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SEMI~ANNUAL TECHNICAL REPORT

SOFTWARE DEVELOPMENT FOR DECISION ANALYSIS

This report describes research carried out by the SRI Decision
Analysis Group for the Defense Advanced Research I'rojects Agency (DARPA)
under contract number MDA903-74-C-0240 during the period 1 December 1974
tc 1 March 1975. This research effort has two objectives:

Task A - Develop a morpholegy for characterizing and analyzing

decision problems to serve as a basis for the design of a system

of integrated computer aids for decision making.

Task B ~ Transfer the existing SRI CTREE program to two computers,

one available for classified work in the Washington, D. C. area

and one accessible through the DARPA computer network.

The actached document describes the research vader Task A. A report

summary is contained therein.
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SUMMARY
Decision analysis concepts and methcdology have been demon-
strated to have high potential for assisting defense decision-
makers. However, such assistance for defense executives can now
be provided by only a few dozen professionals who have both tne
required technical competence and communication skills.

Various computerized aids, such as the SRI computer programs

for decision tree evaluation, facilitate the analysis of a decision

problem; however, the existing software is useful only in the
hands of a well-trained analyest or an exceptional executive. Fur-
thermore, these programs only deal with a portion of the decision
analysis process.

We are engaged in the first year of a multi-year program
to design a broad system of integrated computer aids for decision-
making that will foster the widespread application of decisioa
analysis. This system encompasses all of the model building

assessment, and analytical steps in the decision analysis procers.

In particular, the system augments the thought process of the

user to describe the problem in convenient terms and to comstruct

2 useful decision model. In addition, the system permits assessing
the information and preferences of the decision-maker or his dele-
gates. Finally, the system determines the best course of ac:ion
within the scope of the formulation and, by providing aids such

as sensitivity analyses, gives the decision-maker insight into why

that course of action was selected.
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Rather than begin with the immediate development of various
computer aids, we have reviewed the decision process to determine

the coamunicative, creative, and analytic functions that must be

e ——

performed. Next, we are representing these functions in a piecise

morphology that constitutes a logical framework for characterizing

and analyzing decision problems. The morphology describes the
alternatives, probabilities, model structure, values, time pre-
ference, and risk preference in the problem as well as the pro-
cedures necessary to elicit this characterization and to evaluate
the resulting decision model.

Designing computer aids requires striking a compromise between
the needs of the user and the difficulty of implementing the pro-
cedure on a computer: Too often, the compromise is at the expense
of the user. We believe we will ultimately achieve a better design
by ignoring the constraints of existing computer systems while
develouping the morphology. The objectives of the five-year program
are therefore:

= The definition of a precise morphology for characteri-

zing and analyzing decision problems.

- The development of a system of integrated computer aids
s for decision analysis based on the morphology.

- The 1implementation of the system and its refinement

to the point where it is both easy to use and sufficiently

] . powerful to handle large, complex decision problems.
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-~ The communication of the system's advantages to potential users.

This report summarizes our progress to date on morphology definition.
It consists of three sections. Section 1 describes our research program
to develop a system of computerized aids for decision analysis. Specific
research objectives are defined and an eight element, five year program
plan for achieving these objectives is outlined, The first section con-

cludes with a discussion of the types and characteristics of decision prob-

lems that are encountered in practice. Section 2 of the report deals with
the fundamental components of a decision morphology, the analytical and
communicative processes that are needed to analyze the broad range of de- ]
cision problems. Both receit results and areas where further research
is essential to the construction and analysis of decision models are ad-
dressed here. Section 3 presents an illustrative implementation of the
morphology. The graphical algebraic technique described is the precursor
to an automated system for decision making and is envisioned as one of
its fundamental components.

Our research has exposed many issues material to decision-making,
to decision analysis, and to the design of systems fo: using decision

analysis in decision-making. Th= primary goal of the research during

P ———

the next six months is to compiete the specification of the morphology
to the point where it can provide a secure foundation for the development

and implementation of a system of integrated computer decision aids.
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SECTION 1
RESEARCH PROGRAM

1.1 Research Objectives

The advantage to decision makers of having guidance in the
analysis of decision problems has been amply demonstrated by cases
where the time and resources for analysis were readily available.
However, the need for guidance in rapidly developing decision sit-
uations and the shortage of trained analytical personnel mean that
few decisions can receive the amount of analysis they deserve,

The major hope in realizing the benefits of insightful analysis
lies in using the computer to assist the analytical process. The
assistance would be helpful at all levels, from the original charac-
terization of the problem by the decision maker to the sophisticated
manipulation of a decision model by the analyst. If such decision
aids were available, decision makers could use some of them alone
to achieve the benefits of preliminary analysis in problems that
now receive only intuitive treatment. Analysts in turn could
provide analysis in depth in situations where they now have the
time or resources for only initial consideration of important issues.

The availability of effective aids could have an important
effect not only on individual decisions, but on the style of decision-
making. In our present world without easlly accessible decision
alds, decision makers can make decisions intuitively without criticism,

but they may be considerably, and unconsciously, limited in the

size of the projects they will undertake or in their boldness of

- v e
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execution, perhaps because they lack systematic mears to convince
themselves or their colleagues of the wisdom of their decision.

The attractiveness of a system that would simultaneously
aid in making individual decisions and improve the style of decision 4
making 1s so great that one would be tempted to start writing
computer programs to implement it as soon as possible. However,
experience shows that a rush to programming often yields computer
alds that reflect existing programming languages more than the
needs of the problem. We feel it is important to emphasize the
needs of the customer rather than the capabilities of the computer,
for the kind of system we are proposing will develop over many
years into a complete and powerful workshop of decision aids.

Early compromises will become increasingly difficult to accommodate
as time passes.

Consequently we have started on this long-term quest of a decision-
alding system by developing a logical framework for characteri-
zing and analyzing decision problems which we call a morphology.
Problems posed within the morphology may even be beyond the capa-
bilities of present computers, but this will only restrict the
present implementation of the methodology. As computers increase
in capability, the type of problem treatable by the morphology
will grow apace in complexity and size.

Developing the morphology is thus the first phase of the re-

search program. When it is developed it will be implemented, to
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the extent feasible and economical, with present computers. This

implewmentation will in turn require design, execution, and testing

of appropri«re computer programs. Thus though our ultimate goal

18 to provide future decision makers and analysts with unusually

powerful ussistance, we begin by developing a mo.phology, a formal

description of the decision procese.

We view the development of a system of integrated aids for

decision analysis as a multi-year program guided by the following

objectives:

(]

1.2

The definition of a precise morphology for characterizing
and analyzing decision problems.

The development of a system of integrated computer aids for
decision analysis based on the morphology.

The tup_-mentation of the system and its refinement to the
point where it is both easy to use and sufficiently powerful
to handle large, complasx decision problems.

The communication of the system's advantages to potential

users.

Research Plan

To accomplish these objectives we have formulated a five-

year program plan consisting of eight primary elements. We are

currently in the first year of this program. The program elements

are:

Morphology Development

Pilot Experimentation
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Language Design

System Design and Integration

Prototype Implementation

Test and Evaluation

Design for Urilization

Comzunication with Potential Users
The time phasing of these elements appears in Figure 1.1;
have the following brief descriptions:

Morphology Development. In this element we review the decision

process to determine snd describe the communicative, creative,
and analytic functions that must be performed. We next define
a logical framework for the system of computer aids by develop-
ing a precise morphology for characterizing und analyzing
decision problems. The morphology must describe the alter-
natives, probabilities, model structure, values, time pre-
ference, and risk preference in the problem as well-es-define
the procedures necessary to elicit this characterization and to
evaluate the resulting decision model. The morphology must
also treat interactions between each of these components

to show how modificaticns toone part of the process can affect
other parts.

Pilot Experimentation. The process of developing the morpho-

logy will raise many issues in analysis and elicitation that can



T

PROGRAM ELEMENT

Figure 1

.1

\
DEVELOPMENT bF DECISION AIDS

PROGRAM PLAN

YEAR

MORPHOLOGY
DEVELOPMENT

PILOT
EXPERIMENTATION

LANGUAGE
L]
DESIGN

SYSTFM DESIGN
INTEGRATION

PROTOTYPE
IMPLEMENTATION

P

TEST AND
EVALUATION

DESIGN FOR
UTILIZATION

COMMUNICATION WITH
. POTENTIAL USERS

— e ——

Fundamentsel

Deveiopment

M Revint I
3§ e on

Speci(lrat|n1 Specification

Msn-Machine |

Interface lhdditionnl Capsbilities
Mera- l User

language l Lenguage

System
Philowoply

Detatled
Sp-cificu!ioJ

)

Basic

' Additional

Systen lruturn & Revision

g T —

Uttlizetion
Stretegy

e e - -
I Design Revision

e S TPY gy

[P

F &




W e s T R B O S e, o S S - - s -
- - - T e 1w ey S
¢

be resolved most easily by experimentation on a limited scale.
For example, ease in descrihing a problem using the morpho-
logy can be assessed only in a simulated problem-solving
environment. Such experimentation is especially important

in chccsling means of graphical communication for the user.

Lanquage Design. Once the morphology is specified, it will be

possible to design a computer-iree meta-language for imple-
mentation. This language will thep be used to conitruct

the decision-aiding system aad the actual language for user-
machine communication.

System Desiyn and Integration. The existence of the morphology

will permit designing a consistent system configuration and

operating philosophy. The design will become increasingly

specific in later years through interpretation of the meta-
language on the prototype computer system.

Prototype Implementation.In year 3, the prototype system

of decision aids will begin to take form on the prototype
computer .ysiem. The basic system will be ready for testing
in year 4. Additional features and revisions will continue
throughout the program.

Test and Evaluation. The implemental system will require

testing and evaluation in both its basic and advanced forms.
Initial tests will be performed on selected system features;

later tests will probe the integrating ability of the system.

B



Design for Utiliaation. Regaidless of its inhereat merit,

the system of computer aids will achieve 1its potential only

1f the process of introducing its use in the decision process
1s carefully planned. The system List exceed the expectations
created for it if user response is to be eathusiastic. Design
for utilization will require identifying high priority users
and user groups, planning a schedule of introduction con-
sistent with facility and educational requirements, and deter-

mining to what extent the prototype system need be modified

to meet diverse user needs.

Corrnunication with Potential Users. To create an effective

design for utilization will require a multi-year effort to

identify users, their needs, and their views on the emergent

system of computer decxision aids. Joint exploration with

potential users should permit selecting a representative group

of users for participation in the test and evaluation program.

The five year program will result in a highly effective system

of computerized decision aids tested by users and responsive to their

needs. We anticipate that this system will be but the beginning

of a sequence uf prcgressively more sophisticated decision-aiding

systems that will be employed by increasingly diverse and extensive

user groups.
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O 1.3 Characterizing Decision Problems and Processes

The preceding discussion has summarized the objectives of this

research program and the steps required to achieve the objectives.
The following paragraphs deal with the many types of decision
problems that are encountered in practice. An immediate objec-
tive of our current research is to design a decision morphology
that is sufficiently general that it will be relevant to any of the
decision problems described below.

Types of Decision Problems. There are many ways to characterize

decision problems, but some characteristics are more funda-

mental than others. During our research we have found the
following attributes to be the most useful in describing
a decision environment. Decision problems can be character-
ized by the degree to which each attribute applies.

(1) Time Dependence (static vs dynamic environments):
Decision environments that change over time are inherently
more difficult to analyze than those that are static. A
situation can be dynamic because parameters are changing
(e.g. construction costs are increasing) -- or because the
structure of the problem is altered (e.g. a new comstruction
process becomes available).

(2) Sequential decision structure (sequential vs non-sequential

decisions). Time can alsoplay. an important role in a decision

problem if a series of decisions are made sequentially. Each

decision in the sequence may have a different structure and

11




and be based on a different state of information. However,
there are often repetative elemente of sequential problems

that can be used to simplify the analysis of such problems.

(-4

(3) Time availability (planning vs crisis environments):

The time available for analyzing and making a decision often
governs the way we approach the problem. The distinction

< between planning and crisis decisions can be complicated in
situations when the time available for a decision is uncertain.

(4) Scale of resources (major vs minor decisions):

There are two resource levels that must be considered in a
decision problem: the value of outcomes that might be affected
by the decision, and the level of resources allocated by the
decision. Decisions can become critical when they involve
large amounts of resources, but little time is available for
the decision.

(5) Scope of the decision (specific vs policy decisions):

Some decisions deal with specific resource allocations. Other
decisions are designed to set policy and give guidance to those
who must make specific decisions.

(6) Uncertainty (probabilistic vs deterministic environments) :
Decision makers almost never know the exact consequences of
choosing an alternative at the time they must make a decision.
However, the parameters and structure of a' decision problem

can be known with varying degrees of expertise.

12
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(7) Complexity (simple vs complex dezisions):
Decisions environments can range from those with a few basic ;
elements to those comprised of large numbers of interrelated
components. To a certain extent, the complexity of a decisioa
depends on how the decision maker approaches it; one person

may tal'» rn e_zmentary view of a decision situation while another

person could consider the same decision in minute detail.

(8) Continu.ty (continuous vs discrete environments):
In some decisions, there are only a few discrete  alternatives
available. In other situations the decision maker can set
the level of some parameter to any value in a specified range.
Similarly, various elements of the problem can take on only
certain values or vary over a range.

Decigion Processes. In addition to rharacterizing decision

problems, we can describe the proceas by which a decision is

reached. This process depends primarily or the number of people

involved in the decision and their level of experience or

training in anaiyzing decisions.

(1) Number of people involved in decision (individual vs multi-

person decision making):

A decision can be made by a single individual, or several people

can cooperate or compete to produce the decision. Similarly

information and value assessments can be uade by individuals

or groups. The problem can also be defined or analyzed by




one or nore people. In each case, the number of people invol-
ved will affect the way in which the situation is analyzed and a
decision reached.

(2) Level of training and experience (analytical vs intuitive
decision making):
The process by which a decision i8s reached depends on the back-
grounds of the individuals involved in the decision. One person
might use highly sophisticated analysis techniques to reach
a decision, while another might rely on his intuition.
Similarly those who assess parameters of the decision environ-
ment may or may not base their estimates on careful training and

encoding procedures.

The following section deals with the analytical and .ommunicative

processes that are made to deal with the range of decision problems

described above.
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SECTION 2

COMPONENTS OF A DECISION MORPHOLOGY

A study of the form and structure of decirion analysis is
complicated by the fact that there is no single procedure that
decision makers and decision analysts follow when dealing with a
complicated decision problem. Rather, there are a number of con-
ceptual tools that are available to an analyst, and, within cer-
tain limits, the tools can be used in any order.

The conceptual tools of decision analysis are often used
iteratively and repeetedly to build an explicit representation of
a decision environment. To be effective, a system of automated
decision aids should capture this pattern. The decision maker or
analyst should be able to move back and forth among the various in- ,
dividual aids selecting the ones that are most useful at each stage
of the anelysis. For the least experienced users, the order in
which the decision aids are employed may be determined automatically
on the basis of the user's problem structure. However, :ore so-
phisticated users will undoubtedly want a kit from which they can
select or construct the most appropriate tool at each stage of the
analysis. The purpose of this section is to describe conceptual tools
that will form the basis of an integrated set of automated decision aids.

A complete workshop has a wide variety of tools: some are

15




simple and can be used by the novice, some are highly specialized,

and some can be used to build other tools. The same should be

true of a comprehensive set of automated decision aids, However,
in the following discussion of the conceptual tools that constitute
the decision moryhology, we will be primarily interested in the
more powerful and general aspects of decision analysis that would
be of use to an experienced analyst. We must have a clear under-
standing of these fundamental building blocks before we can develop
concepts and decision aids that would be of use to a decision maker
with little training in decision analysis.

Some of the following topics have received more attention

than others, because we have concentrated our efforts in the areas

that are most critical to the development of a unified morphology
and the areas that are relatively unexplored. We will now m:n. lon
only briefly the areas we have no: investigated. During the
remainder of our research, we intend to examine these areas to
balance our understanding.

Inferential Notation

When studying problems of decision making it is desirable to
make as explicit as possible the conditions underlying any proba-
bilistic statement. Our discussion of the components of a decision
morphology will occasionally make use of a notation, termed infer-
ential notation, that has been developed for this purpose, The
following paragraphs are a brief description of this notation.

The basic concept of inferential notation is that every proba-

bility assignment is conditional on some state of information,
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wh.ch we may describe generically by n, If A 1is some event,

we define {A|n} to be the probability of A given the state

of information n. If x is a random variable, then we define
{xln} to be the density function of «x given n., The distinction
between events and random variables is usually apparent from con-
text. By extension, if y is another random variable then

{x,y|n} 1s the joint density function of x and y, {x|y,n} is
the conditional density function of x given vy, etc.

A particularly important state of information is the prior
experience brought to the problem, which we denote by &. Any
probability assignment conditional only on £ 1s called a prior
assignment. Thus, {A|£} is the prior probability of the event
A; {x|€} 1s the pricr probability density of the random variable
x. For simplicty we sometimes shorten {A|E} to {A)} when the
state of information is obvious from context.

The notation extends to moments. We define <x|n> to be the

expectation ol the random variable x given the state of information

n, computed from

<x|n> = fx x {x|n}

where fx is a general summation operator. Then <xn|n> is the

nth moment of x. We denote the variance of x ty

= 2 2 2
x> = < n> - «x|n> = <(x=-<x|n>) |n>.




2.1 MODELING

2.1.1 Algebraic and Graphical Languages for Constructing and
Describing Models

To conceptualize and construct a model that adequately des-
cribes a decision situaticn, an analyst often attempts to visualize
the decision process in both graphical and algebraic terms. For
example, the output of a power generating plant can bhe descr .bed
as an algebraic function of the amount of fuel consumed by the
plant, the energy content of the fuel, and the plant efficiency.
Alternatively, the role of the plant in a complex power generating
and distribution system might be described graphically by a flow
chart that indicates the various material and power flows throughout
the system. Similarly, the probabilistic dependence of interna-
tional events on U.S. foreign policy decisions can be described
algebraically by a set of conditional probability distributions,
or graphically by a decision tree with event probabilities dependent
upon the alternatives chosen by U.S. policy makers,

Some types of problems are easier to conceptualize in alge-
braic terms; other problems, in graphical terms. The choice of a
particular modeling language depends on both the nature of the
problem and the background of the analyst. Some analysts prefer

to visualize complex systems in terms of flow charts, tree struc-

tures, block diagrams, or graphical functions in several dimensions.
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Other analysts might deal with the same problem in terms of
systems of equations, alpha-numeri: lists of data, or algebraic
computer programs (FORTRAN, /LGOL, LISP, etc.)

There 1s no single language that is "best" for describing
a particular decision situaticn. Inm fact, there is value in
looking at several different descriptions of the same problem.
Different modeling languages tend to illuminate different as-
pects of the problem being studied. An arialyst may often
switch back and forth between algebrzic and graphical represen-
tations of a decision environment and may also use several differ-
ent languages of each type in analyzing a single decision problem.
For examnle, a de:ision tree is often used to describe and
analyze complex decision situations. However, decision trees
can become so large and complex that they cannot be visualized,
let alone drawn, in their entirety. As a result, analysts have
developed a number of compact graphical notations for summarizing
the essential features of a large decision tree. In this case,
the analyst may find it valuable to translate among several dif-

ferent graphical and algebraic representations of the T Ylem,

Entitiee and Operators

All modeling languages have in common certain fundamental
building blocks. These elements can be combined o describe
many complex decisions. The basic elements of all models are

entities and operators. Entities describe the state of the environ-

19
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Modeling entities can be numbers, arrays, functions over time,
strings of alpha-numeric data, aligebraic variables, logical
variables, decisions, complex variables, etc. Operators trans-
form one entity into another.

For exauwple, Entity E1 could be the demand for a particular

quantity at a certain time. Entity E, could be the equilibrdum price

2
of that quantity in a competitive market. Operator 01 could trans-
form the demand for this product intothe equilibrium market price.
An economist might view this transformation in terms of the demand
curve shown in Figure 2.la, but in more general terms, we can view
this process as that of an operator (the demand curve) transforming
entity E1 (demand) into entity E2 (price) as shown in Figure 2.1b.

In general, operators can trarsform combinations of entities
and operators into other combinatious of entities and operators.
For example, operator 01 could take values of one eantity called
X and transform them into another entity called Y , using the equa-
tiom Y = 3X + 2, A second operator, 02, could be one that solves
algebraic equations for X . When 02 is applied to 01. & third
operator is produced, 03. 03 takes the entity called Y and
transforms it into the entity called X using the equation
X = (Y - 2)/3. These three operators are shown in Figure 2.2.

Hierarchical Definition of Operators

Not only can operators transform entities and other operators,

but an operator may consist of a set of entities and operators. For

ment, and operators describe how the state of the environment is modified.
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FIGURE 2.1a DEMAND CURVE
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FIGURE 2,18 GENC™AL NOTATION
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FIGURE 2.2 THREE REPRESENTATIONS OF THE SAME ALGEBRA.IC PROBLEH
USING OPERATORS AND ENTITIES
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example, a simple model of a coal-burning power plant might consist
of a single operator that transforms the fuel consumption of the
Plant and the energy content of the fuel into the power produced
by the plant. The operator that carries out this transformation

is shown in Figure 2.3a. However, in a more detailed model of

the power plant's performance, this operator may consist of sev-
eral components that describe the parts of the power plant. Figure
2.3b shows an expanded model in which the operator describing plant's
power production has been decomposed iuto other operators and en-
tities that collectively transform the fuel consumption and energy
content of the fuel into the power produced by the plant.

It is often valuable to expand portions of the model by des-
cribing the process in greater detail. However, large models are
often hard to understand without combining model elements into
global units that show the analyst an cverview. By allowing opera-
| tors to comprise other operators and entities, an analyst can

aggregate and disaggregate the model and thus obtain perspective

on the problem.

Specifying Linkages Between Entities and Operators

The links between operators and entities are often described

implicitly by the definition of the operators. For example,

o

&
%
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FIGURE 2.3a SIMPLE FUDEL
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FIGURE 2,3 MODELS OF A COAL BURNING POWER PLANT
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an operator that transforms demand into price should be linked to
an input entity representing demand and to an output entity rep-
resc “ing price. However, the linkages between operators and
entities need not be specified by the operator definition. It is
possible to find general types of operators and entities, and later
specify the linkages that connect them. While a separate speci-
fication of the linkages between entities and operators may be
rather cumbersome for simple problems, it can be a powerful tech-
nique for generating large models.

A typical large decision model might contain thousands of
entities and operators. If an anlayst were required to specify
each of the entities, operators, and linkages, the process of
modeling would be long and tedious. Furthermore, the analyst
could easily lose sight of the global structure of the problem.

To overcome these difficulties, analysts have developed several
procedures for specifying large models by specifying classes or
hierarchies of ent’ties and operators. For example, combinations
of entities and operators are often grouped together to form a
composite operator, as shown in Figure 2.3.

However, the definition of operators consisting of other oper-
atcrs and entities is only one of the ways an analyst can define
ciasses or hierarchies of operacors. In general, classes of opera-
tors can be defined through the use of "operator rules." An operator

rule defines a partition of all of the operators and entities that
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exist in a particuiar decision model. For example, an operator

rule might state that all of the elements of a particular model
are assoclated with one of several types of materials used in the
production of energy (coal, oil, nuclear power, etc.). A second
operator rule might state that all entities exist in one of sev-
eral regions (the Persian Gulf area, North Africa, the United
States, Western Europe, etc.). The intersection of these two
operator rules defines a large number of entities, such as Per-
sian Gulf oil, Western European coal, etc.

The operator rules may contain a staterent that some of the
elements defined by the intersection of the two rules cannot ex-
ist (for example, Persian Gulf coal). A third operator rule might
state, in general terms, the relationship between various classes
of entities, for example the relationship might state the amount
of gasoline that can be produced from a unit of crude oil. A
combination of these rules can be used to define a very large net-
work of entities and operators without making it necessary for
the analyst to describe <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>