the more usual methods, such as employed in Detroit
(8) and Chicago (10), by multiplying each of the parameter estimates by a constant to
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place them in the same range as the Detroit and Chicago equations and then comparing
the shape of the curves. This is shown in Figure 4, where each of the parameter es-
timates was multiplied by 3. 2 to place the resulting curve in the same range as the
other two. As can be seen, all three curves have a similar shape.

The multiplication by the constant of 3. 2 provides a basis for estimating the value
of personal time, at least in its relationship to the cost of other portions of the cost
function. The precise value of personal time chosen is, of course, dependent on the
value of the constant multiplier chosen, but this analysis indicates its value is on the
order of $1.25 to $1.40 per hour. The greater steepness of our curve, as well as
the fact that it crosses the Detroit curve, indicates that the value of personal time is
greater than the $1. 20 per hour used in pricing out the latter.

In conclusion, we have developed a road-user cost equation from data reflecting
driver behavior where the driver's choice of route is determined from comparative
costs on the two routes. There is a high degree of agreement between the cost equa-
tion developed from this approach and those obtained in the usual pricing studies. This
indicates both that drivers tend to behave in a cost-conscious way and that the cost
function of individual drivers approximates that obtained from pricing studies.
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Research Report on Electronic Highway Scales for
Weighing Trucks in Motion

DAVID K. BLYTHE, JOHN A, DEARINGER, and RUSSELL E. PUCKETT, College
of Engineering, University of Kentucky

ABRIDGMENT

eTHE NEED for a dependable method of weighing the axle loads of moving vehicles has
long been recognized by those agencies and individuals concerned with the planning and
ope1at10n of the lughway system In the past 15 yr many researchers in the United

stallations of dynamw weighing devices with varying degrees of success (7 8, 9, 10,
11).

The paper describes the construction, installation, testing and performanceanalysis
of three types of dynamic electronic highway scales: (a) the Taller-Cooper, a com-
mercially developed four-load cell scale; (b) the broken bridge, an adaptation of a
German prototype employing two load cells (16, 21); and (c) the beam-type scale (12,
19), an experimental scale with a pair of mstrumented aluminum beams as the wexght
sensors., The research was done by the Department of Civil Engineering of the Uni-
versity of Kentucky in cooperation with the Kentucky Department of Highways and the
U. S. Bureau of Public Roads (23). The project was started in 1960 for the purpose of
determining the best mechanical configuration for a scale which would perform the
dynamic axle weighing function in an overall data-gathering system.

The testing program was carried out by installing the Taller-Cooper and broken
bridge scales in the approach ramp to a truck weighing station on I-64, The program
was divided into two phases., The first consisted of a series of runs across the scales
with a truck of known axle weights, varying the speed and the amount and method of
vertical stabilization (preload). The second series utilized trucks diverted from the
I-64 traffic stream; speed was not controlled, but the preloading variables were again
introduced. Static weights of the axles of each diverted vehicle were obtained at the
weight station., A similar program was conducted for the beam-type scale,

In analyzing the test data, the basis of comparison was the deviation of the dynamic
axle weight as measured by each scale from the known static weight. The character-
istic output waveforms obtained from the weight measurements by each of the scales
were also compared. Because of differing mechanical configurations and methods of
mounting the transducers, each scale produced a distinct output waveform for the same
applied load.

Some specific conclusions were reached from the study:

1. The deviations of dynamic axle weights from static weights over a range of cross-
ing speeds follow a pattern for a given set of approach and site conditions.

2. The addition of preload to the scale platform does not, in general, reduce the
differences between the recorded dynamic and static axle weights, but it does stabilize
the weighing system and tends to increase the consistency of the linear relationship be-
tween the dynamic weights and the corresponding static weights.

3. Heavy coil springs are more satisfactory than stiff rods and turnbuckles for
applying preload to the scale platforms because they do not reduce the sensitivity of the
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recording system (20) and their greater resilience reduces the efféct of temperature
changes on the preloading mechanism,

4. Under zero preload, the broken bridge scale is more sensitive to high crossing
speeds than the Taller-Cooper scale, The addition of a heavy preload is more effective
in stabilizing the output of the Taller-Cooper scale than it is for the broken bridge scale,

5. Limited tests of the beam-type scale show it to be a feasible weighing system
comparable in performance to the other two scales.,

6. Any of the three scale types will do a creditable job of detecting overloaded ve-
hicles.

7. Simultaneous measurement of the dynamic axle weights of a test vehicle by axle
housing strain, accelerometer and the electronic scales showed that, within the limits
of the probable chart reading error, the output of the scale indicates the actual applied
load and that any of the three methods will, if properly calibrated, yield a true measure
of the dynamic axle weight. This finding confirmed the results of previous research (6).

8. For an individual axle the dynamic weight measurement is equal to the static only
in isolated and unpredictable instances. However, if its characteristic behavior is
known, any one of the scales can be used to obtain a reasonably accurate estimate of
the gross static tonnage passing over a section of highway during a given period of time.

9. The choice of a particular type of scale for an electronic in-motion weighing sys-
tem will be determined by the ultimate form of the recorded weight measurements, and
by the use to be made of the measurements (22),

10, The nectual loads applied to the highway pavement by the wheels of a moving truck
vary from the static weights over a wide range; therefore, dynamic axle weights ralhier
than static should be considered in establishing pavement design criteria.

Future research in the field of dynamic weighing should include:

1. The development of a portable scale designed to be installed in the pavement at
previously prepared locations in the state and Federal highway systems where the axle
load characteristics of the traffic are desired;

2. A feasiblity study of Lhe use of the dynamic scale to measure speed, volume and
axle gpacing in addition to axle weight;

3. The installation of an electronic scale in the approach to an enforcement weighing
installation to test the practicality and desirability of culling out lightly loaded trucks
from those required Lo stop for static weighing;

4, A study of a very large sample of dynamic weight recordings to determine the
feasibility of derivingapproximate static weights by a slatistical consideration of the
effects of specific approach conditions, crossing speeds, axle location, scale type and
preload; and

5. Studies of the ranges of variation in the amplitude and oscillating frequency of
the in-motion axle weights of trucks commonly used including consideration of vehicular
variables such as body type, suspension systems, loading, and environmental factors
such as temperature, wind velocity vectors, and driver habits,
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