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ABSTRACT

This study describes the morphology of a Cost-Effectiveness (CE)
analysis technique. The CE morphology described in this study is
applied over the life cycle of the candidate system being scrutinized
and provides a specific categorization of all of the data elements that
will normally be encountered. It also provides a methodology for the
manipulation of these data elements into a meaningful system selection
criterion.

The CE analysis technique described in this study is intended to
be a standardized methodology which is valid regardless of the size of
the system belng analyzed. A small scale system case analysis
("walk-through”) is presented and accommodation of a large
system may be accomplished by a generally straightforward expansion of

the methodology developed in this study.

vii



CHAPTER 1
1.0 INTRODUCTION

Cost Effectiveness (CE) analyses historically evaluate a candidate
system either in terms of:

a) Minimizing total Life Cycle Cost (LCC)l for a fixed level
of System Effectiveness (SE); or,

b) Maximizing System Effectiveness? for a fixed level of
cost.

One of the two variables is always treated as a constant. Since
traditionél CE analysis does not optimize these two variables
simultaneously, only one optimization variable is used in any one
analysis.3 This study will use the LCC minimization approach of
traditional CE analysis theory. Therefore, SE will be treated as an a
priori determinant. SE will be reviewed, however, since the evaluation
technique described in this study requires that it be expressed as a

probability.

1. Costs are defined as the impacts assoclated with a decision
(and no decision is free of costs). These impacts are typically the
foregone economic opportunities, and may be represented by the nominal
or resource costs.

2. System Effectiveness, when expressed numerically, is
typically an ordinal number since it must be measured on a scale that
depends on the objective(s) or goal(s) of the system.

3. English, 1968, p. 126.



la1 Constraints

Generic constraints (or limitations) of the CE evaluation
technique are imposed on this study and help define its scope. These
generic constraints, briefly discussed below, are as follows:

a) The first constraint is that of size. This study is
purposely restricted in size and degree of complexity, particular in the
case analysis where approximations are widely used. The purpose of this
constraint is to keep as sharp a focus as possible on defining and
demonstrating the methodology and establishing it as a basis for
application to any size system. An application of this methodology
would almost certainly require computerization.

b) A second constraint is that inherent in each part of the
methodology development is decision-making under risk and uncertainty,
Risk implies the availability of explicit data in the form of a
probability distribution around a certain parameter. For example, a
"true” coin tossed will come up heads or tails with a probability
distribution of 50-50 heads/tails. On any one toss of the coin, a
prediction (forecast) cannot with certainty be made as to which side
will come up, and consequently any prediction is at risk. Uncertainty
implies a position which may be probabalistic in nature, but is not
supported by explicit data; thereiore, the full range of possible
outcomes is generally not apparent nor are the probabilities of outcomes
known. The boundarles, ranges and probabilities can only be estimated,
typlcally, imprecisely (fuzzily). Most evaluation criteria may be
measurable in terms of risk or may be stated under conditiomns of

uncertainty.



c) A third constraint is the decision maker's attitude towards
risk and uncertainty. When choosing among different design
specifications (i.e., criteria, courses of actions), the decision-maker
should be aware of the possible payoffs, their odds and their expected
values, How the decision—-maker chooses to resolve these trade-offs,
account for risk and uncertainty, etc., is of conslderable importance to
the eventual outcome of a gpecific study. It is a case-specific
constraint that should be explicitly defined even if only "fuzzily"™ -
(i.e., by describing the decision maker as risk—-adversive or
risk-aggressive).4

d) A fourth constraint is the quantification of evaluation
factors. Evaluation factors may be divided into two broad classes:
those which can be readily quantified and those which can not. Readily
quantified evaluation factors (e.g., range in miles) are an aspect of
the selection of evaluation cfiteria (e.g., load vs. range) which can
be quantified, measured and demonstrated. Not readily quantifiable
factors include system safety, variations in personnel effectiveness as
a function of system design, supporting material and environment,
effects of electromagnetic interference between electronic systems on a
given airecraft, etc. Because these factors defeat the traditional
quantification techniques, they are typically either conveniently left
out of the evaluation or covered through the introduction of arbitrary
welghting factors. Regardless, the result is the introduction of

additional risk and uncertainty into the system evaluation process.

4. Kaufman, 1968.



Quantified evaluation objectives seek to minimize the risks and
uncertainty in the comparison of alternative systems on a relative
basls and are therefore, case specific.

e) A fifth constraint is the implicit requirement to make
predictions of future events (forecastings). However, these forecasts
are tailored to:

1) Establishing design specification value requirements -
demonstrated by the system and against which contractual
incentive penalty clauses are applied.

2) Defining operational and maintenance support requirements
(e.g., support equipment, spare/repair part types and
quantities technical data, personnel quantities and
skills, and facilities plus supporting resources).

3) Establishing contractor costs associated with warranty
and guarantee provisions.

Since the results of these forecasts are significant in
determining acquisition costs, the amount of risk and uncertainty
involved becomes highly dependent on the input probability factors,
associated distributions, and the techniques employed in the prediction
of events. Therefore, forecasts must consider not only the consistency
in application of the input data but its validity when evaluating it.

Potential error sources are identifiable. One source is interaction of

5. A sound understanding of forecasting by the decision-maker is
essential to both the selection of evaluation criteria (system
requirements) and the minimization of the risk and uncertainty
inherent in future event selection. However, the inclusion of any
specific forecasting technique is not germain to this study.



various component parts, subassemblies and assemblies, and the method of
combining these individual elements of data into a single value. A
second is the validity of reliability and maintainability data where
reliability is the Mean Time Between Failure (MTBF) and maintainability
is the Mean Time Between Maintenance (MIBM) and Mean Down Time (MDT).
The values of MIBF, MTBM and MDT are determined from test data and

a prediction extrapolated from data derived through the use of currently
established t:echniques.6 Good historical data applied in a consistent
manner will tend to reduce, but not completely eliminate, the risk and
uncertainty inherent in maintainability-reliability forecasting.

f) A sixth constraint is that, since all systems interface with
other systems, and at some level, the design specifications of the
system being analyzed are, to some extent, predetermined. These other
systems are either currently in the inventory or planned for the future.
The degree of effect that other systems have on the system being
analyzed varies, depending on size of system, user's methods of
operation, and on the system's operational time horizon. For large
scale systems, these effects are usually significant. In the case of
small scale systems, these effects may be insignificant except when the

small system is a subsystem of a larger one, as is the system in this

6. Specific test data input factors such as component part
failure rates and repalr time data are obtalned from various
documentation sources which are updated periodically to include actual
operational experience. In the case of DoD acquisitions, examples of
data sources are: MIL-HDBK~217, Reliability Prediction, which provides
part failure rates and assembly/subassembly factors based on stress,
utilization, and environmental applications; and, NAVSHIPS 94324,
Maintainability Design Criteria Handbook, presents repair time data
covering diagnostic, disassembly, remove and replace, assembly, and
verification checkout tasks.




case study, which system is a subsystem and its major design
specifications imposed upon it.

g) A seventh constraint is that CE analyses may conslder only
alternative systems which that are competing for the same goal, since
the CE analysis process has no mechanism to rank systems which seek to

satisfy different goala.7

1.2 Assumptions

Assumptions are used as “"givens” in this study and further define
its scope. These assumptions, briefly discusaed below are as follows:

a) Utility Functions (Chapter 2) are assumed to be an ordinal
number with a value between 0.0, equivalent to no utility, and 1.0,
equivalent to perfect utility.

b) Cost-effectiveness analyses may be used by a system
developer, in order to choose the most effective component for the
system, or by the system purchaser to choose among competing designs.
The system purchaser point of view is assumed in this study.

¢) A Department of Defense (DoD) environment is assumed for this
study since system purchaser cost—effectiveness studies may be used when
making system acquisition/purchase decisions, The system purchaser
(acquisition agency), therefore, is a branch of the Department of

Defense and operates under the general provisions of OMB-A-109, 8

7. Barrish, 1978, p. 251.

8. OMB-A-109 is The Office of Management and Budget Circular
A-109, 5 April 1976.



l.3 Need Analysis

The need for the type of detailed CE methodology developed in
this study was initially identified by this researcher during his
tenure at General Dynamics Convalr Division as the lead project engineer
on a major MIS system that was being developed to support the Tomahawk
Cruise Missile Program. The scope of this projeét provided the
opportunity to research how the Department of Defense (DoD, as system
purchaser) and Convalr and its subcontractors, made major purchase
selection decisions. 1In general terms, these decisions were based
extensively on subjective data and "seat of the pants” decision
analyses. This researcher was able to observe the decision analysis (or
lack of) phenomenon described below:?

a) There is considerable ambivalence regarding the adoption of
"state~of-the~art” technology. If the technology concerns "hardcore”
engineering issues, the technology is eagerly adopted, generally without
cost or benefit analysis. However, if the technology concerns
non-engineering issues, (e.g., office automation), then there is
considerable resistance to its adoption.

b) The application of management science disciplines to
non~hardcore engineering issues is still in a very primitive stage of

development. For example, a rigorous technique for multiple dependent

5. These observations are not analyzed as to why they exist,
Such an undertaking is not only beyond the scope of this study but in
all likelihood, lies in the area of industrial psychology. Additionally
these observations are not rigorously documented and may not qualify as
a statistically satisfying sample, but are, nonetheless, observable
phenomenon,



objective selection and quantification (Ostrofsky, 1977) is still in the
infancy stage of development.

c) The Department of Defense (DoD) has directed its contractors
to maximize the use of management science disciplines. Because these
disciplines tend to be not well understood (and therefore suspect) by
the senlor executives of the DoD's contractors, considerable ambivalence
was observed regarding their rigorous application. One result is that
trade-off studies in general, and cost-effectiveness analyses in
particular, have considerably better public relatioms than substance.

d) An extensive, although not exhaustive, search of literature
has determined that the quantity of published sclentific literature of
Cost~Effectiveness analyses is relatively small., Additionally, this
body of literature typically discusses CE analysis at either a

theoretical level or at a very general level of specific development.

1.4 Approach

The approach used in this study is designed to provide a specific
technique for the application of CE analysls theory. This study,
therefore, will use the minimization of LCC approach. It will also use
the generally accepted approach to CE evaluations (paragraph 2.1.1) as
the initial starting point. The specific application of this study will
be to significantly expand the level of detail which defines the LCC
factors of CE evaluations. This approach requires that all elements of
system~acquisition (R & D Engineering, Testing, Manufacturing, etc.) and
system sustaining operations (Integrated Logistic Support, etc.) be

included in the cost-development process. Therefore, all cost elements



are organized into a hierarchical structure encouraging logical and
explicit analysis of all cost issues. This application will also
provide a specific procedure for the manipulation of the data elements

of the CE analysis.

1.5 Organization of the Study

The study is composed of these additional chapters summarized
below:

a) Chapter 2 is the review of the literature that is relevant to
the development of the cost~effectiveness analysis methodology. The
areas reviewed are:

1. System Development issues
2. System Cost issues
3. System Cost Effectiveness Theory.

b) Chapter 3 develops the basic methodology proposed by this
study. The cost factors assocliated with each phase of the system's life
cycle may be reasonably simplified by consolidating them into those cost
factors assoclated with the system's acquisition and those cost factors
associated with the system's utilization. From the system purchaser's
point of view, this consolidation is reasonable since the costs
associated with acquisition (Research and Initial Acquisition
Development) are considerably different from those associated with
utilization (Operations and Maintenance). The objective of the CE
analysis is to provide the system purchaser with a tool to select the
system with the optional cost specifications based on the system

acquisition concept.



The cost-effectiveness methodology consists of the following
parts:
l. Development of the system effectiveness criteria.
2. Development of the cost effectiveness criteria.
3. Development of the CE analysis procedure.
¢) Chapter 4 provides a case study which illustrates the
methodology developed in Chapter 3. The scope of this history is
delibérately limited in size to a small avionics system whose data is
drawn from an actual system developed at General Dynamics Convair

Division.

10



CHAPTER 2

2.0 REVIEW OF THE LITERATURE

A standardized approach to the CE process developed by

A.D. Kazanowski (English, 1968) has been generally accepted as the

methodology of choice, the degree of which may be seen in Figure 2-1.

This approach has the following 10 Bteps:1

1.
2.
3.
b
3.
6.
7.
8.

9.
10.

Kazanowskl provides a good general discussion of each of these

Define the desired goals, objectives, missions, or
purposes that the systems are to meet or fulfill,
Identify the mission requirements essential for the
attainment of the desired goals.

Develop alternative system concepts for accomplishing
the missions.

Establish system evaluation criteria (measures) that
relate system capabilities to the mission
requirements.

Select fixed-cost or fixed-effectiveness approach.
Determine capabilities of the alternate systems in
terms of evaluation criteria.

Generate systems-versus—criteria array.

Analyze merits of alternative systems.

Perform sensitivity analysis.

Document the rationale, assumptions, and analysis
underlying the previous nine steps.

ten points, although without significantly detalled development.

fundamental problem is not with the process, but rather with the problem

i.

this process,

English (1968) p. 116. Also, some of the processes that are
reported in the literature are, in fact, second generation accounts of
For example, Barrish & Kaplan (1973) reference Kazanowski

as reported in English.

11



LEVEL OF

AUTHOR METHODOLOGY DEVELOPMENT

White et al Kazanowski's 10-step Generalization
methodology description

Barrish & Kaplan Kazanowski's 10-steps Generallzed description

based on the
description reported.

Thuesen Kazanowski's 10-step General description

English Kazanowski's 10-step Presents a chapter by
Kazanowskl who
describes his 10-step
methodology.

This Thesis Kazanowski's 10-step Presents a highly
redefined to incorporate | detalled cost factor
DoD environment issues definition of the
and system buyer point variable cost CE

of view. technique.

Figure 2-1., Versions of the CE process
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of defining and quantifying all the variables listed in the process.
These variables, consistent with the approach used in this thesis, may
be summarized as follows:

a) All the variables associated with developing a single system-
effectiveness expression.

b) All the variables assoclated with developing a single cost-
expression.

c) All the variables assoclated with combining the system-
effectiveness expression and the cost expression into a single cost
effectiveness expression.

d) All the varlables assoclated with the sensitivity analysis of
the CE expression (e.g., economic opportunity cost, present value based

on some level of discount, etc.).

2,1 System Effectiveness Issues

System Effectiveness (SE) establishes the specifications or
measuring points against which the relative "goodness"” of a candidate
system is measured. SE, therefore, is the evaluation of the observed
performance of the candidate system when, compared to these points,
typically defined as operational characteristics and operational
readiness rates.

The selection of system—effectiveness criteria is a formidable
task. The problem is almost unmanageable for a large scale systems when
comparisons are made between alternatives which satisfy a given
requirement but by a different means (e.g., ship versus airplane missile

versus tactical fighter). In such instances, evaluation criteria go
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beyond the typical system performance characteristics and include
factors such as political repercussions, all economic costs
{particularly opportunity costs), cultural impacts, and ethical
considerations. These factors are typically unquantifiable which only
exacerbates the problem of deriving a single value which describes the
candidate systems' SE. The key issue is the combining of evaluation
criteria rigorously measured but measured in different units of measure
(e.g., an auto’s range in miles and the number of doors). Combining
objectively derived quantifiable and unquantifiable (or subjectively
quantified) factors that are measured differently into a single
criterion will invariable create an "apple—-oranges” mixing effect.

For smaller scale systems, the criterion selection problem is
less complex; but the "apple-orange" mixing problem is still present.
Therefore, even for a small system, a multiple mix of criteria is
required when attempting to specify effectiveness measures.

The SE measurement problem may be condensed into four basic
problem areas:

a) Defining SE in terms of the planned CE evaluation;

b) System specification definition and development;

c) Formulation of a value model specifically assigning both
attributes and values to the design criteria; and

d) Rigorous quantification and analysis of subjective data.

Formulation of the value model (value decision theory) remains
the least well-defined issue, since the formulation of such a model is

rooted in either utility theory or decision theory.
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2.1.1 System Specification Development Problem

A good definition of a system i8: "...a set of elements
organized to perform a set of designated functions in order to achieve
desired results."2 The system development problem may be stated by
rearranging this definition. There, the problem is one of:

a) Defining the desired result

b) Establishing the set of decision criteria (Ostrofsky, 1977)

c) Establishing the functional organization (design) of those
criteria so as to achieve the desired result

d) Building the system based on these evaluations

These steps are well recognized (Sowder, 1980; Prest, 1965;
Kaufman, 1968; Misham, 1971). The system development problem is
essentially the same class of problem that confounds the CE evaluation
process. It 1s one of defining the quantifying the variables in the
process. After the end results and the systems decision criteria are
defined a quantified, the establishment of the functional organization
and its implementation is relatively straightforward (Cleland & King,
1968).

The problem of defining the quantifying system evaluation
criteria for either a CE evaluation or a system evaluation 18 one of
deciding what the relative value of each element is to the overall
system in a rational (and preferable rigorous) value model. The basis
of a rational value model may be utility and probability theory which

contains a specific set of decision problems.

2. English, 1968, p. 13.
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2.1.2 Value Model

The concepts embodied in utility theory and probability analysis
are fundamental to the formulation of a value model., Their
measurements, however, have proven to be the major obstacle to the
formulation of a rigorous decision methodology. It is only within
(approximately) the past 35 years that a rigorous formulation of utility
theory has become avallable; and it has been within the past 30 years
that the Von Neumann-Morgenstern game theory and Wald's statistical
decision theory have provided the impetus to a reorientation of the
approach to decision problems. A summarization of the historical
development of utility and probability in decision theory is provided in
Figure 2-2. A more extensive discussion may be found in Fishburn (1964)
and Savage (1954).

These background developments logically lead to review of the
application of decision theory and this specific application of utility

theory, i.e., to the theory of decision-making.

2.1.2,1 Decision Theory

Decislon-making is the process of converting information into
action — information is the raw-material input for the decision
process. But before information can be synthesized into the optimal
decision, the decision situation must be "identified” by formalizing the
information patterns characterizing the situation. Thus the
identification activity is the first phase of the decision process.

The idenﬁification activity consists of searching the environment

for (1) conditions calling for decisions, and (2) information for
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decision-making. This search is a comparison between the existing state
of the system as perceived by the decislion—maker, and the desired state
that is derived from the goals of the system. This comparison might
reveal discrepancies between the perceilved and desired system states
calling for action. If such a discrepancy 1s found, a decision problem
i8 said to exist. The identification activity then involves scanning
the environment and collecting and analyzing information about the
problem situation with the objective of fully defining the problem.
This includes also the task of numerically encoding the preprocessing
information so that rigorous decision-making may occur. (Pounds, 1967)
If the decision problem has already been defined, the rest of the
identification activity consists of acquiring and preprocessing
information for decision~making. This identification activity consists
of (1) quantifying (i.e., formalizing) the sources of information;
(2) developing techniques for numerically encoding information (i.e.,
measurement techniques); and (3) evolving methods for preprocessing this
information (e.g., by filtering and aggregating it) before it 1is input

to the next phase of the decision process.3

3. Preprocessing of information is, in itself, an entire area of
study.. Definition of who is making what decision and what the effects
of the decision are is fundamental. The problem is deriving meaningful
and manageable variables and the degree of dependence that each one has
with each other and the entire system. Consider a simple abstraction:
A decision has to be made. The action options are Al,sessy, Al juee., Am.
A set of relevant attributes are Xl,eeee X}, seee,Xn. For simplicity,
let the evaluation of Al on Xj be given by the single number Xij for
i=),.¢4s, m and j=l,s.e.,n. Therefore, action Al can be identified with
a vector consequence Xi = (Xil,....,Xij,eese,Xin) and a comparison
between two acts may be analyzed by a comparison of thelr vectors. I1f
these vectors are expressed as probabilities (as this author believes
they should be), then the general problem becomes one of mapping the
vector into the probability space (Ostrofsky pp. 330-345).
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Most information emanating in the real world, however, is
111-defined and fuzzy. Consequently, not only is there a significant
problem of identifying the determining factors of the decision
situvation, but there is real difficulty in measuring some of these
factors in such a way that the measure contains the full content of
information from which it is derived, and still be relevant to the
problem at hand. Yet classical decision theory is of little value with
those problems because it does not dwell upon how the information for
decision-making is obtained. However, information must be obtalned and
represented in the real number system if it is to be used in a formal
decision system.

Most of the decision-making in the real world takes place in the
environment in which the information needed for decision-making
(e.g., the goals, the constraints, and the consequences of possible
actions are not precisely known). For example, propositions iﬁvolving
such commonly used adjectives as "large,” "small,"” "substantial,”
"significant," "important,” "serious,"” “"simple,” "accurate,"

"approximate,” etc., are vague and imprecise. In this connection, it is
important to note that in the discourse between humans, fuzzy statements
such as "John is several inches taller than Jim," or "x is much larger

than y," or "Corporation X has a bright future,” or "the stock market

has suffered a sharp decline,” convey useful information despite the

imprecision of the meaning of underlined words.? While it may be

4. Bellman and Zadeh, 1970, p. 141-142,
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argued that the main distinction of human intelligence lies in the ability
of humans to manipulate ill-defined concepts and to respond to imprecise
instructions, the problem of rigorously manipulating subjective criteria
and data remains to be successfully resolved. Various techniques have
been proposed for representing "fuzzy" concepts in the real number

system as described in 2.1.3; however, there is generally no way to take
them into account in a formal decision system.

The emphasis on the real number system is important because
powerful mathematical techniques are avallable for processing the
information once it is properly quantified. Some of the commonly used
quantification methods, which are propositional or predicate calculus
and boolean algebra, which invariably assume that every proposition is
either true or false. This principle is formally expressed in the
axiomatic propositional calculus by the so-called law of excluded
middle, or semantically by making use of truth tables which involve
exactly two truth values (Berman, 1969). Most real-life situations
typically do not fit into such a simple scheme and the conventional
dichotomy of true-false 18 highly inappropriate. For example, consider
the proposition h(z), defined by the statement, "z is a beautiful
woman."” Obviously, the proposition is rather fuzzy by nature and the
idea of being "beautiful™ in this case does not carry the usual
connotations of the true~-false or yes—no dichotomy of the ordinary
two-valued predicate calculus.

Therefore, for the treatment of situations to which one can
ascribe values only imprecisely or in a subjective manner, techniques

beyond those employed in the ordinary methods must be developed.
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2.1.2.2 Modern Decision Theory

Depending on the assumptions made about the degree of knowledge
about the decision problem under study, three general branches of deci-
sion theory may be identified.

The first branch is decision~making in deterministic situations.
In this branch, it 1s assumed that all relevant information about the
decision situation is known and there is a known deterministic
connection between every decision and the corresponding outcome. The
states of nature are specified and the outcomes of action are assumed to
be known in advance and may be solved by decision table methods.

The second branch of decision theotry deals with decision—making
under £i§§.5 In this case the true state of nature or outcomes of
one's actions is known and the decision maker has some partial knowledge
which can be expressed in terms of probabilities applicable to all
states of nature or possible outcomes of actions. Much of classical
decision theory deals with decision making under risk.

When making decisions under conditions involving risk (i.e., in
situations where the probablility distribution of the state space is
known), the powerful mathematical apparatus of statistical decision
theory can be used to formalize the decision rule. In fact, most of the
contemporary decision theoretic framework is devoted to statistical

decision theory.

5. Risk is specifically defined in 1l.l.
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A frequently encountered deficiency, however, is that decisions
that involve risk also involve uncertainty;® and any uncertainty is
arbitrarily assumed to have no impact. Additionally, before a decision
model is selected, the firm should derive its risk decision position.
For example, the analysis of a prospective R & D project by a firm (or
more precisely, the firm's decision-makers), may be accomplished in
terms of the expected utility of the results of the decision. A firm
deciding whether to proceed with a particular R & D program may seek to
determine whether a particular project will yield a patent and what the
dollar payoff of the new patent will be. Schoemaker (1980) describes
this utility analysis in terms of the Expected Utility (EU) of the
information (decision) which, in turn, is based on the risk position of

the firm. The firm's risk position is summarized in Figure 2-3.7

6. Uncertaintly is defined in 1l.1l.

7. Schoemaker, 1980, p. 50.
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Results
Gain Side Loss Side
Risk Position
Risk Seeking Actual Gain Probability of Loss
Risk Adverse Probability of gain| Amount of Loss
Risk Neutral Indifferent Indifferent

Figure 2-3, Risk Positioning Matrix

The primary difficulty with EU as an analysis method is that it
is particularly difficult to mathematically define so that a good
predicator is not provided in the experimental model. Additionally,
when choices are not mutually exclusive, that is, when statistical
independence holds, the degree of complexity significantly increases.
This results in a position either not being selected or being
arbltrarily selected.

The third branch is perhaps the most important because in most
decision problems in the real world, the probability laws characterizing
the decisgion situation are not known beforehand. In this case,_the

decision-maker is faced with uncertainty about the possible outcomes of

his actions. The information needed for the design of optimal decision

systems 1s not known a priori, or is only incompletely known and, in
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fact, for various reasons there may be no opportunity to acquire this
information in advance.

The methodology developed in this study must be sensitive to the
issues of decision making, particularly under conditions of uncertainty
and, to a lesser extent, under risk. Since the CE methodology makes use
of existing concepts and post-experlences, a brief review of the
theoretical foundations underlying choices under uncertainty is in
order.

A decision-maker who acts according to modern decision theory
would proceed as described below. First, a decision model is
constructed which relates, quantitatively, a course of action and a
state of nature to a corresponding outcome, That is, where "X" is a set
of observable characteristics, problem features, etc., "a" are
decisions, both "x" and "a" are subsets of "X" and "A" the set of all
possible alternatives and "vij" is the "payoff"” or "utility” value of
(ai xi) in the function V(A,X). If possible, the probabilistic
characteristics of the decision problem are determined or the relevant
probabilities are assigned subjectively. WNext, a decision optimization
criterion is established. If the relevant statistics (objective or
subjective) are known, the expected value criterion is usually selected;
otherwise, one of the cfiteria for decision making under uncertainty is

used (2.1.3.3). Finally, a course of action is chosen according to the

selected decision rule:

ij
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2.1.2.3 Decision Criteria

The decision eriteria that have been most serliously comnsidered
for optimizing decisions when facing uncertainty are the Laplace,
Hurwicz, Wald's minimax (or maximin), Savage's minimal regret, and
Bayesian. All of decision criteria which are summarized below assume
the knowledge of a decision model, V(a,x), which assigns a unique
utility value to the outcome of taking action "a" when the state of
nature is "x" (Horowitz, 1965; Kaufman, 1968; Richmond, 1968). It is
usually also assumed that nature is indifferent toward the decision
maker,

(a) Laplace Criterion (criterion of the mean) assigns an equal
probabllity to all states of nature., Then the choice would fall to that
course of action whose simple arithmetic average (or sum) of the utility
values of outcomes is greatest.

{b) Hurwicz (« criterion optimism—pessimism coefficient). The
subjectively determined index (a)assigns predetermined relative welghts
to the best and the worst possible results of each decision. That
choice is taken which then has the highest weighted average of the best
and worst of possible results that can stem from a given decision.

(c) Wald Criterion (minimax, maximax, or maximin) is derived from
the Hurwicz criterion by setting o= 0 or 1. In the former case we act
a8 extreme pessimists; in the latter case as extreme optimists. The
maximin criterion (a= Q) is a conservative approach for a decision
which looks at the worst possible outcome for each alternative and
selects that course of action which assures the best results for the

worst conditions. The maximax criterion (a = 1) 1s that of a dedicated
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optimist. This decision-maker will make his decision solely on the
basis of the highest return offered through each of the decisions. He
selects that action which will maximize his return with no regard for
possible consequences.,

(d) Savage Minimax Regret Criterion suggests that what we might
really worry about is how badly we might feel later when we see what we
might have done 1f we had only known enough to do the right thing. The
"regret" is determined for each state of nature by subtracting the
largest utility in each column of the decision model (in matrix form)
from all other utilities in that column. The decision—maker then
applies the minimax principle by selecting the alternative with the
smallest maximum, i.e., the lowest value of the worst regret.

{e) The Bayesian approach is one of the best known methodologies
for solving decision problems when facing uncertainty (Raiffa, 1968).
In general, the Bayeslans, or subjectivists, attempt to introduce
intuitive judgments and feelings directly into the formal analysis of
the decision problem (Newman, 1971). The mathematical tools of the
Bayesians are similar to statistical decision theory, except that
subjective probabilities are used. The personal, judgmental, or
subjective probability measure is interpreted as an expression of an
individual's feelings about the relative likelihood of the outcome of
the decision.

The primary usefulness of the Bayeslian approach is its ability to
handle nonrepetitive, "one-shot,” decision problems. Indeed, in
situations which have never before occurred, and where no a priori

information is available, Bayesian techniques are almost indispensable.
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However, Bayesian methods are useful also in repetitive situations.

Bayes' theorem

P(A)*P(B/A)

P(A/B) = P(-B)

offers us guidance for modifying judgments in the light of new
experience. This theorem 18 central to the Bayesian approach to
learning. In fact, many elaborate learning schemes have been developed
from this simple theorem (Morris, 1968).

We interpret P(A) to describe the decision-maker's judgments
about the states of nature, future events, or hypotheses, before
obtaining additional information; that is, P(A) is the a priori
probability. P(A/B) is interpreted as the revised value of this
probability after recelving additional information or a posteriori

probability.

2.1.2.4 Deficliencies of Modern Decision Theory

Modern decision theory does not add to the amount of information
avallable to the decision-maker. In other words, it is not the purpose
of decision theory to remove or reduce uncertainty from the decision
process. To the extent that decision theory is useful in practice, it
is B0 as a consaquence of its having helped the declsion-maker to
organize his available input information into a system which, under the
assumption of rationality, leads to the selection of a particular course

of action. Also, decision theory, by organizing the input information,
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makes it possible for others who come later to understand and to analyze
how a decision was made and to identify those aspects or imputs with
which they may find agreement or disagreement. Thus, decision theory is
very useful in providing a language with which to discuss decision
problems.

On the other hand, decision theory suffers from three major
limitations: (1) mathematical, (2) methodological, and (3) pragmatic
(Beer, 1966).

a) Mathematlical Difficulties with Decision Theory. From the
abstract point of view, the decision process can be viewed as a single
mapping from the state space to a decision (policy) space. The optimum
mapping is the one for which the probability of making a sub-optimal
decision is minimum. In principle, decision theory has some approach
avalilable for almost any type of decision problem.

In practice, however, the existing approaches become
computationally hopelessly complex when the number of decision variables
becomes large. In the case of statistical decision theory, the
conditional probabilities for points in the state space are usually so
complicated that they can never be estimated, let alone used. In other
approaches, the decision model (in form of payoff, loss or regret
matrix) is usually an inaccurate representation of reality when a large
number of state varlables is involved.

b) Methodological Problems. The methodological difficulty
encountered in applying modern decislon theory techniques is that it

leaves out the formulation of an explicit decision model from the



29

decision process in that it tries to jump directly from the real-life
situation to a mathematical model, without investigating the nature of
the mechanism of which the mathematical model is supposed to be a
representation. In other words, there is no general theory for
designing decision models.

A related problem is that of selecting a suitable decision
criterion that was mentioned earlier in the discussion of risk. When
facing structured uncertalnty, for example, the decision-maker has a
choice of four decision criteria: Laplace (rational), Hurwicz
(adventurous), Wald (cautious), and Savage (bad loser). Clearly,
different decision criteria are optimal for different situations and the
uncertainty position of the firm. A question might now be raised: If
decision theory is so useful, why can't the problem of the decision
criterion to be used be formulated as a decision problem and solved
using decision theory? This question involves us with the mirror
problem of "how to decide how to decide” for which little help is
forthcoming from decision theory.

¢) The Pragmatic Difficulty—-Better Versus Best. Perhaps the
most serious deficiency of decision theory is that its decision schemes
are static rather than dynamic. There are no formal ways of gradually
improving or modifying the decision mechanism in the light of new
information, as this information becomes avallable. Therefore, decision
schemes developed with the use of orthodox decision theory are usually
inefficient and sub-optimal, and this decision theory, per se, offers no

way of optimization.
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Observation of the managerial decision process suggests that its
aim is to improve matters steadily, rather than to seek a rigorous
optimum initially. The reason for this is clear. The decision-maker is
not at all sure that he can find in his own understanding a conceptual
model which really represents the situation he is trying to control, nor
that he can specify the relationship within it, nor that he knows all
the criteria of success. And so decision-making is a gradual learning
process for which the purpose 15 to steadily reduce uncertainty in
decision-making. Although the Bayesian approach to learning is
sometimes used to improve the performance of decision schemes, this
approach is usually computationally impractical whenever more than few
decision variables are involved.8 One technique used to achieve this
gradual learning process 18 a formalized heuristic.

Heuristics are "general rules of thumb” or ad hoc principles that
are applicable to problemsolving in situations where algorithms (i.e.,
formal procedures) cannot be applied for reasons of either economy or
inherent difficulties. Since they are ad hoc methods designed to fit
specific problems, they are only loosely linked together by such common
characteristics as the emphasis on achieving results that are “good
enough” rather than optimal and the emphasis on procedures similar to
those that human problem~solvers or decislon-makers might use. Thus,
heuristic methods may be thought of as embracing a philosophy for

approaching problems rather than constituting an organized and definable

8. Tsypkin, 1971, pp. 65-66.
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set of techniques.9 These methods have received considerable
attention in literature because they offer an approach to problems that
cannot be solved by classical mathematical or statistical techniques.

Newell, Shaw, and Simon (1963) have introduced two kinds of
heuristics: a means—ends analysis heuristic and a planning heuristic.
Means-ends analysis proceeds step by step and does not look far ahead.
The "ends" represent the stated goals or the desired state of the
system. The differences between the present state and the desired state
are then used to select suitable "means" to move the system toward the
deslired state, Problem—-solving then consists of finding a path in the
state space, by assembling a sequence of intermediate states (local
objectives) and the means (policies) to effect these states, which leads
from the present state to the desired state. The first step is to get a
useful set of differences. The second step is to select the means
(i.e., a course of action), which will reduce the differences. This
two—step process proceeds iteratively according to a plan which was
established earlier through a planning heuristic. In essence, the
planning heuristics construct a tentative outline for the solution
process without working out the details.

There is also a simple relationship between heuristic programming
and decision theory. Decision models are essentially rules to reduce
the alternative policies to one — the optimal. On the other hand,
using a heuristic approach does not guarantee optimality. However,

solutions derived from a decision model are optimal only with respect to

9, Meier, 1969, pp. 173-174.
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the model being used. Since the model necessarily is an idealized
rather than an exact representation of the real problem, there cannot be
any guarantee that the optimal solution for the model will prove to be
the best sclution for the real problem. In a broad sense, decision

theory then becomes a special case of heuristic programming.

2.1.3 Subjective Information Processing

The inability of decision theory to rigorously analyse "fuzzy"
criteria has stimulated scilentific research beyond the confines of
traditional decision theory.

The following two subsections briefly outline the two best known
techniques for processing subjective information. The first method
derives from a so called "fuzzy set" theory. The second approach is

based on methods or probability theory.

2.1.3.1 The Fuzzy Set Theory Approach

The Fuzzy Set Theory was originated by L.A. Zadeh in 1965
to analyze events and situations which have subjectively ascribed
attributes. A fuzzy set is a class of objectives in which there is no
sharp boundary between those objects that belong and those which do not
belong to the class (e.g., John is big but Bill is bigger). It is
characterized by a membership function which associates with each object
a real number in the interval {0,!]. The value of the membership
function may be determined subjectively, and it represents a numerical

encoding of the property characterizing the set.l0

10, A more detailled discussion of Fuzzy Set Theory however is not
germain to this study.
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2.1,3.2° The Probability Theory Approach

Probability theory is based on the axiom that probabilities may
be assigned to information structures in one of two ways. In one case
the probabilities are regarded as the numerical weights that would be
consistently assigned to events, The alternative 1s to represent an
information pattern as a proposition or a collection of propositions
(e.g., h{z)), and then ask what is the probability that h(z) is true.

In either case the numerical probability values represent a
mathematically preclse expression of the corresponding knowledge.

If the formulation of available information is done in a manner
consistent with probability theory, then the well~developed mathematical
apparatus of probabllity calculus is available for further information
processing. This ability to draw upon the entire logic of probability
theory is very important and useful. For instance, probability theory
methods may be used to determine numerical measures of compound events
from the measures assigned to individual events (aggregation of
information). Or the probabllity calculus can be used to condense a
body of knowledge to a form which 1s more readily comprehensible.
Additionally, Bayesian methods provide us with a mathematical technique
for gradually modifying earlier measures in the light of new Information

as this information gradually becomes avallable.ll oOne technique that

11. The literature is vast on probabllity theory applied to the
question of how the decision maker should balance multiple conflicting
objectives, (Bell, Keenez, Raiffa; 1977). However, a particularly
interesting feature of this literature is that it basically sidesteps
the "how to make the decision" question, particularly when the attribute
(decision criteria) are dependent. It also becomes embroiled in
questions of interpersonal comparisons of utilities.
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has particularly powerful potential use 1s the ability to combine
probabllity functions by treating each probability as a vector and
mapping them into a joint probability space (Ostrofsky, 1977. For
example, the probability density function, the variable "x," 1is

expressed as a distribution (see Figure 2-4), or,

X2
P(x) <x <x3) = ff (x) dx

X1

where the probability of all events in the get is iIn unity and the
distribution is continuous. The second variable, "y" (Figure 2-5) is

independent but nonexclusive. The probability density function becomes

f(x,y) and
x1 £x £ y2 y2 X2
P = f f £(x,y) dx dy
M1LyZLy; y1 1

becomes the volume under the surface (see Figure 2-6).
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The varilance, with respect to the x axis is:

2
Ox - f f(y - §)2f(x.y) dx, dy

Likewise, a simlilar expression defines variance with respect to the y

axis. The convergence which relates x and y, is:

@ ©

Oxy = f f(x - x) (y - ¥ £(x,y) dx, dy

-0 =

The principal deficiency of the probability theory approaches
decisions made under the conditions of certainty with linear variables
(model type I, as illustrated in Figure 2-7) and, to a much lesser
extent, under conditions of risk, model type III. The literature
virtually ignores the development of meaningful or useable solutions to

the other model types,
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Model Decision Making Under Condition of
Variabl
Function Certainty Risk Uncertainty
Linear
| I I1X v
.——"’f—“’
L]
Non~Linear
1I Iv VI

TN

Figure 2-7 Decision Model Typesl2

2.2 System Cost Issues

The System's cost value should ideally represent the cost analog
of all the cost elements of the system being analyzed, from inception to
retirement. This cost value may be expressed in terms of present value,
or in constant units (e.g. dollars) or in the forﬁ of a frequency
distribution of values representing the probability density function of
the cost of system ownership. The essential operating rule is

consistency of application across all candidate systems being analyzed.

12. In figure 2~7 all possible decision models have been
arbitrarily devided into one of six classses based on the assumed
environment and whether the function which describes the variable being
analyzed 1is linear or non-linear. Not that the relative complexity of
each model type increases dramatically in each type of model.
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The literature on system cost issues typlically address issues
associated with the identification of specific cost elements (Seiler,
1966) and the estimation of the costs assoclated with each element in a
very general manner and typlically focuses on the techniques for
manipulating the cost data (Goldman, 1967). However, the key to
derlving a system cost value, regardless of how it 1s expressed, is
heavily dependent upon cost element identification and estimation. It
is only after some estimate of the cost value has been made that any

analysis 1s feasible.

2.2.1 Cost Element Identification

The cost elements may be represented by an element matrix. In
the general matrix cost functions, physical functions and 1ife cycle
functions may be considered and any omissions or overlaps corrected. An

example of general matrix is illustrated in Figure 2-8.

2.2.2 Cost Element Estimation

Since CE analysis is typically used "before the fact,”
cost-estimation is based on a forecast of expected results and is
generally based on some form of analysis of previous experience. One of
the more common types of forecasting is the application of statistical
correlation. However, any additional discussion of the vast array of

literature avallable is beyond the scope of this study.
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4
Total System Cost = E C (Life Cycle Phase)

i=1

Figure 2~-8. System Cost Matrix
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2.2.,3 Cost Data Analysis

Cost data analysis focuses on the comparison of the costs of
alternative systems over time. Period costing is the most commonly used
method of comparing the costs of alternative systems over time. It
simply represents the summary of all the system's costs for a fixed
period of time, including R & D, investment, and the annual operating
costs.

The use of period~costing is somewhat analogous to discounting at
a rate which, in effect, continuously increases for 0% to 100%Z. Instead
of conventionally discounting at game rate per unit of time, in period-
costing the discount rate is zero throughout the period and arises
instantly to 100%Z at the very end. These relatlonships of the relative
discount rates is illustrated in Figure 2-9. As Figure 2-9 illustrates
the effect of lengthening the period (a to b) is to decrease the
effective discount rate at any discrete point in time. (Goldman, 1967).

Another use made of period-costing is to test the sensitivity of
a preferred system to changes in the total costing time period. The
effect of accelerating a system's development as well as stretching out

a system's program can thereby be determined beforehand.
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Figure 2-9. Relative Discount Rates

Time phasing, of course, will not affect the amount of fixed cost
to be charged to each unity produced. Fixed costs, however, are a
problem in cost analyses whenever the effects of quantity changes are
being measured. This is because the fixed cost must be prorated
(divided) by the various quantities being considered in order to obtain
the average fixed cost F to charge to each unit (Figure 2-10). A system
dominated by high fixed costs will be relatively low fixed cost.

The amount of fixed cost to be allocated to a new system should
reflect a realistic allocation of only those fixed costs that remain
unabsorbed before the new system commitment. This is a frequently
overlooked error which may result in considerable inflation of the

measure of investment in a new system. (Seiler, 1966)
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Figure 2-10. Average Fixed Cost

In this the discussior thus far, it has been tacitly assumed that
all variable costs would vary linearly with the quantity of systems
produced. Variable costs that are linear with production quantity
present no particular problem In computation; however, nonlinear
variable costs need to be defined with respect to their functional
(mathematical) relationship to the quantity of systems produced. There
are two baslic approaches to the handling of nonlinear variable costs:

a) Divide the non-linear cost wave into segments sufficiently
small so that linearity may be assumed.

b) Derive a mathematical expression by numerical analysis

that appears to fit the data most accurately.13

13. The amount of literature on Numerical Analysis is
considerable. However, the reporting of this theory is beyond the scope
of this study.
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2.2.4 Cost Optimization Analyses
Cost optimization procedures examine the relationships of the
various cost elements and system alternatives for optimal value.
Basic optimization analyses are outlined in the following paragraphs.
a) At the system level, this typically means minimizing cost.
Total system cost may frequently be reduced without changing the
effectiveness by merely adjusting the balance between the R & D and
production and operation; for example, additional R & D expenditures may
be more than offset in reduced operational costs by greater automation
but at the sacrifice of a longer lead time due to the additiomnal R & D.
For those systems that are effectively free of any constraints, an
optimization of the constituents of total system cost may be made so

that their sum is a2 minimum:

Cc=[C(R&D )+ (Prod) + (Ops)] = Min.

This equation requires that the first order partial derivatives of each
of the variables with respect to the function belng minimized be zero;
that is:

dcC = 0

dzR&D)

dC

d(Prod)

dC
d(Ops)
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Also, whenever the minimization equation above is subject to any real
constraint, a limited minimization may still be performed, subject to
that constraint,

b) It is frequently more meaningful to compare the costs of
different systems in terms of a probability of being attained rather
than be merely comparing thelr central tendency values. The total
system cost of an alternative with a low standard deviation may then
actually be preferred to an alternative with a lower mean cost but a
much high standard deviation (Figure 2-11).

The cost of a system that is not actually in an operational state
is rarely practical or possible to precisely determine. The evaluation
of the degree of uncertainty surrounding a most probable cost value
requires determination of the probability distributions of the various
cost elements, not merely their expected or modal values. Thls requires
a method of system cost—estimating in which the individual costs are not
presented as single points (e.g., $1,000,000) but rather as estimates
encompassing probabllity distributions or at least incorporating extrema
(e.g., $1,000,000 + $200,000 with a probabllity of 0.9 of being in this
range). The result of a system cost synthesis made on this basis is not
a fixed-point cost but rather a probability distribution of costs. The
importance of this approach is seen in Figure 2-11, in which it may not
be possible to determine on the basis of a purely analytic measure the
system that is more desirable. What is revealed is the possibility than

system B might cost more than system A, as shown by area X.
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Figure 2-11. Total System Cost

c) A probabllity matrix may be formulated by using the
probability technique outlined in (b) above in each cell of the matrix
described in 2.2.1., This matrix would then provide:

1. A probabilistic prediction of the costs to be incurred by
physical function (sum of line distributions).

2. A probabilistic prediction of the costs to be incurred by
cost function (sum of column distributions).

3. A probabilistic prediction of the total system cost (sum
of either the line or column sums).

The extension of the model would be the use of conditional
probability distributions for related cost; for example, the cost of the
spare parts for the year (n) may very much be a function of the
maintenance cost for the year (n-l1). An effective way to handle such an
extension would be to make a Monte Carlo simulation of all the elements

in the system. (Shreider, 1966).
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2.3 System Cost Effectiveness Theory

Cost Effectiveness (CE) models are based on the integration of
System Effectiveness model(s) and derived system costs. The purpose of
this integration is to combine the expected values of effectiveness (or
benefits) and cost into a single common index for each alternative.
This index provides the basic framework for a rational CE evaluation and
decision-making process. However, it 1is Important to remember that
system cost-effectiveness models are merely analytical analogs of the
physical systems they represent. The resources to be expended and the
effectiveness to be expected are, in the final analysis, any estimates
based on the fundamental assumption that such models can be used to
predict the future realization of system objectives. Not only are such
models intrinsically limited in their predictive, capabllity but the
system decislon can rarely be based solely on the cost-effectiveness
model ecriterion alone. It is worthwhile, therefore, to caveat a general
discussion CE theory with a short discussion of the basic fallacies and

misconceptions of the CE analysis technique.

2,3.1 Fallacies and Misconceptions
It is important to keep the CE evaluation process in perspective
and that, although logical and rational, the CE process will, at best,

always be an imperfect procedure.
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Kazanowski, addressing the origin of CE fallaclies and
misconceptions notes the following:l4

"The baslc cpncept of cost-effectiveness strikes a
harmonious chord in the minds of most people because
it is reasonable. It appeals to a sense of logic and
order, and has been proposed as a panacea for all the
ills of intricate decision-making. Because
cost—effectiveness appears to be reasonable, false
confidence is easily generated in people who nalvely
believe that the only prerequisite to its application
18 inherent common sense. This false confidence is
documented by responses to ads seeking cost-
effectiveness analysts. Hardly any other technical
area draws responses from individuals with such
diverse backgrounds. Mathematiclans, engineers,
accountants, economists, business administration
majors, all feel that thelr backgrounds uniquely
qualify them to conduct cost—effectiveness analyses,
This is not to say that individuals with such diverse
backgrounds could not become proficient in cost-
effectiveness; rather it appears that there 18 much
misconception about cost-effectiveness and its
subtleties.

Most engineers are aware of the power of Lagrange
multipliers for the determination of the optimum
(maximum or minimum) of some objective function
subject to given constraints. Courses in accounting
provide some insight into the elements of costing.
Engineering economics courses introduce the concept of
break—-even analysis, and economic evaluation. As a
result of these courses, the terminology of cost-
effectiveness sounds familiar, so that the conclusion
may be reached that the conduct of cost—effectiveness
evaluations does not present substantial problems or
anything new."

Specific fallacies and misconceptions cover an interesting range
of issues which, where taken as a whole, begin to impart significance to

Kazanowski's admonition of assuming that the CE process is simplistic

14, English, 1968, Pe 158,
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activity. The specific fallacles and misconceptions include the issues
discussed in the following paragraphs.

a) Criteria Selection — The problem of identifying and
quantifying which criteria are pertinent to the CE evaluation, as
discussed earlier, is one of the most difficult. Expressed
critorically, the problem may be described as, "Make an apples—-to—apples
comparison when one is an orange?”

b) Sole Criteria fallacy. Continuing the thought of (a) a bit
further, this fallacy is based on the concept that selection of a
complex system can be reasonable based on a single criterion (e.g.,
speed or weight on target).

¢) Quantification fallacy. Basically assumes that every

variable may be quantified (e.g., quantify “safe” or "safety,” etc.).

d) Interrelationship fallacy. Assumes that all significant
variables can be related to and expressed in terms of one supervariable,
and that the evaluation can be made in terms of that supervariable.

e) Assumption of Probabilities fallacy. Assumes that
effectiveness is the probabllity of some specific outcome; or as it is
noted in English.15

Generally the probabllities are not subject to
unequivocal determination or verification; therefore,
assumptions of probabilitles are made in addition to
the assumptions of the scenario(s). The result of the
analysis 1is frequently dictated by such assumptions,
and thus the fallacy emerges. In his book "On

Thermonuclear War"” [ 5 ] Herman Kahn gives a striking
example of this fallacy.

15. English, 1968, p. 158.
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"Goering once boasted that no British planes would
reach Berlin. He said, 'If that event ever occurs you
may call me Meyer.' I have been told this boast was
based on some calculations the German antiaircraft
people had made on the efficiency of their weapons.
They first figured that the theoretical kill
probability would be 0.25 per round fired; that 1s, on
the average, they would shoot down one plane every
time they fired four rounds. These theoretical
calculations were then checked by some experiments at
the proving grounds which verified this 0.25 figure.
This gave them a great deal of confidence in the
overall result and led to Goering's boast.

"In the war, the kill probability turned out to be
0.0002 rather than 0.25 or about a thousandth as large
as the predicted number. Even if the decision-makers
had discounted the claims by a factor of five or ten,
they would have been incredibly misled. This is an
example of how badly off a prediction can be, even
though a great deal of technical work, computation,
and experiment may go into documenting 1it.”

f) Fixed Time Period fallacy. Assumes that the useful life of
the systems are the same and that the avallability dates are the same.
Likewise, amortization of fixed costs can be applied over this useful
life in an equal manner. Additional aspect of this time/life cycle
fallacy is that a system can be isolated and therefore not have any
impact or effect on other correct systems or future systems.

g) Derivative fallacy. The derivative fallacy originates in
the characteristics of predictive mathematical models. Mathematical
models are typlcally physical, predictive, or a combination of the two.
In an analysis of a mathematical model that describes a system,
derivatives may be taken and manipulated. However, there is no reason
to expect these derivatives to be a continuous function (versus a
discontinuous or step function). For example, the slope (derivative) of

a simple linear regression of X on Y is not necessarily the same as Y on

X for the same points.
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h) Maximum~Effectiveness—at-Minimum Cost fallacy. This fallacy
is a particularly common one in which the policy direct the
decision-méker to choose the alternative which maximized effectiveness
and simultaneously minimizes cost. As it is noted by English:16

"Actually, of course, it is ilmpossible to choose that
policy which simultaneously maximizes gain and
minimizes cost, because there is no such policy. To
be sure, in a comparison of policies A and B, it may
turn out occasionally that A ylelds greater gain, yet
costs less than B. But A will not also yield more and
cost less than all other policies C through Z; and A
will therefore not maximize yield while minimizing
cost. Maximum gain 1s infinitely large, and minimum
cost 1s zero. Seek the policy which has that outcome,
and you will not find it."

1) Gaming fallacy. Of particular importance in the DoD world
is the application of gaming theory. Simplifying assumptions are
routinely made when gaming military problems because most "real-world"
reality problems are simply too complex to properly model with gaming
theory and assumptions which may invalidate the results and analyses.
Additionally the results of a game may be invalid because of the
"unknown quantity factor" which has all too frequently, historically,
resulted in the theoretically weaker, inferior force being victorious.

j) Algorithms fallacy. Assumes that a situation can be
expressed by an algorithm; that algorithm can then be solved in terms of
some unique solution. Likewise if a value may be derived, then an

optimum value may be derived. This is particularly significant

regarding deriving an “optimum"” CE value.

16. English (1968) p. 160.
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k) Definition fallacy. Allows an unresolvable (typically an
unquantifiable and key variable) problem to be defined by using some
unique and typically subjective definition.

1) Falr Cost fallacy. Allows the inclusion of sunk cost,
usually under the guise of "fairness,” into the total system cost.

m) Cost Significance fallacy. Assumes that all differences
between alternative system's estimated costs have statistical
significance,

n) CE Approach fallacy. Allows the inappropriate constraining
of the analysis to an arbitrary level of cost or effectiveness since a
CE analysis assumes either a fixed level of cost or a fixed level of
effectiveness, This fallacy creates problems because the results of an
evaluation are usually very sensitive to the approach assumption and
result in the wrong problem being solved.

o) Constraining of Alternative fallacy. Allows all alternatives
to be a priori decisions and restricts the CE-analysis to these
alternatives.

p) Extrapolation of Evaluation Results fallacy. Assumes the
results of any one evaluation to be applicable to another evaluation.
If the results of an analysis are "read into” another problem, errors
can be expected since the CE analysis of a system(s) is valid only
within the assumptions and constraints defined for the particular

analysis structure.
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2.3.2 Pre-Analysis Criteria

Before analyzing a system by one of the CE analysis techniques,
certain criteria should be considered. These criteria form per—analysis
limits which constrain the CE methodology. These criteria include:

a) Domain of feasibility, which is a filtering process that
limits the systems to be evaluated. This threshold filtering process
will 1limit the field of system alternatives to a northwest corner
"domain of feasibility” when the ordinate scale is effectiveness and the

abscissa 18 cost, as shown in Figure 2-12,
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Figure 2-12, Domain of Feasibility
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b) Homogenelty assumes that the systems being analyzed are

homogeneous with respect to time, geography, possession and scale.l”

The Time criteria assumes that competing systems either have the same
obtainability/availability or are appropriately handicapped. The
Geography criteria addresses any geographic difference; for example, an
overseas deployment is more costly than one that is not. The Possession
criterla address the area of crew skill level requirements when they are
different between competing systems. Homogeneity of scale permits the
identification of the systems that have the highest SE as well as those

systems, 1f any, that show a return (or savings) on their cost.

2.3.3 CE Analysis Techniques

The Cost and Effectiveness of a system may be analyzed by a
variety of techniques. Each technique has advantages and disadvantages,
typlcally those of speed, cost, avallability of information,
sophistication of the decision-maker (e.g., does he/she understand and
feel comfortable with mathematical programning?) and the ability to make
slmplifying assumptions. These advantages and disadvantages need to be
considered when selecting a specific analysis technique. The principal
CE analysis techniques are discussed in the following paragraphs.

a) Ratio Model. The ratio cost-effectiveness model basically
measures the "efficiency” of a system in terms of the ratio of its

output (effectiveness) to its input (cost). As such, it is merely the

17. If x,y, and z are any three combinations of alternative
systems along an indifference curve and if x is indifferent with respect
to y and y is indifferent with respect to z, the decision-maker is
transitive 1f he i1s indifferent between x and z.
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division of the system effectiveness index by the system cost index
which results in a overall figure of merit as the quotient. The
procedure may be further simplified by normalizing the system cost
indices, so that together with the already normalized system
effectiveness indices, a normalized figure of merit can be obtained.

This may be expressed as:

E(M;) .lgégi% 1.0,

Where;

E(Mj) = M; = expected value of the cost-effectiveness
figure of merit of the ith system,

E(E{) = Ef = expected value of the effectiveness of the
ith system,

E(Cy) = Cy = expected value of the total cost of the ith

system.

Figures of merit may then be calculated using this expression for
any set of alternatives in which elther system—cost or system—
effectiveness is held constant. In all cases, the competing candidate
systems fall into the Domain of Feasibility (Figure 2-12). Figure 2-13
1llustrates Constant Cost and Figure 2-~14 illustrates Constant
Effectiveness., Of the three alternatives shown for each of the constant
cost and constant effectiveness cases, the preferred alternative is
circled, since it represents the highest effectiveness obtainable for a
given cost, or conversely, the least—cost solution for a given

effectiveness.
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One common megsure of SE 1s System Avallability, and the
measurement of system avallabllity is frequently expressed as a
probability (percentage) in a ratio format. Ratlo analysis permits
competing systems to be compared since the alternative systems are
generally ranked in accordance with thelr ratios and the one with the
best ratio is selected.

Therefore, the primary strengths of ratio analysis are as
follows: when applied in a consistent manner, it allows for each system
to be evaluated based on quantified values, and it allows for expected
trend analyses to be conducted between system effectiveness and total
cost. Additionally, as the state-of-the-art advances relative to
quantification and measurement techniques, it 1s expected that
slignificant improvement in criteria application will be achieved.

However, there are limits to ratio analysis/format for which
there must be an accounting. One limitation is that this approach is
valid in the absence of capital rationing. When budget limitations are
imposed, the ranking is typlcally limited to those projects which meet
the budget objectives. Preferred alternatives having a better ratio may
be eliminated if the cost aspect of the ratio exceeds the allocated
budget. A second limitation of system selection based on ratlo criteria
is that it also tends to ignore the actual magnitude of the values of
the numerator and denominator of the ratio. When considering the risks
and uncertalnty assoclated with a given decision, the magnitude of what
is being risked has a definite bearing on the degree of acceptability of
that risk. The use of ratios for measurement purposes tends to preclude

an adequate evaluation of the risks which are to be assumed for a given
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decision. A third limitation is that quantitative numbers (e.g., system
effectiveness and total life cycle cost) are limited since they
represent relative values (only those elements analyzed) and not "true"
values. Therefore, the value derived should not be interpreted as
accurate totals but rather only "“true” within the parameters of the
analysis.

b) Indifference Curve Model. The indifference curve model
(Fishburn, 1964; Copeland, 1979) may be best illustrated by Figure 2-15

and the following discussion.

Units
of 1

Units
of j

Figure 2-15, Indifference Curve Model
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The indifference curves I} and I represent a diminishing
marginal rate of substitution of system i for system J. At point "a,"”
the decision-maker is willing to give up a larger number of units of
system 1 for an additional unit of system j than he 1s willing to give
up at point "b,"” where 1 is in relative scarcity. The absolute slope of
the indifference curve therefore diminishes toward the right and
presents a convex profile to the origin. The indifference curve I; is
slmply a locus of satisfaction higher than that of I} and for the
purpose of this discusslon represents a higher level of system
effectiveness than than of Ij. The indifference curve that lies above
and to the right of another always represents a preferred combination of
alternatives, Furthermore, the indifference curves can never meet or
intersect if the decision-maker 1s not satiated with elther alternative
and is transitivel® with respect to all combinations of alternatives.
The constant cost curve C represents a fixed budget with which the
decision-maker can procure all units of 1, all units of j, or some
combiration of the two.

The interpretation of the curves in Figure 2-15 from a
cost—effectiveness viewpoint 1s as follows:
1) The cost curve C describes the manner in which the
alternative systems can be exchanged in terms of

procurement for a given constant budget.

18. These limitations present problems that are not readily
solvable and, therefore, eliminate indifference curve models as a
preferred methodology.
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2) The indifference curves I; and Iy describe the manner in
which the alternative systems can be exchanged while
maintaining the effectiveness constant.

3) At any point of tangency t any further exchange of one
alternative for the other canmnot increase the
effectiveness.

4) The only manner in which to achieve the effectiveness
level of Iz is to secure a higher budget.

5) Any other point such as d would be less than optimum,
since it requires a higher budget.

6) The optimum system combination is therefore three units
of 1 and two units of j, since it is the only combination
that can result in the attainment of an effectiveness
level of Ij. Similarly, the procurement of one unit of 1
and four units of j at the given budget would clearly
result in attalining significantly less than an
effectiveness level of Ij.

As with ratio models, Indifference Curve modes have limitations
that restrilect the application of these models to complex problems.
These limitations include:

1) The curve is continuously of free of "kinks."

2) The system requirements (units of 1 and j) can and must

be expressed numerically (minimum requirements are not

acceptable since they may mask the true optimum mix).
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3) The comparison is typically limited to no more than two
candidates since three or more candidates creates

multi=-dimensional indifference curves.

¢) Mathematical Programming. Mathematical programming includes
linear, nonlinear, integer and dynamic programming, the calculus of
variations, and optimal control theory. (Savage, 1954; Souder, 1980;
Richmond, 1968).

Linear programming assumes that all the variations within a
system's varilables are linear, whereas nonlinear programming permits
this assumption to be relaxed. Integer programming permits the
varlations within a system's varlables to be discontinuous functions of
discrete values. Dynamic programming, the calculus of variations, and
optimal contrcl theory are all concerned with the optimality of
processes over time.

The range of literature available on mathematical programming is
vast. While a review of these general areas in order to demonstrate
their potential in the analysis of CE problems would undoubtedly yield
interesting results, even a cursory review is beyond the scope of this
study.

d) Theory of Games. The first three analysis techniques assume
that the decision~maker 1is operating in a vacuum with respect to all
other decislon—-makers in his field. If this simplifying assumption is
not included, then the decision-maker must also consider the reactions
to his various possible decisions 1f an optional system is to be chosen.
The theory of games evolved from decision theory as a means to identify.

the optimal strategy in conflict confrontations. The literature on
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gaming theory 1s also considerable. Because of the magnitude of the
task of demonstrating a gaming scenario to a CE analysis problem is so

large, it must likewise be considered beyond the scope of this study.

2.3.4 Decision-Making and the Cost-Effectiveness Criterion
The application of any of the various methodologies described in

this chapter can provide at best only a numerical figure of merit series
on which to base a decision. It should be clearly understood, however,
that any such decision in a systems context usually cannot be
realistically made solely on the basis of the endogenous considerations
of cost and effectiveness alone. The various exogenous factors that may
impinge on the result of a system decision bésed gsolely on the ecriteria
of cost and effectiveness can be overwhelming and therefore cannot be
casually disregarded. Unfortunately, however, these exogenous factors
are usually not amenable to an objective analysis because of their
highly unpredictable nature. The decision-maker, therefore, intent on
choosing an alternative with the cholcest figure of merit, must
reexamine the efficacy of the cholice in the light of these exogenous
factors. The chlef factors in this category that may have a significant
influence on system choice may be grouped in the following areas:

1. Technological advances

2. Resource avallability

3. Political sensitivity

4. Psychological stimulus

a) Technological Advances. Cost—effectiveness studies

frequently involve the comparison of alternative systems with varying
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degrees of advancement in the state-of-an-art. In such cases the
crucial question to be answered is, "Can the specified state-—-of-the-art
advancements be achleved, and when?"” These answers become more and more
uncertain as the state-of-the-art requirements progress beyond the
current technology. For example, in the field of avionics (aircraft
electronics), great progress has been made in packing more and more
performance into a given space or making the space smaller and smaller,
or both, while still maintaining the same performance. The point here
is that state—of-the-art advances can have both primal and collateral
benefits that can affect systemeffectiveness and system—cost; hence a
system's overall figure of merit.

b) Resource Availability. The development of a particular
system may, in addition to the usual scarcity of financial resources,
require such other scarce resources as highly~skilled manpower, rare
materials, or, as heppens, all three. The economic problem, however, 1s
still the same as stated originally in the introduction: that of
allocating scarce resources among the competing factors for those
resources to maximize the satisfaction obtainable from some set of
agreed-upon objectives. The point to be made here 1s that the resources
to be allocated are not only financial, but human and natural as well.

c) Political Sensitivity. Any decision-making process can
become quite unweildly if the issues involved are in any way politically
aligned. When the issues are complex system configurations and other
selection criteria are involved as well, the selection problem can
become overwhelming. Furthermore, there appears to be a tendency for

the larger and more complex systems to become more politically involved,
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since they generally affect more people and demand a greater amount or
varlety of resources.

d) Psychological Stimulus. System developments may have a
significant psychological impact; and the ultimate effectiveness of a
system may be founded on the kind of psychological reactions that
develop in its wake, regardless of whether the reaction is planned or
occurs by chance. For example, the use of V-1 and V-2 rockets by
Germany in World War II significantly affected how the land war in
Europe was fought (i.e., battle objectives were switched to Belgium from
Germany to slze the landing bases), due almost entirely to the

psychological effect of these rockets.



CHAPTER 3

3.0 METHODOLOGY

The Cost Effectiveness (CE) evaluation process is the sequence of
events required to perform a CE analysis. Although this process is
described by various authors (Barrish (1978) and English (1968)), these
descriptions have important differences since each author has a
particular purpose and polnt of view underlying his description. These
descriptions, however, reveal a common set of activities inherent in the
CE evaluation process. These common threads, in turn, allow for a
consolidation of the CE process into a form which emphasizes the
methodology of this study. This chapter delineates the specific
procedures of the CE evaluation process proposed by this study within
the scope of the study described in chapter 1.0 and summarized by the

basic mathematical expression of cost effectiveness:

=_§yatem Effectiveness
Cost Effectilveness Life Cycle Cost

3.1 System effectiveness

System Effectiveness 1s derived from System Operational
Characteristics and System Operatiomal Readiness Characteristics.
System Operational Characteristics cover éll deslign specifications and
related data. ;ncluded in this are the typlical data elements, such as

range in miles, watts of power output, etc. Additional data elements

65
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included in operational characteristics is total system population,
deployment environment, attrition rates outside of the system,l etc.

An example of such an operational characteristic is the
- operational life of a proposed system. The analysis of the time horizon
component of alternative systems, however, is composed of two subsidiary
components. These are:

a) The projected operational life of each alternative system,
since different systems have difference horizons (operational life).
Some become obsolete sooner than others as a result of technical
obsolescence, wear—out, or change in mission requirements. With
different horizons, systems are not directly comparable through a cost-
effectiveness analysis.

b) The initial avalilability dates of the alternative systems.

If the time period for any given system is significantly different, then
the effects must be estimated in terms of additional risk and
uncertainty.

System Operational Readiness Characteristics cover all system
support criteria and related data. This includes turnaround requirement
(or goals), maintenance facilities, spare parts provisioning, and system
availability, (i.e., system “"uptime”).

‘ System operational characteristics and system support

characteristics typically can not be combined into a single practical

l. For example: the system illustrated in the case study
(chapter 4) is a radio installed in an airplane. System attrition rates
must account for those radios that are lost when an airplane crashes.
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criterion measure because many of the specific Input parameters that are
critical to the evaluation process are quantified in terms of different
units of measure (e.g., range in miles, bearing accuracy in radians,
message handling In bits of information, availability and dependability
in terms of probability, etc.). The paradox is that all of the
operational characteristics may be readily quantifiable but cannot be
combined without significant increases in the risk and uncertainty
associated with system selection.

This combinational problem typlcally defeats the initial (basic)
purpose of the SE analysis which is an identified and quantified
baseline which candidate systems may be measured against. It also
results in important, but difficult to quantify, factors being
conveniently ignored. One alternative to ignoring or assuming away
difficult-to-measure factors is occasionally used. This alternative
method defines the specific factors as minimum requirements which all

candidate systems must neet .2

3.1.1 General SE Criteria Development Process
A basic methodology for defining and quantifying the SE criteria
is the heuristic process illustrated in Figure 3-1. Each block of the

model is numbered and briefly discussed in the following paragraphs.

2. An example of this occurred with the Air Force's Air Launched
Cruise Missile (ALCM) program. Since the ALCM had to be carried in the
bomb bay of a B-52 all dimensions were physically constrained.
Likewise, the engine and payloads are known limits; therefore, the
designer sought to maximize operational cepabilities within these known
constraints.,
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a) The Mission Evaluation and Need Statement (MENS) (Box 1.0).
Procedures are an established DoD process by which a need statement
mission objective are defined. The MENS process is the starting point
because the initial designs' requirements stem from an analysis of the
mission statement (requirements). For example, a requirement may exist
to establish a positive navigational link between an alrplane and the
ground utilizing a given communications channel so as to maintain air
superiority. 1In addition, a secondary requirement may specify the need
for a similar tie-in with other aircraft (air—to-air). The proposed
system capablility must be installed in a tactical fighter alrcraft, must
be capable of operating up to an altitude of 65,000 feet, and must be
capable of successful operation 85% of the time.

b) System Operational Characteristics (Box 2.0). The next step
in the process is to further define specific system operational
characteristics or in terms of: deployment, utilization, expected life,
basic equipment performance characteristics, packaging concepts, etc.
These characteristics may be defined through response to the followling
questions:

l. What is the planned system deployment?

2. How many operational sites are proposed and where are
they located?

3. How many systems will be located at each site?

4, What is the expected life of the equipment?

5. What is the anticipated system utilization requirements?
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6. Define the basic system operational cycle (system
"on-off" time).

7. What are the anticlpated system attrition rates?

8. What specific operational environments are expected to be
encountered in terms of Temperature, Bumidity, etc.?

9. Transportation/mobility requirements?

10. What 1s the functional breakdown of the system?

11. What basic packaging concepts are to be employed?

¢) System Support Characteristics (Box 3.0). In conjunction

with specifylng system operational requirements, the basic maintenance
concept is defined. The maintenance concept covers such areas as
maintenance facilities, repair levels by maintenance echelon, available
perscnnel skill levels, support equipment concept, sparing philosophies,
avallable transportation modes, interrelationship with other systems,
etc. These characteristics may be defined through response to the
following questions:

l. What is the planned support philosophy — maximum
self-sufficiency at base level or optimum repair at base
and depot levels (or a mix of these)?

2, What maintenance facllities are planned, where are they
located and at what level of repair (intermediate
depot)?

3., What calibration facilities are avallable?

4, What other systems are being supported by these

facilities?
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7.
8.

10.

11.
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What basic maintenance functions are to be accomplished
at each echelon of maintenance?

What personnel skill levels are avallable at each
echelon?

What is the test philosophy at each echelon?

What are the maintenance time constraints or requirements
with regards to turnaround times, repair-cycle times,
allowable equipment corrective and preventative
maintenance downtimes (MCT AND MPT)?

What are the maintenance man—hours per equipment
operating hour (MMH/OH)?

What are the primary and secondary modes of
transportation for support of sustaining

maintenance operations?

What specific maintenance environments are expected to be
encountered in terms of temperature, humidity, noise,
etc.?

What are the requirements for system availability (Ao),
System reliability (MTBF) and System maintainability

(MTBM, MCT, MPT)?

d) Operational Readiness Rates (Box 4.0). The other aspect of

system effectiveness conslders operational readiness, or availability.

That is, given that a system hes a speclified capabllity in terms of

performance, range, accuracy, etc., what is the probability that the

system will operate when called upon and, assuming initial operation,
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will it continue to operate throughout the duration of its mission?

Availability may therefore be defined as the probability that, when used

under stated conditions in an actual support environment, a system will

operate satisfactorily at any given time. Availability may be expressed

as follows:

Availability (A,)

where:

MTBM =

- MTBM
MTBM + MDT

mean—time-between-paintenance for all
maintenance actions. This reflects frequency
of maintenance in terms of both corrective
maintenance and preventative maintenance.
mean—down-time covering all maintenance
actions. This includes active maintenance
time (Mgr corrective maintenance time and Mpp
preventative maintenance time),
adninistratively delay time, and logistiecs

supply time.
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Avallability may also be expressed as:

- Mean Uptime
Mean Uptime + Mean Downtime

Ao

or
A, = MIBM + Ready Time (MTBM + Ready Time) -+ MDT
where:
Ready Time = The period of time that the system is
able to operate even though it may mnot

be in actual operation.

e) Reliability and Maintainability Analysis (Box 5.0). The
.reliability and maintainablility analyses stem from the operational and
maintenance concepts and from an integral part of the detalled system
design process. The tasks involved include the establishment of design
criteria, design review, reliability and maintainability predictions,
design evaluation and corrective action, etc.3 Results of the
analyses specify quantitative factors (e.g., MIBF, MIBM, MTBR, MMH/OH,
MCT, MPT) which reflect the actual design configuration at the time that
the analyses are updated on an iterative basls as deslgn progresses and

changes are incorporated.

3. These factors may be found in a varlety of government
documents {e.g., MIL-STD-470, and MIL-HNDBK-217) and non—-government
documents {(e.g., ASTM standards).
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£f) Value Analysis (Box 6.0). The most difficult and least well
defined problem 18 combining factors into a single reasonable evaluation
criteria. The approach hypothecated by the author is referred to as

Value Analysis% (VA). VA is a "top-down, bottom-up" procedure

comprised of the steps described in the following paragraphs.

1. The top level system objectives are decomposed into the
first tier of factors which describe (measure)} the
objective. Then, each factor is decomposed into its
factors, and so on, until the factors at lowest necessary

evaluation level is reached and identified as illustrated

in Figure 3-2.

................ System Objective
"™ 1(one objective or n objectives)

e Factor: 1, 2, » 1

wessmnmnnns Sub~Factor: 1, 2, , W

ww=—eSub~Sub-Factor: 1, 2,°*", p

Figure 3-2. Factor Decomposition Tree

4. Value Analysis is the authors hypothesis and has not been
subjected to rigorous testing. The results of such testing will
certainly prove to be enlightening. However, rigorous testing of Value
Analysis is beyond the scope of this study and is left as an area for
future study and development.
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Starting with the lowest branch of the Factor
Decomposition Tree, in this case, the "sub-sub factor"” a
utility curve 1is estimated for each element of the factor
tree, The utility curve is plotted against x-y

co ordinates of the quantity of the factor and the
utility value.”® The utility value is defined as a

value between 0.0 and 1.0. The result is that, for any
quantity of the factor, a corresponding quantity value of
utility (or “utils") may be measured and expressed a

decimal value. An example is illustrated by Figure 3-3.

T

3 4 5 6 7 8 9 10 11 12 13 14

Figure 3-3. Utility Function Curve

5. The Delphl Method could be a valuable tool for the estimation
of the utility curve (Dalkey, 1967, and, Dalkey and Helmer, 1963).
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3) An estimate of relative weights are assigned for each
level of factors. These weights are relative to each
other, and the sum of these weights are required to be
equal to one. The assigned values will vary, depending
on the selected evaluation criterion (system mission
requirements), customer areas of emphasis and evaluation
of probablilities. For example, a system whose overall
mission is repetitive in nature (tactical fighter
alrcraft) will be evaluated differently from a system
whose mission 1s not repetitive (a missile). Also, a
system that 1s produced in relatively large quantities
has a different criterion mix than a "one-of-a-kind" type
situation. When considering the estimation of relative
weights, there are a number of techniques currently in
use.® Regardless of which technique is selected, care
must be exercised when assigning welghting wvalues because
of the ease with which blas can be introduced. Bias can
be introduced through:

a. The 1listing of extranecus evaluation factors which
may favor one alternative over another.

b. The improper assignment of weighting values.

6.

These include the Delphi Technique and Monte Carlo Modeling.
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c. The presence of central tendency, proximity, and
similarity errors in the scoring process7.
4) Combine the factors into a single value so that the
joint, or combinational, utility function of each factor is

made up of 1its sub-factors, or

Utility (Factor) = Utility (Subfactor;, Subfactorsp,

g s seny Subfactorn )0

This combination may be the derivation of a

single value or as a value curve. A simplistic approach
would be to establish a tree of evaluation factors; establish
each factor's utility function; assign weights to all
factors; determine the quantity of the factor in the system
being evaluated, determine the number of utils for the
factor; multiply the welghting factors by the number of
utils; and add all of the weighed scores for each system.

The one with the best score 1s selected. A considerably more
rigorous approach 1s theoretically possible. This approach
treats the variables (e.g., SE and LCC) as probability
density functions and the joint probability is the projection
of each probability as a vector into joint probability space

(Ostrofsky, 1977) and is discussed briefly in paragraph 2.1.4.

Central tendency error results from the scorer's reluctance

to use extreme scale scores on the rating instrument. Proximity error
(sometimes referred to as “order—effect") results from the influence
that surrounding items on the list have on the factor being scored.
Similarity error results from scoring of an item in terms of some other
nonrelated item which is preferred by the scorer. Personal preferences
tend to influence the scores. (Berman, 1969)
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g) 7.0 Defined System Requirements (Box 7.0). The output of -
this process 1s a detailed, defined and quantified set of requirements.
These quantified requirements may be used in the system specification
portion of the Request for Proposal (RFP) or Request for Quote (RFQ)
issued by DoD for a contractor to build the system. The same
requirements are maintained as SE criteria for evaluation of the new

system before acceptance by the government.

3.2 Life Cycle Cost

Total Life Cycle Cost (LCC) criteria include all the various cost
elements that comprise the total system cost and the determination of
whether each element is applicable to the particular system being
evaluated.

LCC data includes all future system acquisition (design,
development, production, and test) and utilization or sustaining
operational costs. Sunk costs should not be included since they
typlcally represent prior expenditures on capital plant and equipment
not directly assoclated with the system being evaluated.

The establishment of cost categories and the classification of
costs may be significant and depend on the type of cost—effectiveness
study, the specific activity areas to be monitored, and the malntenance
of a standard single standardized model which is applied to all systems
being evaluated. The objectives of each study in itself will dictate
the particular areas of emphasis. The basic LCC data development

process is i1llustrated in Figure 3-4,
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Figure 3-4. LCC Data Development Process
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3.2.1 Cost Model Requirements

The process of establishing the cost element requirements may be
divided into two sub—areas: cost factors and cost categories. Cost
factors are defined as being "environmental" costs (e.g., labor rate of
an established labor grade). Cost categories are defined as the stan-
dardized hlerarchlial structure which establishes the total LCC and by
which the cost factors are incorporated.

When cost factors are ldentified and quantified, it becomes
evident that certain factors cannot be adequately covered through
traditional quantitative means. For example, what is the cost impact
resulting from the interactions with other systems? What is the cost of
not providing the system'and not meeting mission requirements? These,
and related questions which are particularly relevant when evaluating
large scale systems, are very difficult to quantify through traditional
quantitative methods (Park (1973), Souder (1980), Ostrofsky (1977),
Bellman & Zadch (1970).

However, quantification of all terms 1s critical, even 1if only a
Rough Order of Magnitude (ROM) can be derived. The general process for
estimation is a "Top~Down, Bottom-Up"” process. That is, just a
comprehensive cost breakdown structure is created. Then an estimate of
each bottom level category 1s developed and is in turn combined into the
total estimate., The summarization of Total System Cost (C¢) 1s

1llustrated in Figure 3-5.
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TOTAL SYSTEM
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Figure 3-5.

Total System Cost Elements
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The cost categories are selected in such a manner as to reflect
key activity areas plus major elements of support considered to have a
slgnificant effect on total system life cycle costs. The structure
presented 15 consldered to be sensitive to alternative system design
configurations, changes in production quantities and run lengths, and
various system maintenance and logistics support concepts. The cost
category coverage presented is compatible with the accepted concepts of
cost~effectiveness (English, 1968) and integrated logistics support
(DoDD 4100,35) as applied to both current systems (those in the
inventory which may be evaluated for total effectiveness) and future
systems (those which may be evaluated for possible acquisition and
subsequent entry into the inventory).

When following this approach, the aspects of risk and uncertainty

-are introduced through the assignment of specific input cost factors.
Major areas of risk and uncertainty are dependent on the thoroughness of
coverage (the inclusion of all applicable costs) and the method(s)
associated with cost estimation. Assigned costs are based on one or a
combination of the following:

2) Future estimates based on past experience as reflected in
accounting records. That is, the use of accounting records per se can
lead to the introduction of distortioms or blases and reflect poor
representations of true costs. Therefore, when using accounting records
as a basis for costs, a critical review insures that only costs which

are significant to the proposed future project be included.
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b) Standardized average cost factors which include the cost of
transportation, the cost of inventory maintenance, the cost of training,
present value discount rate, etc. Methodologies by which factors are
analyzed may also be standardized.8

c) Predicted costs not directly supported by empirical data;
those costs associated with cost factors which, if necessary, are
imprecisely derived (e.g., by fuzzy set theory). These costs may be
developed in a manner similar to the handling of risk analysis in
capital investment decisions (Barrish, 1978; Copeland, 1979; Morris,
1976). A range of values for applicable parameter may be estimated
along with the likelihood of occurrence of each value. The simplest is
a three~level estimate which provides a pessimistic, average, and
optimistic estimate which in turn establishes the range (or
distribution) selected for each parameter on the total system cost and
1s determined through the accomplishment of a sensitivity analys