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1.0 INTRODUCTION

1.1 OBJECTIVES AND PROPQSAL ORGANIZATION

Many military decision support systems (DSS's) have been developed
during the past decade but few studies have been undertaken to determine
their worth. There has been virtually no work aimed at developing standardized
measures of effectiveness and standardized types of experiments for comparing
decisions made with and without DSS's. This is a proposal for a two-year
program to develop tools for evaluating DSS's and to identify the types of

military decisions that can benefit most from a DSS.

The specific objectives of the two-year program are:

1. Develop theoretical foundations for the quantitative evaluation
of DSS's including the specification of verifiablge Hypotheses and the develop-

ment of objective performance measures.

2. Develop generalizable experimental procedures for establishing the
quantitative benefit of DSS's to decision makers in terms of (a) expected
performance improvement over unaided decisions, (b) user time required to
make good decisions, and (c) training and experience levels required to

make good decisions using DSS's.

3. Develop a taxonomy of types of military decisions that can bene-
fit most from application of DSS's and criteria for incorporation of DSS's

into current military operational and training programs and systems.

The remainder of Section 1 of the proposal presents an overview of
the program. Section 2 describes the technical approach in detail. Program
schedules, a milestone chart, and a list of deliverables are presented in
Section 3. Section L presents an overview of the management and qualifications
of ISC to perform the prescribed tasks. References appear in Section 5. The
Appendices include two papers describing research pertaining to the decision

support system philosophy that is relevant to the proposed work.



1.2 BACKGROQUND

The problem of subjecting decision-aiding techniques to operational
tests, especially when value judgments are employed, has haunted the
Decision-Analysis community since its formation and no satisfactory solution
has yet been agreed upon. (Some of the basic difficulties in administering
such tests are discussed in Appendices 1 and 2 which also contain conceptual
solutions to this problem via a pragmatic interpretation of value judgments.)
The decision support systems that are the object and focus of the proposed
program are computerized aids that help a decision maker with two major
functions: (1) problem structuring and (2) alternative evaluation and selec-
tion. Systems that only help organize, compute, and display data are
“"informational aids' in the sense that they provide the necessa;y Béckground
for a decision, but do not address directly the decision process itself.
Further, the types of problems that decision support systems address are
usually perceived by the user to consist of a comﬁlex network of relationships
with variable and uncertain strengths. The final product is a recommendation
for the selection of a particular course of action or a strategy plan, rather
than a numerical output. Decision support systems are usually built to
satisfy fuzzy or inexact criteria, which may even change during the decision

process.

One of the primary features of the decision support system approach
is the requirement for the decisionmaker to decompose his decision problem

into component parts including consideration of:

e Relevant problem details
e Important related issues

@ Possible side effects

This is called '"problem structuring.' It is usually assumed by decision
analysts that the problem structuring process of forcing the decisionmaker

to consider one aspect of the problem at a time and articulate his judgments
regarding each aspect, leads to better overall decisions when these judgments

are aggregated by mechanical means. |In a DSS, the one-at-a-time judgments made



by the user are usually in the form of utilities and probabilities. The
computer can quickly combine the local numerical judgments into a global

recommendation.

One of the major areas of research and experimentation is based on
this conjecture: better decisions are made from a series of local judgments
that are mathematically aggregated than those obtained by letting the decisi0n-‘
maker exercise global judgmentﬁ. Leal (Reference 1) has shown that in cases
of team decisionmaking, groups not only formulate a rich set of decision alter-
natives when using a structuring aid, but also tend to focus their attention
on the more critical issues. Armstrong (Reference 2) has shown that estimates
of factual quantities produced by decomposition were more valid in most
cases than those obtained by direct assessments. However, Dalkey (Reference 3)
has shown in experiments that, in certain cases, decisionmakers actually per-
form better when making global judgments than when considering problem details.
Thus, there is no clear criterioh for determining when a problem structuring
function of a decision sypport system will help or actually hinder a decision-

maker.

1.3 OVERVIEW OF TECHNICAL APPROACH

The first step toward developing tools for evaluating the merit and
beneficial application of DSS's is to construct the theoretical foundations

for objective evaluation. This involves establishing:
1. Verifiable hypotheses of decision system merit.

2. Quantitative performance measures for comprehensive comparative

evaluation of DSS and unaided decisionmaking.

The hypotheses link the problem structuring techniques with their
effects on the performance of the decisionmaker. Once established, they form
the basis for the experimental plan and the specification of criteria for
deciding when DSS's are useful. The quantitative performance measures enable
controlled experimentation to be directed toward the satisfaction of DSS
evaluation objectives. Examples of numerical measures for judging the effec-

tiveness of DSS's and unaided systems include:
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Decision Quality
Judgment Consistency

Judgment Validity

Decision Time

These measures and others will form the basis for the methodology and guide~

lines for DSS evaluation and effectiveness criteria,

A simulated decision environment is necessary in order to generate
experimental values of performance measures such as those mentioned above.
One of the most important elements of the environment is the existence of a
"ecorrect' answer to a specific decision problem. In the absence of an agreed
Y'eorrect' answer, DSS evaluations have so far been limited to experts' assess-
ments of decision quality. Additional background and theoretical basis for
the correct answer requirement are given in Subsection 2.5,

*

The major work in developing a DSS test bed will be construction of

"' The scenario generator is computer software that

a '""'scenario generator.
sets up the experimentation environment in order to get the most information
about the DSS performance measures of interest. By varying generator para-
meters, different environments can be simulated to obtain data on specified

measures.

The scenario generator will enable a series of controlled experiments
to be performed that will determine the relative merits of several decision
systems as well as determine the kinds of applications where each type of
decision system can be most beneficially used. Decision performance will ‘
be monitored and measured in situations involving decisionmaking with support
and without support. Performance measures will be made all along the subject's
learning curve from first acquaintance with the simulation environment to
experienced usage gained from_repeéted trials. A candidate scenario genérator

based on ongoing work at ISC is described in Section 2.2.
The final results from experimental data analysis will, in addition

to providing a comprehensive picture of the merit of decision support systems,

form a basis for a general methodology for the evaluation and application of

.



future decision aids and support systems. This methodology can be applied to
existing military operational aids as well as to training systems to allow

objective judgments of their benefit and effectiveness.



2.0 TECHNICAL APPROACH

This section presents a description of the proposed technical approach
to evaluating the effectiveness of military decision support systems. The
major elements of the approach are (1) theoretical foundations, (2) scenario
generator, (3) evaluation measures and data analysis, and (4) evaluation

experiments.

2.1 THEORETICAL FOUNDATIONS

Before meaningful experimentation and methodology development can take
place, a firm foundation for decision support system evaluation must be estab-
lished. This foundation will consist of several basic verifiable hypotheses
which are related to the benefits and applications of decision support systems.
The hypotheses will serve to direct the construction of the simulated evalua-

tion environment.

As an illustration of a typical verifiable hypothesis, one of the objec-
tives of the program will be to test the hypothesis that ''the most benefit from
decision support systems is to be gained in the middle of the learning curve."
Figure 1 shows two superimposed curves. The dotted line is the expected learn-
ing curve of a typical subject during the course of an experiment with a given
task. Near the beginning, his progress is slow due to his unfamiliarity
with the simulation environment. As his experience increases, he is able to
progress at a faster rate because he has acquired means of classifying and
interpreting new experiences. Finally, small improvements can still be made

by "fine-tuning' the parameters of his developed conceptual framework.

The solid line in the figure represents what we believe to be the
potential help that a decision support system can give the subject during
his'progress on a large class of decision tasks. Near the beginning of the
interaction, the subject will be using most of his mental powers to become
aware 6f the possible decision alternatives available to him and their impact
on the environment and on the subject's perceived utility. A decision support

structuring aid cannot be of much help since he has not yet formed a mental
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Figure 1. Potential Aid of Decision Support Systems.



picture of relevant relationships which govern the environment. Consequently,
the local judgments he would be asked to issue are bound to be unreliable,
resulting in error accumulation through the aggregation process and an inferior

overall performance.

The peak of improvement with a decision support system should occur
after enough task familiarity has been gained to produce reliable models of
segments of the task domain. However, the subject does not yet have the
wealth of experience which will allow him to make reliable global or opera-
tional judgments. Thus, a structuring aid that provides computational aggrega-

tion of local judgments will be of great benefit.

Near the end of the learhing curve, the subject typically attains a
level of "expertise' in the area and, drawing from his experience, is able
to make reliable global judgments without the need to decompose the decision
problem. We may picture the final phase of the skill acquisition process as
a transformation (e.g., recompilation) of the user's knowledge representation
(e.g., data structure). In intermediate phases his knowledge can be regarded
as fragmented chunks of factual, declarative relationships, for example,
"If action X, then usually effect Y.'" The format in the final phase is goal-
driven and procedural. For example, '""To achieve effect Y, do X' or, if 2 is
observable, do X!' According to this model of format transformation, the benefit
of a structuring aid should decrease at the final phases of skill acquisition.
It may be the case that in such circumstances, an aid will actually hinder
the decision maker in achieving a high level of performance. This hypothesis
remains to be tested. It is through these and other verifiable hypotheses,
that we hope to identify areas where decision support systems could be utilized

effectively.

2.2 SCENARIO GENERATOR

An ideal environment for exercising the experiments proposed is a
\mkl}£@{2 simulation gamg?'L?hfgfvgames are driven by a model which contain/\fh@dvh@“
a 'ground truth' defined by an optimal winning strategy. The rudimentary %T
elements for creating such an environment exist within a simulation model \>%»wn¢“
that has been developed at ISC under Contract MDA903-78-C-2012. The ISC \“/
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simulation is called TOMM (Tactical On-Line Maneuver Modeling). The TOMM us;? kﬁkki
interactively exercises the simulation by means of a function keyboard and '
trackball while sitting at a four-color, vector graphics display. The user
sets up and plays out a division-level scenario. He is responsible for sketch-
ing terrain highlights of interest and defining opposing orders of battle.
He specifies unit movements for both sides and, on request, the computer
shows dynamic replays of these movements with likely sightings and engage-
ments. The user can call for displays of detection and area of battlefield
effectiveness contours for each unit type and size based on computer calcula-
tions. TOMM's displays assist the user in determining reasonable travel
routes, travel speeds, and tactical outcomes of potential engagements. Thus
the TOMM user can analyze alternative tactical situations thereby gaining
reasonable answers to ''what if?'" questions.
)
The "scenario generator' will be a modified version of TOMM with

the following capabilities:
RS ,ZWM ml v%&fgr@v
e Controllable decision objectives and goals

e Controllable environment and initial conditions

8

e Situation description generator
By assigning values to a given set of parameters, the experimenter would deter-

mine the nature of the misstomebjecti e . constraints of the simulated

environment. The assigned objective parameters would be translated into both
a mathematical scoring function and a linguistic description (briefing) of the
goals and their implications. Subjects will be given the time to study this
description prior to commencing the game and, in addition, will be provided |
with performance feedback information at various stages during the game. The
environmental constraint parameters would determine terrain-conditions, capa-
bility limitations, probabilistic cause-effect relationships, etc. Some of
these constraints will be displayed to the user at the onset of the experiment
(e.g., terrain conditions). Others would have to be ]earggh by the user by
repeated experiences (e.g., probability of being detected). A built-in situa-
tion description generator, which is model-driven, will present the user with
graphic and textual information about the current situation, and will be up-

dated as more information becomes available. The situation description generator



will be driven by a probabilistic "intelligence report simulator.'" The latter
will receive as its input the actual environmental variables (weapon capa-
bilities, troop movements, etc.) and translate those into a set of linguistic
statements via a well controlled,'noisy channel. This can be easily imple-
mented by first passing the input variables through a conditional probability
metrix to determine the type and likelihoods of observational data obtained.
The transformed data is then described in linguistic terms. These descriptions

can be controlled along a number of experimental dimensions:

Amount of information presented
Information accuracy (noise)
Presentation format (probabilities, curves, maps, etc.)

Timeliness of information (age)

Level of detail of information

The scenario generator will have each of these dimensions formalized so that
an experimenter can simply specify the values of'key parameters to achieve

certain global effects.

2.3 EVALUATION MEASURES AND DATA ANALYSIS

The selected evaluation measures must conform to the following require-

ments:

1. They must be quantitative with outcomes falling within a well-
defined numerical scale. It is only through numerical comparisons that an
objective measure of the effectiveness of decision support systems can be
gained. ''Expert Opinion'' and ''User Satisfaction,'" while valuable, can only
give general indications of effectiveness and not the conclusive and reliable

results that scientists usually require.

2. They must adhere to the general objectives of the evaluation plan.
Evaluation measures, derived from established military evaluation objectives,
will insure that meaningful guidelines and methodology can be generated for

future evaluation applications.

3. They must be general enough to apply to a wide variation in cir-

cumstances, scenarios, and decision support systems.

_]0_



The evaluation measures briefly described below are typical of those from

which the selection will be made.

2.3.1 Decision Quality

Decision quality refers to the expected improvement in performance
through use of a DSS. This improvement can be measured by comparing the
performance score in similar experiments with and withobt the use of a DSS.
This measurement, taken at key places along the learning curve will provide

valuable information pertaining to the potential application points of DSS's.

2.3.2 Judgment Consistency

A disagreement between directly elicited judgments (both normative and
factual) and those derivable from other judgments clearly indicates (a) a
deficiency in mental manipulation and (b) areas of potential benefit for DSS
applications. The formalization of a standard measure of consistency, across
a large number of situations and judgments would be a valuable tool for asses-
sing the quality of DSS methodologies. However, the elimination of inconsis-
tencies (e.g., by ignoring a particular set of judgments in favor of another)
would not, by itself, guarantee an increase in decision quality. The latter

would be more directly measured by the concept of ''validity."

2.3.3 Judgment Validity

Judgment validity measures the degree to which a pronounced judgment
faithfully represents the subject's experience. For example, the validity
of an estimate of a particular event probability is measured by the proximity
of that estimate to the actual likelihood of that event as dictated by the
physical or mathematical model which drives the (simulated) environment.
Similarly, the validity of value judgments would be determined by how close
these judgments are to the actual (maximal) expected score achievable within

a given environment.

2.3.4 Decision Time

Structuring aids generally have a tendency to require a significant

amount of time for use. It is possible to measure whether or not this time

_'I"...



expenditure is justified by the improvement in decision qulaity. We propose
to derive a relation between the degree of structural details and the quality
of resultant decisions. This relationship would enable us to formulate which

level of detail would be most warranted for a given type of problem and exper-

tise.

2.4 EVALUATION EXPERIMENTS

The essential principle underlying the evaluation method is that
operational tests ought to be performed in an environment which is tightly
controlled by and thoroughly known to the evaluator. The merit of any decision
plan produced by the aided user could then be measured and compared with an

objective measure (colloquially called the 'ground truth') of quality. To

meet these requirements we envision the following test program: two computer
programs would participate in the evaluation test, an environment simulator

(scenario generator) and a decision support systém.

The simulated environment program contains a well defined mathematical
model of some stochastic, military problem domain. Any given choice of the
parameters governing the mathematical model would result in a linguistic
description of a scenario characterizing the behavior of the environment in
the past, as well as its reaction to the user's decisions. The user would
be given a reasonable length of time to interact with this simulated environ-
ment and to form a mental picture of the fabric of relations (heuristic model)
which determines the environment's behavior. This mental picture need not .
have any similarity to the mathematical model which drives the simulated
environment. However, any decision enacted by the user would result in a
well defined (stochastic or deterministic) reaction of the environment to the
decision. Part of the environmental model is a formula determining the user's
score for any combination of factors which may prevail in the environment. (For
example, user score might be expected military positional and/or material advan-
tage at the end of a two-day peroid.) Consequently, any decision enacted by the
user can be assigned a numerical value conditioned upon his most recent action
and calculated on the basis of the known probabilistic parameters of the mathe-

matical model. This objective value (utility) is occasionally displayed to the
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user in the training phase, and is also the function which the user attempts to

maximize using the mental picture formed so far.

The operational merit of a given decision-support system is measured
with phased experiemtns. Once the user obtains a given level of familiarity
with the environment (as indicated by the score for his unaided decisions),
he will be offered the use of the aiding tools contained in the support system.

His score with and without the aids will then be compared.

Note that this scheme, the measured quality of the aiding technique
is made up of three distinct activities: (1) the ability of the user to form
a faithful picture of the simulated environment, (2) the user's ability to
articulate his perceived picture in the format provided by the aiding machine,
and (3) the ability of the machine to manipulate the information provided by
the user and come up with a reasonable recommenddtion. Note aléo that the
user's ability to discover the underlying utility function imposed by the
model is as importatn as his ability to decipher the factual cause-effect
relationship within the environment (see Appendix B). All these elements
are importatn components in any real-life decisionmaking situation, and ought,
therefore, to be part of the evaluation program. Moreover, having a well-
defined mathematical model would enable us to evaluate some of these com-
ponents separately. Fro instance, a decision-aiding tool might be found

useful in eliciting factual-knowledge but deficient in eliciting values.

..]3...



3.0 PROGRAM IMPLEMENTATION

3.1 OVERVIEW

The general objectives of the proposed program were stated in Section
1. This section deals with the proposed program schedules, the program tasks,

and the projected project deliverables.

3.2 PROGRAM PLAN

The proposed program plan is for a two-year phased effort involving
theoretical research and development, test bed implementation, evaluation
experiments, data evaluation, and evaluation methodology development. The

following subsections describe these phases in detail.

3.2.1 First Year
The phases of the first-year effort are the following:

1. Develop theoretical foundations, establish verifiable hypotheses,

and establish quantitative performance measures.

2. Select a suitable military application area and design the scenario

generator for the simulated experimental environment.

3. Implement the scenario generator test bed at the ISC facilities

using graphic display capabilities.

4. Establish criteria for decision support system application and

a taxonomy of evaluatable military operational tasks.

3.2.2 Second Year
The phases of the second-year effort are the following:

1. Select or develop a suitable decision support system for evaluation

and perform any necessary scenario generator integration tasks.

2, Design and conduct controlled evaluation experiments according

to a prescribed experimental plan.

3. Analyze and evaluate the experimental data and provide conclusions

about decision support system merit based on the experimental results.

..][;_



L. Develop decision support system evaluation methodology for appli-

cation to related military aiding systems.

3.3 MILESTONE CHART

Table 1 shows a milestone chart for the first year program phases
and denotes the major deliverable dates beginning with the first month after

date of contract (ADC).

3.4 DELIVERABLES

The following four deliverables are projected for the proposed first-

year effort.

1. Theoretical Foundations Report - Describes all verifiable hypotheses,

performance measures, and preliminary experimental plan.

2. Scenario Generator Design Report - Describes detailed design of

scenario generator program and includes implementation plan and program speci-

fications.

3. Progress Report on Scenario Generator Program Implementation -

Describes three-months progress on program implementation.

L. Final Report - A summary of all work completed during the first

year.

3.5 STAFFING

ISC has assembled a highly qualified team to perform the proposed
work. The team will be directed by Dr. Antonio Leal. Dr. Leal will be fespon-
sible for liaison and for ensuring that the terms of the proposed contract
are met. All technical products will be reviewed by him to ensure that they

are technically sound and are responsive to customer requirements.

ISC will also use the consulting service of Dr. Judea Pearl, Professor
of Engineering at UCLA. Dr. Pearl's expertise in decision analysis, pattern
recognition, and computer methods of representing complex problems to decision-

makers will be extremely valuable to the project.

..’5_
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p. 125.

Leal, A. and Pearl, J. "An Interactive Program for Conversational Elicitation of
Decision Structures.' [|EEE Transactions on Systems, Man, and Cybernetics, Vol.
SMC-7, No. 5, May 1977, pp. 368-376.

Leal, A. '"Adaptive Decisions in Ballistic Missile Defense.'' |EEE Transactions
on Systems, Man and Cybernetics, Vol. SMC-7, No. 5, May 1977, pp. 398-403.

Leal, A. An Interactive System for Conversational Elicitation of Decision
Structures. School of Engineering and Applied Science, UCLA report UCLA-ENG-

REP-7666 (Dissertation) June, 1976.

Burger, J. and Leal, A., "A Semantic-based Language Interface for Data Manage-
ment Systems.' Proceedings of the Eighth Hawaii International Conference on
Science, January 1975.
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TEACHING EXPERIENCE (continued)

Courses Taught

Engr. M11 Patterns of Problem Solving

Engr. M12 Applied Patterns of Problem Solving

Engr. 100D Information Processing Systems

Engr.-171A Introduction to Feedback and Control Systems: Dynamic Systems Control I
Engr. 193A* Engineering Probabilistics and Stochastics ,
Engr. 193B* Engineering Statistics

Engr. 225D Computer Memories and Memory Systems

Engr. 225M Pattern Recognition

Engr. 271A Dynamic Systems Optimal Control

Engr. 274A* Problem Solving and Decision Making--P.S. I

Engr. 274B* Problem Solving and Decision Making--P.S. II

Engr. 274C*  Computer Methods of Data-Analysis and Model-Formation

* Instructor-in-Charge

HONORS AND SPECIAL RECOGNITION RECEIVED

RCA Laboratories Achievement Award "for development of the Superconducting 1963
Parametric Amplifier"

Performed the first experiment to prove the existence of the Magnus Force

in superconductors, Electronic News, February 1966 - 1966
NATO Senior Fellowship in Science 1974
Pattérn Recognition Society Award for an outstanding contribution to the 1978

Journal of Pattern Recognition (1976)
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FELLOWSHIPS AND RESEARCH GRANTS RECEIVED
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Source Amount Purpose Dates
ONR N000214-69-A-0200-4038 $ 30,000 Effectiveness of Orthogonal 10/1/71-
Transforms 9/30/73
NSF GJ 37329 $ 38,900 An Investigation of the Role 3/1/73-
of Representations in Problem 8/31/74
Solving
NSF MCS 74-12208 AOQ1 $ 78,000 An Investigatioh of the Role 7/1/74~
(formerly GJ 42732) of Representations in Problem - 12/31/77
Solving
NAVY- (N66001-75-C-0226) $ 9,300 Adaptive Transforms in Signal 6/1/75-
Processing 12/1/75
NSF MCS 75-18734 $ 46,700 Investigating Computational 1/1/76-
Gains Using Partial Information 12/31/78
ONR N0O0014-78-C-0372 $ 72,014 A Goal-Directed Approach to 5/1/78-
: Structuring Decision Problems 10/31/79
NSF MCS 78-07468 $156,705 An Investigation of the Role 6/15/78-
of Representations in Problem 11/30/81
Solving
NSF MCS 78-18924 $ 68,751 Investigating Computational 2/15/79-
Gains Using Partial Information 1/31/82
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PUBLICATIONS

BOOKS

Pearl, J., "Packing Data Tightly in Thin Film Memories," in W. B. Riley (ed.), Elec-
tronic Computer Memory Technology, McGraw-Hi1l Book Company, New York, 1971.

Pearly J., "Distinctive Properties of Quantized Vortices in Superconducting Films,"
in Daunt, Edwards, Milford, and Yaqub (eds.), Low Temperature Physics-LT9, Plenum
Press, New York, pp. 566-570, 1965.

Pear1,.J{, Andrews, H. C., and Pratt, W. K., "Performance Measures for Transform Data
Coding," in H. C. Andrews (ed.), Tutorial and Selected Papers in Digital Image
Processing, IEEE Computer Society, pp. 173-177, 1978.

PAPERS

Liebman, F. M., Pearl, J., and Bagno, S., "The Electrical Conductance Properties of
Blood in Motion," Physics in Medicine and Biology, Vol. 7, No. 2, bop. 177-194,
October 1962. _

Pearl, J., "Comments on 'Symmetrical RC Distributed Networks'," Proceedings of the IRE,
Vol. 50, No. 10, October 1962.

Pearl, J., "Current Distribution in Superconducting Films Carrying Quantized Fluxoids,"
Applied Physics Letters, Vol. 5, No. 4, pp. 65-66, August 1964.

Pearl, J., "The Effect of Crossed Fields on the Velocity Distribution of Hollow Elec-
tron Beams," IEEE Transactions on Electronic Devices, pp. 374-381, August 1964.

Pearl, J., "Optimum Synthesis of Inductorless Bandpass Filters Using a Combination of
Identical RC Coupled Amplifiers," IEEE Transactions on Circuit Theory, Vol. CT-11,
No. 4, pp. 457-461, December 1964.

Pearl, J., "On the Nature of Resistance in the Mixed State of Type II Superconductors,"
Physics Letters, Vol. 17, No. 1, pp. 12-14, June 1965.

Pearl, J., "Direct Evidence of Steady EMF Induced by Flux Motion in Superconductors,"
Physical Review Letters, Vol. 16, No. 3, pp. 99-100, January 1966.

Pearl, J., "Moving Vortices in Superconductors," Electronics, June 13, 1966.

Pearl, J., "Electromagnetic Behavior of Thin-Film Structures," Journal of Applied
fthsics, Vol. 37, No..8, pp. .2956-2963, July 1966.

Pearl, J., "Structure of Superconductive Vortices Near a Metal-Air Interface," Journal
of Applied Physics, Vol. 37, No. 11, pp. 4139-4141, October 1966.

Pearl, J., "Field Distribution of Plated Wire Memory Elements and Its Effect on Memory
Characteristics," IEEE Transactions on Magnetics, Vol. MAG-4, No. 3, p p. 366-371,
- September 1968.
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PAPERS (continued)

Pearl, J., "Application of Walsh Transform to Statistical Analysis," IEEE Transactions
on Svstems, Man and Cybernetics, Vol. SMC-1, No. 2, April 1971.

Pearl, J., "Walsh Processina of Random Signals," IEEE Transact1ons on’Electromagnetic
Compat1b111ty, Vol. EMC-13, No. 3, August 1971.

Pearl, J., "Bas1s-Restricted Transformations and Performance Measures for Spectral
Representations,” IEEE Transactions on Information Theory, Vol. IT-17, No. 6, pp.
751-752, November 1971.

Pearl, J., "The Hilbert Schmidt Decorrelation Measure for Fourier and Walsh Transforms,"
Proceedings of the Symposium on Applications of Walsh Functions, March 1972
(AD-744650).

Pearl, J., Andrews, Harry C., and Pratt, William K., "Performance Measures for Transform
Data Coding," IEEE Transactions on Communication Technology, Vol. COM-20, No. 3, pp.
411-415, June 1972.

Pearl, J., "Time, Frequency, Sequency and Their Uncertainty Re]atxons," IEEE Transac-
t1ons on Information Theory, Vol. IT-19, No. 2, pp. 225-229, March 1973.

Pearl, J., "On Coding and Filtering Stationary Signals by Discrete Fourier Transforms,"
IEEE Transactions on Information Theory, Vol. IT-19, No. 2, pp. 229-232, March 1973.

Pearl, J. and Saltzman, J., "Comparison of Fourier and Walsh Transforms in Radar Signal

Process1ng," Proceed1ngs of the Symposium on Applications of Walsh Functions, April
1973 (AD 763000).

A?gaz1, V. R., Fino, B. J., and Pearl, J., "Comments on 'Basis-Restricted Transforma-
tions and Performance Measures for Spectral Representations' (Corres.),” IEEE Trans-
actions on Information Theory, Vol. IT-14, No. 4, pp.-564-565, July 1973.

Pearl, J., "Storage vs. Error Tradeoffs in Pattern Recognition and Classification,”
* Proceedings of the Conference on Computer Graphics, Pattern Recognition, and Data
Structure, IEEE Cat. No. 75CH0981-1C, Los Angeles, California, pp. 239-342, May 14-
16, 1975.

Pearl, J., "Optimal Dyadic Models of Time-Invariant Systems," IEEE Transactions on
Comguters Vol. C-24, No. 6, pp. 598-603, June 1975.

Hamidi, Massih and Pearl, J., "On the Residual Correlation of Finite-Dimensional
~ Discrete-Fourier-Transforms of Stationary Signals," IEEE Transactions on Information
Theory, Vol. IT-21, No. 24, pp. 480-482, July 1975.

Pearl, J., "On the Storage Economy of Inferential Question-Answering Systems," IEEE
Transac»1ons on Systems, Man and Cybernetics, Vol. SMC-5, No. 6, pp. 595-602,
November 1975.

Pearl, J., "On the Complexity of Inexact Computations," Information Processing Letters,
Vol. 4, No. 3, pp. 77-81, December 1975.
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PAPERS (continued)

Pearl, J., "Asymptot1c Equivalence of Spectral Representations," IEEE Transactions on
Acoust1cs, Speech, and Signal Processing, Vol. ASSP-23, No. 6, pp. 547-551,
December 1975.

Pearl, J., "On Coding Precedence Relations with a Pair-Ordering Fidelity Criterion,"
IEEE Transactions On Information Theory, Vol. IT-22, No. 1, pp. 118-120, January
1976.

“Pearl, J., "An Application of Rate-Distortion Theory to Pattern Recognition and
Classification," Pattern Recognition, Vol. 8, No. 1, pp. 11-22, January 1976.

Pearl, J., "Memory vs. Error Characteristics for Inexact Representations of Linear
Orders," IEEE Transactions on Computers, Vol. C-25, No. 9, pp. 922-928, September
1976.

Pearl, J., "Theoretical Bounds on the Complexity of Inexact Computations,” IEEE Trans-
actions on Information Theory, Vol. IT-22, No. 5, pp. 580-586, September 1976.

Pearl, J., "On the Complexity of Imprecise Causal Models," IEEE Transactfons on Systems,
Man and Cybernetics, Vol. SMC-6, No. 9, pp. 652-655, September 1976.

Hamidi, M. and Peér1 J., "Comparison of the Cosine and Fourier Transforms of Markov-1
Signals," IEEE Transact1ons on Acoustics, Speech and Signal Process1_g, Vol. ASSP-24,
No. 5, pp. 428-429, October 1976.

Pearl, J., "A Framework for Processing Value Judgments," IEEE Transactions on Systems,
Man and Cybernetics, Special Issue on Behavioral Decision Making, Vol. SMC-7, No. 5,
pp 349-354, May 1977.

Leal, A. and Pearl, J., "An Interactive Program for Conversat1ona1 Elicitation of
Decision Structures," TIEEE Transactions on Systems, Man and Cybernetics, Special
Issue on Behavioral Decision Making, Vol. SMC-7, No. 5, pp. 368-376, May 1977.

Pearl, J., "A Note on the Management of Probability Assessors," IEEE Transactions on
Systems, Man and Cybernetics, Special Issue on Behavioral Decision Making, Vol.
SMC-7, No. 5, pp. 402-403, May 1977.

Pearl, J., "On.Sdmmarizing Data Using Probabilistic Assertions," IEEE Transactions on
Information Theory, Vol. IT-23, No. 4, pp. 459-465, July 1977.

Pearl, J., "Capacity and Error-Estimates for Boolean Classifiers with Limited Complex=-
ity," Proceedings of the IEEE Computer Society Conference on Pattern Recognition
and Image Processing, May 30-June 2, 1978.

Pearl, J., "An Economic Basis for Certain Methods of Evaluating Probabilistic Forecasts,"
International Journal of Man-Machine Studies, Vol. 10, pp. 175-183, 1978.

Pearl, J., "On the Connection Between the Complexity and Credibility of Inferred Models,"
International Journal of General Systems, Vol. 4, pp. 255-264, 1978.
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PAPERS (continued)

Crolotte, A. and Pearl, J., "Asymptotic Rate-Distortion Functions for Coding Precedence
Relations," IEEE Transactions on Information Theory, Vol. IT-25, No. 1, pp. 80-82,
January 1979.

Crolotte, A. and Pearl, J., "Bounds on Memory Versus Error Trade-Offs in Question-
Answer1ng Systems," IEEE Transactions on Information Theory, Vol. IT-25, No. 2,
pp. 193-202, March 1979.

ACCEPTED FOR PUBLICATION

Pearl, Jd., "Entropy, Information and Rational Decisions," invited paper, to be published
in the International Journal of Policy Analysis and Information Systems, Special Issue
on "Mathematical Foundations and Models of Socio-Economic Systems", Vol. 3, No. 1,
July 1979.

Crolotte, A. and Pearl, J., "Elasticity Conditions for Storage vs. Error Exchange in
Question-Answering Systems,“ to be published in IEEE Transact1ons on Information Theory,
November 1979.

Pearl, J., "Capacity and Error-Estimates for Boolean Classifiers with Limited Comp]exity,"
to be published in IEEE Transactions on Pattern Analysis and Machine Intelligence.

Pearl, J., "Toward a Computational Model of Visual Thinking," to be published in
International Journal of Man-Machine Studies.

Yemini, Y. and Pearl, J., "Asymptotic Properties of Discrete Unitary Transforms," to be
published in IEEE Transactions on Pattern Analysis and Machine Intelligence.
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TECHNICAL REPORTS (from 1970, unpublished)

Pearl, J., "The Mystery of Problem Renresentat1ons,“ UCLA-ENG-0572, March 1972.

Pearl, J., "On Demonstrating Effectiveness of Decision Analysis," UCLA-ENG-1272,
September 1972.

Pearl; J., "Effectiveness of Orthogonal Transforms in Information Processing Applica-
tions," UCLA-ENG-7387, November 1973.

Pearl, J., "Problem Representation Research," UCLAQENG-7404, December 1973.

Pear],'J., "Demonstrating Benefit of Training Toward Realistic Assessment of Uncertainty,"
Rand Internal Note IN-22803-ARPA, January 1974, UCLA-ENG-PAPER-0175.

Pearl, J., "Maximum Likelihood Estimation of Realism Curves," Rand Internal Note IN-
22804-ARPA, January 1974, UCLA-ENG-PAPER-0275.

Pearl, J., "On the Management of Probability Assessors," and "Some Information-Theoretic
Resu]ts Concern1ng the Rarking of Inquiries by Forecasters Employed Under Logarithmic
Scoring Rules," UCLA-ENG-PAPER-0375, February 1974.

Pearl, J., "Error-Bounds for Inferential Question-Answering Systems with Limited Memory,"
UCLA-ENG-7481, October 1974.

Pearl, J., "Investigating Adaptive Transforms in Information Processing Applications,"
UCLA-ENG-7567, December 1975.

Pearl, J., "Toward a Computational Model of Visual Thinking," UCLA-ENG-7788, December
1977.

Pearl, J., "Capacity and Error-Estimates for Boolean C1a551f1ers with Limited Complexity,"
UCLA ENG-7789, December 1977.

"PATENTS

Apparatus, Without Moving Parts, for Moving #3,201,765 August 17 ,1965
a Storage Area Along a Storage Medium

Cryogenic Heat Pump Including a Magnetic Means 73,393,526 July 23, 1968

for Moving a Normal Zone Along a Super-
Conductive Rod
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CONTRIBUTIONS TO CONFERENCES, SEMINARS AND SYMPOSIA (from 1974)

Pearl, J., "Process-Model for Learning Realistic Assessments of Probabilities,”
presented at the Conference on Bayesian Research, Los Angeles, California, February
25-26, 1974.

Pearl, J., "On Two Problems of Knowledge Representation: Quantitative Coding of Un-
certainty and Problem-Space Transformations," a seminar presented at the School of
Artificial Intelligence, University of Edinburgh, Edinburgh, Scotland, July 15, 1974.

Pearl, J., "Research in Knowledge Representation," a seminar presented for the UCLA
-~ Computer Science Department, UCLA, Los Angeles, California, November 7, 1974.

Pearl, J., Organizer and Technical Cookdinator of Workshop on Computer Representation
of Knowledge, UCLA, Los Angeles, California, December 4, 1974.

Peaf] J., "Storage vs. Error Tradeoffs in Pattern Recognition and Classification,"
presented at the Conference on Computer Graphics, Pattern Recognition and Data
Structures, Los Ange1es California, May 14-16, 1975.

Pearl, J., "Complexity of Inexact Computations," a seminar presented foh the UCLA
Computer Science Department, Los Angeles, California, June 5, 1975. Also presented
at the University of Ca]1forn1a Berkeley, July 15, 1975. ’ :

Pearl, J., "Economic Basis of Probability Scoring Rules," a seminar presented at the
Stanford Research Institute, Stanford, California, July 16, 1975. Also presented at
the Soucial Science Research Institute, University of Southern California, Los Angeles,
California, July 25, 1975, :

Pearl, J., "On the Storage Economy of Error-Tolerating Question-Answering Systems,"
presented at the International Joint Conference on Artificial Intelligence, Tbilisi,
USSR, September 3-8,. 1975.

Pearl, J. and Leal, A., "A Domain-Independent System fof Interactive Elicitation of
Problem Structures,” presented at the International Joint Conference on Artificial
Intelligence, Tbilisi, USSR, September 3-8, 1975.

Pearl, J., "On the Complexity of Inexact Information Handling," presented at the 9th
Hawaii International Conference on System Science, Honolulu, Hawaii, January 8, 1976.

Pearl, J., "Artificial Intelligence and Decision Analysis," presented at the 1976
Conference on Bayesian Research, Los Angeles, California, February 1976.

Pearl, J., "On the Complexity of Descriptions," presented at the IEEE Workshop on Data .
Structure and Pattern Recognition, Albuquerque, New Mexico, February 11-13, 1976.

Pearl, J., "Theoretical Bounds on the Complexity of Inexact Computations," a seminar
presented at the Technion, Israel Institute of Technology, Haifa, Israel, November
23, 1976.

Pearl, J., "On the Connection Between the Complexity and Plausibility of Inferred

Models," a seminar presented at the Department of Applied Mathematics, Weizmann
Institute of Science, Rehovot, Israel, January 17, 1977.
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CONTRIBUTIONS TO CONFERENCES, SEMINARS AND SYMPOSIA (from 1974) (continued)

n

Pearl, J., "Theoretical Bounds on the Complexity of Inexact Computations,” a seminar

presented at the Hebrew University, Jerusalem, Israel, January 24, 1977.

Pearl, J., "Asymptotic Properties of Orthogonal Transforms with Applications to
Digital Signal Processing," a seminar presented at the Department of Mathematics,
Tel*Aviv University, Tel Aviv, Israel, January 31, 1977.

Pearl, J., "Approximate Diagonalization of Toeplitz Matrices with Applications to
Digital Signal Processing," presented at the Department of Mathematics, The Weizmann
Institute of Science, Rehovot, Israel, February 8, 1977.

Pearl, J., "On the Connection Between the Complexity and Plausibility of Inferred
Models," a seminar presented at the International Conference on General Systems
Research, Binghamton, New York, August 1977.

Leal, A. and Pearl, J., "An Interactive System for Conversational Elicitation of
Decision Structure," presented at the 5th International Joint Conference on Artificial
Intelligence, Boston, Massachusetts, August 12-25, 1977.

Pearl, Jd., "On the Connection Between the Complexity and Plausibility of Inferred
Models," presented at the Jacob Marschak Interdisciplinary Colloguium on Mathematics
in the Behavioral Sciences, Los Angeles, January 13, 1978.

Pearl, 1., "Are Simpler Ruler More Trustworthy?", presented at the 14th Conference on
Bayesian Research, Los Angeles, California, February 1978.

Pearl, J., "Domain Independent Decision-Aiding Systems," seminar presented at the
Lawrence Berkeley Laboratories, March 22, 1978.

Pearl, J., "Toward a Computational Model of Visual Thinking," seminar presented at
the Department of Psychology, Stanford University, and at Stanford Research Institute,
Stanford, California, March 23, 1978.

Pearl, J., "Capacity and Error Estimates for Boolean Classifiers with Limited Complexity,"
presented at the TEEE Computer Society Workshop on Pattern Recognition and Artificial
Intelligence [also Panelist on Common Methodologies], Princeton University, Princeton,
New Jersey, April 12-14, 1978.

Pearl, J. and Lea]; A., "An Interactive Model-Structuring Program for Coaching a Panel

of Experts," Symposium on Modelling and Simulation Methodology, The Weizmann Institute
of Science, Rehovot, Israel, August 13-18, 1978.
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-,4,0 1SC QUALIFICATIONS

L.y CORPORATE BACKGROUND

Integrated Sciences Corporation was established in 1967 by a group
of experienced researchers to bring their diverse skills and backgrounds to
bear on a wide range of governmental and industrial system problems. Company
operations began with a staff of five professionals, on two government con-
tracts. The company has grown steadily since that time, and over 170 contracts
have been completed. The expertise of ISC personnél has been successfully
app]ied to problems of military and civil systems, including energy, trans-

portation and environmental planning. Research areas include work on:

Mathematical Modeling and Simulation

Computer Graphics and Display Engineering

Man-Machine Interface Design

Conceptual and Functional Design of

Technological Systems

Decision Support Systems

e Test/Experiment Design and Statistical
Analysis of Data '

e Econometric and Cost Effectiveness Analysis

e Program Planning and Monitoring

® Applications of Systems Analysis and
Operations Research Techniques

e Analysis of Management Planning Decision
Systems »

9000

Much of ISC's past work has resulted from referrals by satisfied
customers. Clients whom we have served include tﬁe Naval Ocean Systems Center,
Hawaii and San Diego Laboratories; the 0ffice of Naval Research; the Army
Research Institdte; the Naval Underwater Systems Center; the Naval Material
Command; the Naval Sea Systems Command; the Naval Ship Engineering Center;
the Naval Underwater Systems Center; and the Naval Coastal Systems Center,

Panama City.

ISC's full-time professional staff currently consists of engineers,
scientists, mathematicians, computer programmers, and experimental psycholo-
gists. Work is currently in process on fifteen contracts for different
government agencies. A sample of current and recent work performed by 1SC

is given below:
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Development and experimental evaluation of a]gorlthms
and man-machine interfaces that aid Naval task force
commanders in selecting optimum tactics for penetrating
enemy defenses.

Development of interactive graphics software and man-
machine interfaces used by an Army field commander

to simulate hypothesized enemy tactics. This aid
enables the user to test his hypotheses of enemy tactics
against observed intelligence data.

Applied research to investigate the benefits of color-
coded displays and related fire control algorithms for

a new submarine combat system. Includes simulation of

the combat system on ISC's Simulation and Display Facility
equipment and the running of a human factors experiment.

Performance evaluation, through computer modeling and
simulation, of several new, terminally gquided, high rate,
neutralizer concepts for countering ocean. mines.

Development and use of a computerized model that
simulates swimmer attacks against assets defended by
multiple sensors and weapons.

Design of a display interface between an operator
and a computer that processes data from elements of
a complex defense system.

Development of a proprietary new method for using
standard sonar outputs to construct target images for
deep ocean sonar systems. Includes simulation of the
sonar's performance and the operation of the image
construction and tracking algorithm.

Development of an analytic method for using group sub-
jective judgment data to prioritize exploratory

development budgets. Included is the design of interactive
graphics (computer) software enabling managers to use the
stored subjective judgment data to explore the conse-
quences of alternative funding allocation philosophies.

Development and use of a computerized search/theoretical
model to optimize the search strategy of a system seeking
underwater targets.

Economic and operations analysis of alternative concepts
for growing kelp in the open ocean, harvesting and pro-
cessing the kelp into natural gas and other products.
Includes economic evaluations of subsystems, analysis

of transportation trade-offs and system design.

Preparation of a comprehensive plan for a twenty-million-
dollar marine biological sciences program.
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e Formulation and use of a method for obtaining and
using subjective judgment data on multiple and diverse
evaluation factors to select the best of alternative
systems.

4.2 MANAGEMENT APPROACH

, ISC management believes that definition of complex problems and
development'of_approaches for their solution require the application of
several scientific disciplines—an integration of sciences with their
respective fields of knowledge and technology. Therein lies the premise
for our name and the basis for our management philosophy. We utilize the
systems approach to problems. Careful consideration is given to all aspects
of the subject system, interfacing systems and the environments within
‘which the system must operate to insure that meaningful and useful solutions
are obtained. Also, we are quite sensitive to the need for practical
approaches and designs that consider both material and time constraints and

limitations of resources.

Accordingly, at the beginning of a proposal effort, ISC's President
designates as project/contract manager a professional with an established
reputation in the subject area, and the ability to communicate effectively
with the customer and lead project personnel. ' The contract manager sub-
‘divides the work into task areas and, subject to the President's concurrence,
selects senior staff members with the skills and experience needed to lead
work in each task area. The contract manager and task leaders organize a
team with all necessary disciplines appropriately represented, and assign-
ments are made on the basis of expertise, past experience, capability and

project requirements.

In the first week of the contract, responsibilities and time schedules
are detailed to ensure proper interface with other research projects. Task
leaders maintain close contact with researchers, holding project meetings with
all team members and briefings for the project manager about once every week,

or more frequently if required.
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Periodic meetings are scheduled with staff personnel and consultants
to ensure proper orientation of effort at each stage of the research. This
enables us to evaluate research plans and accomplishments of each task and
make appropriate changes where necessary to avoid costly duplication and main-

tain a close orientation toward project goals.

In our research projects we maintain close contact with the sponsor's
contract monitor to keep him apprised of all research developments and resolve
any problems that may arise. The ISC contract manager assumes the primary

responsibility for proper liaison with the contract monitor.

4.3 SIMULATION AND DISPLAY FACILITY (SDF)

ISC's computer and display facility at its new offices was designed
for command and control research from the computer floor up to the separately
dimmed lighting fixtures. The facility has 550 square feet of space and ISC
uses a Varian 73 minicomputer and an ID!IIOM four-color, refresh, vector
graphics display as vehicles for performing research. A block diagram of
the system is shown in Figure 2.. The system is highly expandable at low
cost per unit of increased capability. For example, the present computer/
display interface equipment can support four displays identical in capability
to the one 1SC has now; the Varian can be expanded to 256K of core, time
sharing software, and multi-processing. Further, the Varian machine has
already been interfaced with a sophisticated color raster display system -
(RAMTEK) , thus this capability is easy to add if desired. The Varian and
the IDIIOM display are described below.

1. Varian 73

The Varian 73 minicomputer processes 16-bit words with a full cycle
time of 660 nanoseconds for the core memory. The CPU contains 16 general
purpose registers. Input/Output between the computer and the peripherals
(other than the IDIIOM/11) is handled via the Direct Memory Access (DMA).
This minimizes the burden placed on the CPU by the peripherals, [IDIIOM/II
input/output is accomplished via a dedicated Priority Memory Access (PMA)‘

channel. The PHMA transfers data between the memory and the display at over
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one million words/second. This precludes the data rate from interfering with
display performance. The instruction set consists of 159 instructions, single
and double word. The CPU features hardware mu]tipiy/divide and a real time
clock. Eight levels of hardware priority interrupt are implemented (64 are

possible).

2. Display Hardware

The IDIIOM/1I display is a four-color, large-screen graphics system.
The IDIIOM/11 consists of a CRT along with its associated logic and control
hardware. This system is driven by the Varian 73. The IDIIOM is highly
interactive through the use of the light pen, trackball, joystick, function

keyboard, and alphanumeric keyboard.

The IDIIOM/11 uses a'common core memory which can be independently
and simultaneously accessed by two processors. One of these is the Central
Processing Unit (CPU) of the minicomputer which acts as the Display Processor.
The other processor is a special purpose Display Generator which is an integral
part of the IDIIOM itself. The CRT is refreshed from this memory to provide
a non-flickering display. About 6,600 characters, 5,500 short line segments,

or 15,000 inches of long line segments can be displayed.

An additional capability is that of virtual display. This permits
a display "universe' consisting of 4,096 'worlds' to be drawn. The display
screen itself is one 'world." The use of relative positioning allows the

display window to be moved anywhere within these many "worlds.'

Four intensity levels are also available under program control. Any
graphic element can be blinked under program control. Four vector and circle
line structures are available under program control: solid, dash, dot, and
dash-dot. Also, characters can be rotated 90° counter-clockwise and plotted

vertically under program control.

The CRT is a 21" diagonal penetron with a four color capability: red,
orange, yellow, and green. The faceplate is HEA coated and etched for high
contrast. The phosphor is P22. Average time to change color is fifteen usec. -

Spot size is .015" to .025" depending upon intensity.
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L. 4 RELEVANT EXPERIENCE AND ON-GOING WORK

Integrated Sciences has specialized during the last five years in

developing decision support systems that use:

® Interactive graphics software
Simulation models, resource allocation algorithms, and weapon
trajectory algorithms that are exercised interactively by

decision makers at displays

ISC is on the cutting edge of the state-of-the-art in these areas. Despite
ISC's modest size, several of its products in these areas are more sophisticated
than similar products developed by the giants of the aerospace industry and

the giants of the defense studies and analysis industry. We use our simulation
and display facility (SDF) in the accomplishment of most of our work. Our

SDF was established in 1974. It contains a Varian 73 minicomputer and a

fully interactive, four-color, high speed IDIIOM || display system. The SDF

was set up to support research and development for command and control systems.

This section summarizes major project experience relevant to the re-
qu<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>