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Cost measurement is many things to many people. It has one mean-
ing for accountants, another for industrial engineers, and somewhat
different ones for economists and operations researchers. This is not
surprising when one considers the history of cost concepts within these
professions.

The central problem of the accounting profession over most of its
history has been to measure and assign assets and equities between the
creditors and owners of a firm. Industrial engineers and others out-
side the accounting profession provided the impetus that has recently
brought accounting into the cost measurement arema. With the aid of
hindsight, we today read the history of industrial engineering and
accounting efforts at cost measurement as being confined to a rather
narrow field without a broad theoretical and philosophical base. As
a result, their impact was limited In scope and failed to take advantage
of the full potential of cost measurement as an aid to decisionmaking.

During the same period, academic economists were developing broad
theories of cost. Unlike the applied professions =- accounting and
industrial engineering -- the economists produced treatises and criti-
cism of other treatises on the theory of cost with little effort at
applying the concepts to real problems. However, the significant gains
to be made in cost measurement today arise from applying these broader
and more powerful economic theories of cost rather than the pioneering

work of the cost accountants to problems in both the private and public

*Any views expressed in this paper are those of the authors. They
should not be interpreted as reflecting the views of The Rand Corpora-
tion or the official opinion or policy of any of its research spomsors.
Papers are reproduced by The Rand Corporation as a courtesy to members
of its staff.



sectors. Accordingly, we will'try to delineate briefly those economic
aspects of cost that we think are most significant both now and for

the future.

PLAN OF THIS PAPER

We would like first to recount one of the more recent sustained
efforts at cost measurement for public policy decisionmaking with
which we have first-hand experience. This particular effort derives
its significance from its role in the application by the Federal Gov-
ernment of the United States, and thence by many national, state, and
local governments throughout the western world, of many of the concepts
and techniques that we will subsequently discuss. Following a des-
cription of that body of experience, we will undertake a selective
survey and illustrate the current methodology and tools of cost mea-
gsurement. While we are at it, we will question some of the underlying
assumptions and make some observations on the limitations of the meth-
ods and tools that appeared as the locus of application moved from
the industrial/entrepreneurial area into the field of public policy
decisionmaking. Finally, we would like to close with a few thoughts

on the future of cost measurement.

COST MEASUREMENT FOR PUBLIC POLICY DECISIONMAKING

At Rand we have been exploring and promoting the implementation
of economic concepts of cost as practical aids to public policy planning
and decisionmaking for more than twenty years. One of our early efforts
was a reexamination of the traditional tests of preferredness for air-
craft —- higher, faster, bigger, lighter, and the like -- which measure
performance only. Rand sought to introduce a wider range of considera-
tions including the social, political, and economic.

This became the basis for the first major weapon system analysis,
Rand's offensive bomber study, in 1949. In that study, when it was
decided to bring tegether a wide range of diverée»considefafiéﬁs; ;f 
was also decided that dollars were the most convenient common denomi-

nator. And, in the final results, the presentation was made in terms
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of the economist's marginal analysis, cost effectiveness, or cost
utilities. For that study, estimates of the weapon system costs were
provided by the Air Force. Subsequently, Rand decided to set up a
Cost Analysis Department, and did so in February 1950.

When the department was established, we assumed that we could get
system cost data from the Air Force. This turned out to be an erro-
neous assumption. The Air Force did have data on real estate, mainte-
nance, supply, and the like, but only in terms of object classes, and
there were no data on weapon systems like the B-29, F-80, or any other
assemblage of the resources required to perform a given mission. As
a result, a first task was to define the resources that make up a
weapon system. The second was to find the numbers that were appro-
priate to each resource category. For the latter, Rand developed
estimating relationships from appropriation accounts, personnel
records, special studies, and statistical series -- in fact, any
data we could find.

By 1951 a concept‘offtotal weapon system cost had been estab-
lished and a list of cost elements identified. One "radical" idea
that we introduced was to distinguish between one-time (or investment)
outlajs and recurring (or annual operating) expenses. At that time,
all resource requirements were treated by the Defense Department in
one lump sum and in terms of next year's budget only. The Rand con-
cept called for a distinction between one-time outlays and recurring
expenses, and recognized that economic impact could only be meaning-
ful in terms of time periods like five, ten, or more years —-- with
each year's expenditures identified separately.

In 1952 our methodology changed from "all new" to incremental
cost. That is, we charged a weapon system only with those resources
that the Air Force had to acquire because it developed, procured, and
operated the specific system. Resources on hand and usable by a new
system capability were a "credit" to the proposed system.

That change in methodology nece;sitated our kndwing-ﬁhat the Air
Force had, since to eost out a mew proposal, we had to have a projec-
tion of the total force in terms of bases, skills, and equipment that
the Air Force would have at the time that the new equipment would be

introduced.



Then, in 1953, we were asked to cost out a possible intercontinental
ballistic missile system and deliver these data to Dr. von Neumann's
Teapot Committee. This had a very important impact on our work and,
as a consequence, in 1954 we made another "radical" move, namely to
break out of the investment account a category called Research, Develop-
ment, Test, and Evaluation.

There was another event in 1954 worth referring to, and that was
our proposal for Program Budgeting.* This called for the kind of mili-
tary management that was introduced in the Defense Department in 1961.

Probably the highlight of the development of military cost analy-
sis at Rand occurred in 1961 when Mr. McNamara became Secretary of
Defense and Charles Hitch became the Assistant Secretary of Defense,
Comptroller. At that time, Mr. McNamara and Mr. Hitch decided to
accept the program budgeting idea and install it in the Defense Depart-
ment for the 1963 fiscal year. To do this there was an arrangement
with Rand for further development of the techniques and for helping
in the installation of the pfécedure and training of personnel.

Rand recognized this as a great tribute to its work, but also felt
that the kind of service activity called for in this effort was some-
thing that Rand should do only for a limited time and only to meet an
urgent need. As a consequence, when we undertook the work we did so
with the stipulation that it would end in June of 1963. By that date
the OSD and each of the military departments would have developed its
own capability.

That system, known today as the Planning-Programming-Budgeting
System, was applied to all departments and agencies of the Federal
Government of the United States by executive order of President
Johnson in 1965. In addition, Program Budgeting has been placed in
practice or is under study in many other national governments, at

least 28 state governments in the United States, and innumerable

*David Novick, Efficiency and Economy in Govermment Through New
Budgeting and Aeccounting Procedures, The Rand Corporation, R-254,
February 1954. See also Program Budgeting, 2d ed., Harvard University
Press, Boston, 1967. '



local governments throughout the western world. The keystone of pro-
gram budgeting is cost effectiveness analysis. The result has been
that since program budgeting has come into widespread use, there has
been more cost measurement than in the entire prior history of man-
kind.

ECONOMIC COST AND SOME OBSERVATIONS ON ITS MEASUREMENT

First of all, we measure cost in monetary units -- dollars, francs,
pounds, eté. —— only as a convenience. It is closer to the mark to say
that what weireally want to measure is which ones and how much of our
admittedly iimited resources are required to implement a given decision.
Although most accountants and engineers limit their concept of cost to
dollars, some of them perceive that dollars themselves have no in-
trinsic value, but serve only as a device that permits the aggregation
and comparison of many different kinds of resources -—- tons of cement,
‘man-hours of labor, numbers of skilled engineefs, acres of land, and so
on. It is economic theory, however, which cérfies us é stép.forward
when it says economic costs are not X dollars or Y francs mor even Z
man-hours. The real costris to Ee found in the benefits that could
otherwise be obtained by their altermative use. Econdﬁic costs are
benefits foregone, benefits lost.

When we choose to use some of our limited resources to develop and
produce a new public facility, such as a water and power project, then
those resources are not available to produce some alternative, perhaps
superior, capability. If we undertake programs such as flight to the
moon that call our best engineers into research and development for
moon flights, then they are not available for other government programs
or private production. It is for this reason that economic costs are
referred to as opportunity costs. It is in the opportunities or the
alternatives foregone that the real meaning of cost is found.

Given this concept of cost, there is reason to doubt the wide-
spread belief that the techniques and methodology of cost measurement
mre developed and well in hand. Some of the most interesting challenges
for cost effectiveness today, and we think, in the foreseeable future,

lie in support of system analysis applied to broad public policy



problems —- such as the distribution of health care, education, or the
national system of transportation. Problems of this sort are made

up of many compiex alternatives and thefe are a host of opportunities
for cost effectiveness analysis to help clarify the issues involved.
At the same time, the alternatives to be measured are so broad and
far-reaching that they tax existing methods and tools for measurement
to the utmost. Let us now return to the subject of cost measurement,

with particular emphasis on basic concepts.

CONCEPTS OF COST MEASUREMENT

R&D, Initial Investment, and Operating Costs

Resource analysts concerned with cost measurement of large public
programs have come to think of these programs as having three distinct
cost phases —- Research and Development, Initial Investment, and Systems
Operations. This summary structure helps to assure comprehensive cov-
erage and time phasing. Development cost includes all outlays incurred
to enable us to develop a new capability. Investment cost includes
those involved in producing the equipment, organizing ﬁeople initially,
and setting up the new system.* Operating costs are all of the day-by-
day expenditures involved in using the new capability or keeping it
operationally ready for use over its intended life.

If these three categories are interpreted properly, when combined,
they should include all the relevant costs. Note that the appropriate
set of categories for a particular analysis will vary, depending on
the particular system or decision being analyzed. Thus, for a decision
concerning only a change in level of operating an existing system, it
may be that only operating costs are involved. However, focusing on
the full set of cost categories forces the analyst to consider whether
there might not also be some initial investment or even research and
development reiuired before this change in level of operations can
take place. This three-way categorization also tends to group costs

in accordance with the way they behave under alternative conditions.

* :
By system, here, we mean the entire complex of men, facilities,
and equipment that is required to implement the new capability.



The basic idea is a simple one. Over the life of a program some
costs are one-time or nonrecurring (development and investment); others
recur in proportion to the length of time it is in operation and the
intensity of its operation. For some analyses, it may be sufficient
to combine nonrecurring costs (those incurred up to the point when a
program or project becomes operational). This would include develop-
ment, facilities, equipment, supplies, and perhaps initial training.

It certainly includes more than just capital expenditures, as the term

"investment" is usually used.

Multi-year Cost Measurement

The significance of the multi-year time frame and its relation to
the concepts of recurring and nonrecurring costs is most apparent when
projecting and comparing the cost of two or more alternative programs,
as in Fig. 1. Program A requires little development and very lictle
nonrecurring training or equipment, but a comparatively large number
of man-hours (operating cost) will be incurred. Program B, which can
impart the same level of output, requires fewer man-hours to operate,
but development costs are much higher. Analysis of costs over the
‘traditional budget period of only one year would make the first pro-
gram look relatively less expensive. However, a program is rarely
implemented with the expectation that it will be discontinued at the
end of the year. If it is expected that the program will continue
over a number of years, Program B may provide the desired level of
output at a significantly lower total cest.

Multi—year cost measurement simply parallels the expectation of
the decisionmaker that his decision will be a good one and that the
program chosen will continue. It reduces the likelihood of unfore-
seen cost consequences in futuré years, which are implicit in the

current decision.



Program Coet Profilee

Program Year Year Year Year Year
Program Cost Phaege 1 2 3 4 5
(Millions of Dollars)
A Regsearch & Development 0.2 — — -— _——
Initial Investment 0.3 0.5 - - —_
Annual Operating — --——- 10.0 10.0 10.0
B Research & Development 10.0 — _— _— —
Initial Investment 5.0 5.0 —— —-— -
Annual Operating —— — 2.0 2.0 2.0
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'Fig. 1 —- Cost Comparison of Equal Effectiveness Programs

Measurement of Cost Over Time.. Once we recognize in multi-year

cost measurement that a decision today loosens a stream of cost over
future months and years, we are immediately faced with another variable
in cost measurement. Static or lump sum cost measurements can go .&
long way in providing the decisionmaker with useful information 1f the
time-phasing of cost is similar for all alternatives. Where it is not,
and where (as is usually the case) a future cost is preferred over a
present one, everything else being equal, we must censider the time
preference for cost explicitly. That is, the cost streams for each
alternative must be normalized or "discounted"” through time if they

are to be truly comparable.



.,_9__

Let us continue with alternative programs A and B.* Undiscounted,
B has a lower total cOstvthan A, but its time-phased cost stream clus-
ters heavily in the immediate future and then declines rapidly with a
long low cost tail extending over the system's life period. Alter-
native A has a time-phased cost stream that is low in the beginning
and builds up to a plateau several years in the future. Assuming five
percent as a discount rate, a five-year time period, and no residual
value, we can apply the discount rate to each cost stream with results
as in Fig. 2. This helps to .clarify whether the deferred cost possi-
bility offered by A makes it a preferred choice even though it has the
higher total undiscounted cost. Note that the discounted total five-
year costs of programs A and B differ by only about $1.9 million rather
than by their $5 ﬁillion difference when undiscounted. At a ten percent
discount rate, the total five-year costs are nearly equal. As the time
period exceeds five years, total cost increasingly favors program B at
either discount rate.

Dialogue between analyst and decisionmaker now focuées on the
discount rate, system life, and residual value, if any. Where there
is no general agreement as to the applicable discount rate, for
example, an upper bound rate and a lower bound rate may be used to
see whether it really makes any difference in the ranking of altef-
natives, Note that the choice of a discount rate depends upon the
alternative possibilities available for exchanging today's dollars
for future dollars. Assessement of these opportunities is not as
clear-cut in‘public policy planning as it is in business, where obvious
investment alternatives exist. The best assessment may come from
direct investigation of the concurrent resource demands of other pro-
grams in the overall program structure. We will address this point
again later.

RS

*The assumption of equal effectiveness alternatives is retained
for simplicity. In reality, a time-phased benefit stream would also
exist for each alternative. These also should be normalized or dis-
counted for comparison.
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Program Cost Profiles -- Digcounted at Five Percent
(Millione of Dollare)
Year Year Year Year Year

Program 1 2 3 4 5 Total
A: Undiscounted 0.5 0.5 10.0 10.0 10.0 31.0
Discounted 0.48 0.45 8.64 8.23 7.83 25.63
B: Undiscounted 15.0 5.0 2.0 2.0 2.0 26.0
Discounted 14.29 4,53 1.73 1.64 1.57 23.76
o~ 30 .
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Fig. 2 -- Discounted Cwnulative Total Cost Comparison

Obviously, the énalyst pays a price for introducing time explicitly
into analysis. The analysis is complicated by increasing the variables,
and hence the number of calculations. If we put time in, we may have
to leave somefhing else out, Furthermore, it complicates the selection
of criteria for evaluation of alternatives. For these reasons, we may
not treat time explicitly for all»altgrnatives throughout the analysis.
Explicit time phasing can be reserved for the later stages of a study,

when only the really interesting alternatives remain to be considered.

Total Program Cost Analysis and the Incremental Cost Concept

When we speak of total cost we mean the sum of nonrecurring and
recurring resource demands that will result from a decision -- i.e.,
all the incremental cost increases or decreases (and only those) that
will be experienced as a consequence of the decision. These are the

relevant costs.
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Although these sentences describe an important concept of cost
measurement, they do not make clear the way the total costs are used
to overcome the problem of arbitrary prorations or allocations of
indirect and joint costs to the programs. Resource analysts have
learned to avoid arbitrary cost allocations.

Prorations or allocations of support and joint costs are often
a necessity in the historical view or cost accounting concept of
cost measurement foxr purposes of reimbursement, distribution of
historical costs by departments, etc. It is clear that for some
purposes individual programs, in addition to bearing the direct costs
they generate, should somehow share in paying for the indirect costs of
activities from which they also benefit. Proration methods bring this
about. One method of proration may be more acceptable than another, but
the resulting distribution of cost is not necessarily "accurate" and it
is certainly not relevant for measurement of the consequences of future

courses of action.

The typical problem for the resource analyst involves_comﬁaring
the cost of alternative programs to attain some desired objective.
Here, the analyst usually derives incremental cost by first developing
a total multi-year cost for continuation of present commitments ——
that is, a baseline case —— and a total cost for a cemparable multi-
year period for each of the alternatives to be considered. By a
process of subtraction -- each of the alternative case total costs
minus the baseline case total cost —- he arrives at the net incre-
mental cost for each alternative, without the use of "prorations”

" of "support" costs.

Another qualification on the term total coet should be mentioned.
Although we say that comparisons of alternatives should be based on
total costs, there are external costs -— what economists call ex-
ternal disutilities -- that are difficult to measure; further, they
may not be borne by the decisionmaker's agency at all. For example,
the construction of a new electrical power generating facility can
result in thermal pollution of rivers and streams if the energy
source is atomic, or of the surrounding atmosphere if fossil fuels

are the energy source. In past years, the cost of these disutilities
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has been borne by other users of the streams and atmosphere -- often
the surrounding community. Where it appears that external costs

. could be important, they should be identified and called to attention,
even if they cannot be quantified in the terms used for other costs, be-
cause they bear on the decisionmaker's problem in a broader context.

Up to this point we have been talking about the resource require-
ment of individual programs or program elements. There are cases, how-
ever, when requirements may be overstated if interactions with other
programs are not considered. A mass transit system requires diverse
resources, but one of the most costly can be right-of-way. In the
United States there are a number of municipallfnowned transit systems
which fell into disuse as the number of personal automobiles rose.
Now, however, increasing congestion and other problems associated
with personal automobiles have brought a resurgence of interest in
new mass transit systems. Much of the existing right-of-way is in
long, nmarrow strips of land, ill-suited to other purposes. ”To the
extent that right-of-way from the obsolescent systems serves present
needs, nonrecurring costs may be reduced. Those costs incurred in
the past, "sunk costs,” are not a consequence of the decision to be
made.

Still other alternatives related to time phasing of available
funds are illuminated by considering the total program structure as
opposed to 1ts individual programs. A much simplified example is
shown in Fig. 3.

Two programs, A and B, are allowed to represent the total program
structure. As is often the case, the decisionmaker must work with
limited funds. Figure 3 shows (illustration en the left) that the
total program, as originally structured, exceeds the available annual
funding level. .Consideration of the individual program cost profiles,
however, shows that, by delaying the inception of program B, it is
possible to implement both programs without exceeding funding limits.
It 1s important to note that the benefits of program B would also
be delayed by this actionm.
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Fig. 3 -- Restructuring Total Program Cost Profiles

Thus, cost measurement of the total program as well as of its
pieces sometimes discloses alternatives that are not otherwise
apparent. The total program analyeis may disclose problems as
readily as it does solutions, but it tends to do this while there
is still time to take corrective action -- a most important considera-

tion.

Dollars: The Least Common Denominator?

At the beginning of this discussion we indicated that the real
meaning of cost is to be found in the opportunities foregone in
deciding to apply resources in one way rather than amother. Yet it
can be observed, almost universally, that cost measurement operates
not in units of real reéou;cesﬂbut rather in monetary units that we
allow to stand, in an abstract way, for the real resources; This
practice of measuring an abstraction called value in arbitrary units

called dollars is a bit of indirection that greatly increases our

.ability to manipulate resources in analysisi to summarige, substitute,
"and calculate in ways that would be impossible with physical measure-

ments of resources.

As a resource, dollars themselves are of little consequence.
They are at most printed paper and sometimes less -- markings in the
books of the treasury and banking system. Nevertheless, both individually
and institutionally, we are willing to accept them as a temporary
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substitute for the really useful resources of manpower, materials, and
facilities. In so doing, we express a collective judgment, a con-
sensus, on the value of the benefits that could otherwise be obtained
with the resources. Monetary units are used to represent cost because,
and only because, they help us to describe and to evaluate alternatives.

Now it is well not to confuse convenience in cost measurement with
good cost measurement. To the extent that dollars help us describe and
evaluate alternatives, they are useful. Since we have been asked to
comment not only on how cost measurement is done today, but also to
make observations on possible limitations and improvements in practice,
we would like to examine the use of the dollar proxy a little more
closely,

Although the use of money units as a sort of least common denomi-

nator is present in the state of the art in cost measurement, it is not’; -

necessarily the best of all possible arts. We note especially in cost-

ing very large public programs that money costs are sometimes misleading‘

substitutes for real cost. Estimates based on market prices are, after
all, marginal prices —-- valid measures of opportunities foregone for
relatively small variations in quantities of resources around the
present market equilibrium point.

Massive new public programs may require such large amounts of
specific resources that the current market price or marginal cost may
constitute a poor basis for assessing the total cost of a program. Con-
versely, the completion or discontinuation of an unrelated program may
release large quantities of a specifie resource in the future. This
again might render current dollar costs for a specific resource a poor
basis for measuring the future cost of even a small program. The good
analyst retains a healthy skepticism about even his most fundamental
methodology and tools, subjecting their results always to validity

checks and tests of reasonableness.
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METHODOLOGY AND TECHNIQUES OF COST MEASUREMENT

Cost Element Structure 5

The Research and Development/Initial Investment/Operating Cost
concept was previously described as a general skeletal framework within
which the analyst organizes his thinking about the cost of future sys-
tems. We have found it a good way to think about the cost of many
different kinds of systems. Of course, flesh must be added to these
skeletal bones in the form of a coet element structure as we begin to
measure costs for a specific set of alternatives.

The cost element structure is program-specific or analysis-specific;
i,e., it is designed uniquely for a particular study. An analysis of

alternative means to survey earth resources might include various types

of aerial cameras, magnetometers, infrared and laser devices, as well &

as human observers. But”juét about any conceivable means of doing the
job would require one or more types of sensors. Furthermore, the sen-
gors would have to be moved from place to place in order to gather

the data essential to the fundamental program objective. Thus, special
vehicles, aircraft, spacecraft, ships, or other carriers — are almost
certain to be encountered in any of the alternatives. Figure 4 illus-

trates a partially delineated cost element structure that might be used.

Regearch & Development Initial Investment Operating Coste
Design and Development Facilities Replacement
Survey Plan Primary Equipment Facilities ]
Primary Equipment Sensors Primary Equipment
Sensors Vehicles Support Equipment
Vehicles . Maintenance
. Support Equipment .
System Test Initial Inventories Operating Materials &
Supplies
. Supplies .
. Spares .
Personnel Personnel
. Recruiting Salaries
Training Fringe Benefits
R Training
. Travel

Fig. 4 -- Partial Cost Element Structure
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The cost element structure is an enumeration of functions and
equipment similar to a list of expenditure accounts but much less de-
tailed. The goal is a structure that is exhaustive and mutually exclu-
sive rather than detailed per se. Fach cost element is carefully de-
fined to help avoid double counting and to insure consistent treatment
of each alternative even though the cost data are obtained from several
sources. For example, the definitions of "Maintenance" and "Operating
Materials and Supplies" should make clear which of them includes replace-
ment spares so that treatment is consistent each time,

The cost element structure illustrated in Fig. 4 would probably
give way to an even more aggregative one for displaying comparisons
of various alternatives to the decisionmaker. Complete detailing of
cost elements is in the analyst's worksheets, so that he can clearly
identify what he has put in each cost element and how he handled it.

In a sense, the cost element structure is an input control device that
attempts to bridge the gap between the kinds of cost questions and com-
parisons needed by the decisionmaker and the format in which cost data

are organized by the analyst.

Development and Use of Cost-Estimating Relationships

A cost element structure, when developed, is indicative of what
must be measured. As it becomes apparent that certain types of cost
must be estimated, perhaps repeatedly for various alternatives, an
attempt is made to formalize functional relationships between cost
influencing characteristics of the element and the cost estimate which
is the result. Many of these relationships are obvious and can be
expressed in simple terms. Cost of facilities, for example, often
bears an acceptable functioﬁal relationship to area; the cost-estimating
relationship (CER) might be simply $20 per square foot of facilities.
The cost of some elements may be a function of yet another resource
gequired for a given alternative, Thus, the number of square feet
of facilities might relate to number of operating personnel or
number of vehicles to be parked. CERs of this type may be expressed

in terms of physical resources per se, or in dollar terms.
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Other CERs may be more complex. Two or more explanatory variables
may be required to provide a reliable estimator in some instances. Non-
linear relationships between a resource characteristic and its cost may
also be determined. Curve fitting and regression analysis techniques
are especially helpful in developing these relationships. Conceptually,
the principle of deriving complex CERs is the same as for simple ones.

To illustrate, let us work out an estimating relationship for ome
of the sensors that‘has been developed in recent years -- say, infra-
red line scanners, thch might be employed in the earth resources sur-
vey previously mentioned. To develop a CER, we first postulate a
functional relationship between observable physical and performance
characteristics of infrared scanners and their cost. Next, we collect
empirical data on a number of such sensors and derive the coefficients
of the relationship. Finally, we test the results for validity in
this application.

Discussions with design engineers suggest that several performance
characteristics -- resolution, field of view, relative motion compensa-
tion, sensitivity, and coverage rate -— should influence the cost of
infrared scanners. These bear a complex relationship to one another
in determining the quality of sensor performance but, fortunately, the
resultant quality can be expressed in a composite figure of merit for
ahy given combination of the constituent performance values. In addi-
tion, one physical characteristic, weight, has been shown to be a useful
proxy for labor and material in estimating the cost of other sensors.
It is postulated that the same will be true for infrared sensors.

Less than 20 different models of infrared line scanners have been
built to date, in quantities ranging from 3 to 700 units per model.

The total cost of each one of 12 different models, and the figure of
merit and weight for each one, are obtained. We then normalize the
cost of all models for quantity variations to the theoretical cost

of the first umnit (Tl) using well-established improvement curve tech-
niques. We also adjust all costs to constant 1970 dollars. The
adjusted data (disguised to protect proprietary information) are
presented in Table 1.
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The estimating relationship obtained by regressing these costs on

figures of merit and weight is:

¥y, = 12.54 + 1,180 + 0.61c (1
where Y, = calculated T1 cost of IR line scanners (in thousands of
1970 %),
b = IR line scanner figure of merit expressed as a coefficient
5
of 10

e = total IR line scanner weight (in 1b).
Statistics associated with Equation 1 are a coefficient of correlation
of .98, coefficient of determination .96, standard error of 21.56, and
coefficient of variation of 16.16.

Table 1
COSTS AND CHARACTERISTICS OF INFRARED SCANNERS
(DISGUISED)
System T,Cost Figure of Merit Weight

(10° 1970 ¢) (x 10°) (1b)
A 15.8 6.0 15
B 15.8 1.7 10
C 224.5 18.0 255
D 197.1 1.8 270
E 283.8 130.0 195
F 63.1 6.1 100
G 95.8 8.0 95
H 92.2 16.0 80
I 121.8 12.0 220
J 141.9 8.0 200
K 299.6 17.0 455
L 50.0 5.6 35

Examination of residuals and percent deviation for input and
calculated costs indicates that Equation 1 might overestimate for light-
weight equipments having only moderate figures of merit. A logarithmic
transformatibn of the data produces an estimating equation with slightly‘
less desirable statistical credentials. However, since it is onme which
places greater emphasis'on weight than Equation 1, it might be con-
sidered for use in a subsequent sensitivity analysis where light-

weight equipments are involved.
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Similar procedures are employed to develop cost estimating rela-
tionships for as many of the elements as is possible. In this way,
the cost analyst formalizes functional relationships between cost-
driving characteristics and the costs that they generate. With esti-
mating relationships in hand, attention then is focused on the calcu-
lation and analysis of each alternative, with the assurance that each
cost element for each alternative is treated in a consistent manner
and that differences in results reflect differences in the cost of

alternatives rather than variations in the way cost was measured.

The Cost Model

Once we have a cost-element structure to help us determine the
kinds of cost measurements that the decisionmaker may find useful, and
have devised or selected the CER tools with which to do the job, we
can begin to formalize the way we will apply them to descriptions of
alternatives in order to measure or estimate alternative costs. We
seek to establish the interrelationships among resources that togéther
make up total cost. Since we hope to do this without bias toward any
alternative, we seek to characterize or '"model" those interrelationships
found in the real world; i.e., to portray in a consistent manner the
cost consequences of an affirmative decision to implement a given
alternative. However, practical considerations of workload and
limits of understanding conspire against us so that we count as suc-—
cesses those models that are able to characterize major differences
among alternatives.

Figure 5 illustrates portions of a cost model that might be used
in the earth resources survey study previously referred to. It
indicates some of the considerations in translating requirements of
an alternative into a measurement of the relevant cost consequences
of implementing it. This is an {llustration of the sub-model for
initial investmént cost. Complete illustration of the total cost
model would include similar illustrations of the sub-models for re-
search and development cost, for operating cost, and for the inte-

gration of all three sub-models.
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A well-defined model (often in mathematical notation) helps in-
sure consistent treatment of the various alternatives and the ability
to reconstruct the results at a later date. It also facilitates pro-
gramming of the model for operation on electronic data processing equip-
ment —- a mixed blessing. A fully automated cost model relieves the
burden of calculation (which may become quite heavy when conducting
sensitivity analysis), but it also tends to render the model inflexible
in a dynamic situation. Partial automation, with emphasis on the more

laborious calculations, may be a preferred choice.

DEALING WITH UNCERTAINTY

A central reason for cost measurement in long-range planning is
to reduée the unknown consequences of choosing among future courses of
action. Yet, some uncertainty is inevitable in nearly any action oc-
curring in the future. Residual cost uncertainty may exist for a num-
ber of reasons, but in many cases our understanding can be improved
by explicit analytical treatment of the uncertainties —-- using sensi-

tivity analysis or a fortiori analysis, for example.

Sensitivity Analysis

Sensitivity analysis is the name given to a systematic testing
of the key assumptions to see how uncertainty in these values affects
total cost. Postulate a situation where two (usually more) alter-
natives are being considered for an extensive international survey of
earth resources. Alternative A calls for a heavy investment in earth-
orbiting satellites, new sensor devices, and telemetry equipment, but
requires only a small number of operating personnel. Alternative B
utilizes existing aircraft, requires the procurement of standard
aerial cameras, and the training and maintenance of a large number of
operating crews.

At the ouéset. the program is described making certain basic as-
sumptions regarding area coverage. Other assumptioné are implicit in
the analyst's use of constant dollars to measure labor cost. Given

these assumptions, the cost and effectiveness of alternatives A and B

are estimated to be about the same. However, there is considerable
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uncertainty about some of the underlying assumptions on which these
point estimates are based. Higher salaries will favor the capital-
intensive alternative; an assumption of more limited international
cooperation may imply some restriction on area coverage and thus some
possible surplus capacity for the satellite system. An examination

of comparative results over a range of possible values is one way to
call attention to these assumptions and to give the decisionmaker a
quantitative notion of the implications of uncertainty in cost measure-
ment.

In the definition of sensitivity analysis above, the word "system-
atic'" is emphasized. Obviously, uncertainty as to future crew salaries
leaves open a whole range of values, any one of which might be reason-
able. Nevertheless, the range is bounded by reason. One can specify
reasonable upper and lower limits with greater confidence than is pos-
sible in establishing a single number. In performing sensitivity anal-
ysis, one systematically compares the cost of alternatives A and B at
each combination of the bounds of uncertainty to gain better under-
standing of their implications for the decision to be made. In this
instance, the combination of bounds for two types of uncertainty —-
crew salaries and area coverage -- are:

1. Maximum reasonable salaries/minimum reasonable area.

2. Minimum reasonable salaries/minimum reasonable area.

3. Maximum reasonable salaries/maximum reasonable area.

4, Minimum reasonable salaries/maximum reasonable area.

The total and incremental cost of alternatives A and B are calculated
and compared for each of these combinations and intermediate values.
A set of curves is developed that yields a crossover point —— that
‘combination of values, if any, that generates equal cost for both
alternatives -- and beyond which alternative A is less costly than

B or vice versa. Figure 6 illustrates one possible way to portray

the range of results for these cost-influencing uncertainties.
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Fig. 6 -- Effect of Minimum and Maximum Salaries on Total System
Cost at Imcreasing Area Coverages for Alternatives A and B

One disadvantage of a computerized cost model was pointed out
earlier. As opposed to this, one of the advantages is that it simpli-
fies the task of testing the sensitivity of total cost to underlying
assumptions by allowing many changes in assumptions to be made easily.
Because of the large number of computations that may be involved, one
will necessarily be more selective in the direction and extent of sen-
sitivity analysis with a completely manual cost model.

In any case, sensitivity analysis provides a mechanism whereby
the analyst may, instead of using "expected values" for key parameters
about which he is uncertain, use several values (say, high, medium,
and low) in an attempt to see how sensitive the results (ranking of

the alternatives being considered) are to variations in the uncertain

parameters.
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A Fortiori Analysis

A fortiori analysis is sometimes used to deal explicitly with un-
certainty. Suppose that in a particular planning decision, generally
accepted intuitive judgment strongly favors alternative A. However,
the analyst feels A might be a poor choice, and aiternative B might be
preferred. In performing an analysis of A versus B, the analyst may
choose deliberatély to resolve the major cost uncertainty in favor of
A to see how it compares with B under these biased conditions. If B
st1ll looks good, the analyst has a very strong cost case in favor of
B.

These techniques may be useful in a direct analytical sense and
may also contribute indirectly; for example, through sensitivity
analysis, the analyst may gain a good understanding of the really
critical cest uncertainties in a given problem area. On the basis of
this knowledge, he may be able to come up with a newly designed alter-
native that will provide a reasonably good hedge against a range of
the more significant cost uncertainties. This is often difficult to
do; but when it can be accomplished, it may offer ome of the best ways

to deal with uncertainty.

LONG-RANGE COST MEASUREMENT -- SOME REQUIRED ATTITUDES

Cost Measurements Are Approximations

Most measurements, whether in the physical sciences, social sci-
ences, or the management of a complex public program, are approxima-
tions. If one is to avoid getting lost in a welter of detailed refine-
ment, an appreciation of the degree of approximation in measurement
that is appropriate to the pafticular probler at hand is necessary.
Greater accuracy is both increasingly more costly and time demanding.
Frequently, the highest degree of accuracy attainable is really un-
necessary in the particular decision eontext.

For example, consider the measurement of temperature. With the
proper instruments, one can easily and accurately measure the fever
temperature of a person to 1/10th of a degree. The temperature of

an examining room can be measured within a degree or so. Neither
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of these measures is absolutely accurate. Even though one is ten times
more accurate than the other, each is sufficient for the purpose in-
tended. It is not only unnecessary to have greater accuracy, but it

is probably more costly (in several respects).

Similarly, cost measurements are approximations. Although it is
traditional in financial accounting to express cost measurements in
dollars to two decimal places, long-range cost estimates used for ex-
amining alternative public programs do not require such accuracy.
(After all, one does not need to know the outside temperature to
1/10th of a degree in order to decide whether or not to wear an over-
}coat,) In fact, in deciding among public policy alternatives, it is often
gsufficient to know only that one program costs about twice as much as
the competing program (without knowing within thousands of dollars what
either of them will actually cost). Also, a rough approximation avail-
able today is often more valuable than a more accurate cost figure a

year from now.

Numerical Evidence Is Only Partial Evidence

Few, if any, problems can be resolved solely by the collection and
analysis of numbers. Usually there are important factors that cannot be,
or have not been, reduced to quantitative measures -- either of cost or
of effectiveness.

Numerical evidence is obtained and analyzed to the limit of one's
ability to quantify the factors bearing on the decision to be made.
Rarely do these exhaust all the factors that bear on the problem. One
must guard against the notion that only those factors that can-be quan-
tified need be considered. While we strive to extend the analysis, to
cover as large a range of relevant factors as possiBle, we must realize
that analysis techniques, no matter how sophisticated, are no more
than an aid to judgment. But, there i& such a thing as good qualitative

analysis!
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Materiality

In the professions of both law and accounting, practitioners have
institutionalized the principle of materiality so as to avoid consid-
ering trivial matters. Similarly, both analysts and decisionmakers
avoid involvement in the details of alternatives and measures of their
cost where it is clear that further refinement will not affect the rank-
ing of preferences among alternatives.

For the decisionmaker weighing the significance of cost measure,
the principle of materiality has an even broader implication. In view
of the inherent uncertainty in future costs, the difference between
two alternatives must be rather large to become a compelling reason
for the choice of one of them. If the cost differences are not large,
the choice is properly made on other than cost grounds. Under many
circumstances, cost differences of at least a factor ofvtﬁo are con-

sidered minimal and a greater difference is certainly desirable.

SOME THOUGHTS FOR THE FUTURE OF COST MEASUREMENT

The future of cost measurement is intimately tied to the growth
pattern of systems analysis. As that discipline is applied to a broader
range of social problems than is currently the case, cost measurement
will have to deal with considerations that are not now a part of typical
practice. An illustration is available in economic theory's treatment
of "externality."

Real or sacrifice costs are measured today in terms of:opportuni—
ties foregone. This cost, however, is usually internal to the scope of
influence of the decisionmaking agency. It does not measure the pos-—
sible negative effects on other agenciles, or ﬁossible increases in
social costs (such as air pollution). The latter cost effects, or
disamenities,* are external to the scope of the authority of the
agency in which decisionmaking occurs. Limifed scope decisiopmakingr

of this kind is being quqstioned‘increasingly. Thus, costs that were

*
A term introduced by J. Tobin and W. Nordhaus at a December 1970
‘meeting of the National Bureau of Economic Research in San Francisco.
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external (and, therefore, not taken into account) in narrow context
problems will no longer be external when the context is broadened.
This could well mean that practitioners of cost measurement will have

to face up to more difficult issues that are largely ignored today.
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