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EXECUTIVE BRIEF

A. BACKGROUND

This report describes the implementation and experimental investiga-
tion of a proposed aid to support naval tactical decision making. This deci-
sion aid, named the ''Sketch Model,'' allows a human operator to communicate to t

a computer his subjective estimate of the form of any functional relationship

R —

that is continuous in at least one dimension. This communication is per-
formed by the operator using an input device to electronically ''sketch' the

function on a computer graphics display.

The Sketch Model approach to subjective estimation is hypothesized i
to have certain advantages over comparable decision aiding techniques, such

as the scalar-value representation of subjective judgments. These advantages

include comprehensiveness of estimation; ease, speed, and accuracy of esti-
mation and of updating; the ability to consider qualitative data; and the

capability of allowing Bayesian estimation without explicit a priori data.

In a pilot study, operators were shown sets of points randomly

sampled from known bivariate Gaussian probability density functions and asked

to sketch (on the display) their estimates of the iso-probability contours of
the parent distribution. The study indicated that humans can produce accurate
(i.e., competitive with maximum likelihood estimation) Sketch Models of well-

behaved continuous functions.

In the real world, however, functional relationships, though they
may be ''continuous in at least one dimension,' are seldom '‘well-behaved,"
nor can they always be fully specified analytically. The study documented
here was undertaken to extend the Sketch Model concept in two directions.
First, the Sketch Model is applied to a tactical problem in which the func-
tion to be estimated is not well behaved. The function, instead, is not
only multidimensional; it is also multimodal and unsymmetric. Second, the

usefulness of decisions reached with the aid of Sketch Models is investigated.




B. PROBLEM SCENARIO AND IMPLEMENTATION

The problem used to study the usefulness of the Sketch Model as a }
decision aid was that of selecting the best flight path for an air strike f
against ONRODA Island, given (1) known locations and suspected types of
enemy sensors, and (2) predetermined aircraft fuel allotments and speed
versus fuel consumption characteristics. Enemy sensor performance was
modeled in terms of detection rate as a function of distance from the sensor.

A Sketch Model consisted of a set of the iso-detection rate contours of the
composite detection rate surface produced by four sensors at given locations,

but whose detection rate versus range capability may be imperfectly known.

The goodness of a strike path was measured by a utility function
that reflected a trade-off between minimizing the probability of being detec-
ted along the path and maximizing the fuel remaining at the target. The
primary functions for specifying the best strike path were modeling the
composite detection rate surface produced by the enemy's sensors and optimiz-
ing the strike path with respect to the model. Four system concepts were
defined, representing different allocations of these two functions:
(1) modeling (without Sketch Model procedure) and optimization both allocated
to the operator; (2) modeling (via the Sketch Model procedure) and optimiza-
tion (aided by the Sketch Model) to the operator; (3) modeling (via Sketch
Model procedure) to the operator and optimization (by a grid-oriented dynamic
programming routine) to the computer; and (4) both modeling and optimization
to the computer. This last allocation scheme provided what amounts to

"answers'' to the problem set.

C. RESULTS

Analyses of variance were performed on strike path utility data to
compare system concepts. The results were weakened by the smail number of
subjects (4) available to provide the data. The conclusions evaluating the
tactical usefulness of the decision aid were further weaskened due to the
problem set being too easy for the subjects. Within the qualifications
posed by the small number of subjects and easy problem set, the result of
the investigation of Sketch Model usefulness was that strike paths produced
by computerized optimization operating on Sketch Models were significantly

better than strike paths specified by subjects without the aid of Sketch Models.

-jv-




The investigation of the accuracy with which humans could produce
Sketch Models of messy functions was not affected by the easiness of the
problem set. Sketch Model error was measured in terms of percent volume
error from the true detection surfaces. Based on an examination of factors
contributing to Sketch Model error, the findings relating to Sketch Model
accuracy are:
1. Humans can use the present Sketch Model method to develop i

accurate models of multimodal, unsymmetric, three-dimensional
functions.

2. Considerable improvement over present levels of accuracy
can be achieved since the major sources of error can be
reduced by refining the methodology.

3. Humans can use the Sketch Model method to significantly
reduce the effects of uncertain information.

D. RECOMMENDATIONS

The primary recommendations regarding Sketch Model research with

respect to the Operational Decision Aids program are listed below. In
general, they reflect the desirability of more extensive experimentation

and of further extensions of the Sketch Model concept.

1. Repeat the air strike path experiment, correcting for two

weaknesses: number of subjects and easiness of the problem set.

2. Investigate means whereby the Sketch Model technique can be

integrated with other classical decision theoretic techniques.

3. Extend the investigation of Sketch Models to examine the

validity of the hypothesized advantages not yet addressed.
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I.  INTRODUCTION

The Operational Decision Aids (ODA) program, directed by the Office
of Naval Research, is intended to develop and evaluate decision aids useful
to the Task Force Commander and his staff. Integrated Sciences Corporation
(1SC) is responsible for aspects of man-machine interface design, particu-
larly (1) ways to increase the fluency of man-machine communicatiod’ and
(2) ways to allocate functions between man and machine that take advantage
of their respective strengths. |1SC has developed a decision aid termed the
''Sketch Model'' that addresses these two factors. This report documents one
of 1SC's efforts to investigate the accuracy with which Sketch Models can be

produced and their usefulness in a decision task.

A. BACKGROUND

In the operational environment, the decision maker must often deal
with real-world relationships for which analytical models are either unavail-
able or inadequate. In the latter case, the available models (whether manual H

or computerized) may assume conditions that differ from those confronting

the decision maker. In either case, by necessity or choice, the decision
maker will tend to utilize his own perception of the relationship among the
: variables constituting the tactical problem. This perception can be thought
of as a model, albeit an implicit one; like any other model, it can be used
to aid the decision ~cess. If this implicit model could be entered into

the computer in a form that is both user-oriented and usable by the machine,

it would provide input to a variety of analytical techniques best done by
computer. The questions thus become how best to formalize (i.e., give defi-
nite form or shape to) a decision maker's implicit model and how best to

transfer that now-explicit model into the computer.

The Sketch Model concept was developed to address these questions.
A Sketch Model provides a direct, straightforward technique for formalizing

certain types of implicit models. Furthermore, when implemented on a

computer-driven, interactive display, the Sketch Model is also readily avail-

2 able to the computer. The Sketch Model is essentially a "picture' that is
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first mentally ''visualized,'" then drawn by a decision maker. The picture
represents the decision maker's perception of the functional relationship
between two or more variables, with the stipulation that the function be con-
tinuous in at least one dimension. A Sketch Model can take a variety of
forms; it must, however, be appropriate to the modeled relationship and easy
for the decision maker to visualize and draw. Depending on the application,
the Sketch Model can be, for instance, a single curve defining the relation-
ship between two variables, or it can be a family of parameterized curves,

or it can be a two-dimensional projection of the iso-''altitude' contours of a

three dimensional function.

0f the three levels of machine participation in decision making shown
in Figure 1, the Sketch Model technique belongs to the third one. The un-
aided, or '"man-only,'" level depicted in the figure is relied upon when auto-
mated decision aids either do not exist or are inappropriate to the user's
needs or preferences. Applications of the machine-aided, or ''machine helping
man,'’ level have proliferated due to rapid advancements in computer capabi-=
lities and operations research techniques. Many of these applications, how-

ever, tend to be over-reliant on the machine. More recently, the ''man help-

ing machine to help man'" type of decision aiding has evolved, allowing a
better balance of man-machine task allocation according to their respective

talents and limitations.

A decision task involves at least three basic functions: representa-
tion, evaluation, and optimization, Performing each of these functions can s
require model (s) of the real world. Depending on the design of the man- :
machine decision system, some of the required models will reside in the machine,

where they may exist in the form of simulation processes, analytical models,

or sets of rules; other required models can reside in the mind of the human

E
i
i
|
|

decision maker. Figure 2 shows how these functions can be ordered in a lg
feedback structure. Given a proposed solution to a tactical problem, the {
representation function is performed to predict an outcome on the basis of ]
its constituent models. The evaluation function produces a measure of the
preferability of that outcome. |If the decision maker decides a better out-
come is desired, the optimization function is performed to modify the orig- 13
inally proposed solution.

¢ .
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1? HUMAN AIDING

\
MACHINE RECOMMENDATION [ yr

Figure 1, Levels of Aided Decision Making.

While the Sketch Model technique is potentially applicable to per-
forming any of these three functions, its usefulness in carrying out the
representation function is the most apparent. In a complex man-machine
decision situation, the representation function will generally require mul-
tiple models, some of which may best be modified or supplied by some form of
human subjective judgment. One familiar way to incorporate human subjective
models into the representation function is to elicit subjective scalar val-
ues that stand for certain tactical relationships or factors. Scalar sub-
jective judgment has been researched extensively and the conditions under
which it can best be applied are fairily well known (References 1, 5). 1In a
sense, the Sketch Model technique is an extension of the scalar subjective
judgment approach. Both are instances of the '"man helping machine to help
man'' approach to decision aiding; whereas a subjectively given scalar value
provides a single evaluation of a factor (or the relationship between two

factors) at a single point, the Sketch Model technique permits the value of

-3_




)

Proposed Tactical
Solution

y
Representation I

Predicted Outcome

4
Evaluation

Preferability of
Outcome

Implement
Proposed
Tactical
Solution

Adjusted
Solution

I Optimfzation }—

Figure 2. Feedback Structure of Basic Decision iiaking Functions.

a factor (or relationship among multiple factors) to be quickly determined

at any allowable point. Clearly, it would require hundreds, perhaps thou-

sands, of individually inputted scalar values to achieve the same richness
of estimation as a single Sketch Modeled 'picture' of a particular function.
The Sketch Model technique is also potentially useful when available objec-
tive models are not applicable to the specific situation or when objective
models do not exist. The hypothesized advantages offered by the Sketch
Model technique are detailed in Table 1.

B. SUMMARY OF THE STUDY

Prior to this study, a preliminary investigation had evaluated the
ability of human operators to generate Sketch Models of bivariate Gaussian

density functions from sampled data. The results indicated that humans can
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Table 1. Hypothesized Advantages of Sketch Model Technique Over
Three Competitors.

|. Compared to Theoretical Objective Modeling
1. Updates more quickly and easily
2. Integrates variables lacking comprehensive theory or
difficult to quantify
Il. Compared to Empirical Objective Modeling
1. Combines qualitative and quantitative data
2. Allows nonlinear weighting of outliers
3. Does not require parameteric functional expression
4. Allows Bayesian estimation without explicit a priori data

5. Counteracts biases in data sampling procedures

I11l. Compared to Scalar Subjective Judgment Modeling
1. Ease of estimation
2. Speed of estimation
3. Accuracy of estimation
4. Ease of feedback

develop accurate Sketch Models of one type of well-behaved (i.e., unimodal
and symmetric) three-dimensional function. Sketch Models developed from
small samples of the underlying functions estimated those functions at least
as well as, and in some cases better than, the empirical objective technique
of maximum likelihood estimation. The current study was undertaken to extend
those results by investigating the ability of human operators to generate
Sketch Models of less well-behaved functions (i.e., multimodal and unsymmet-
ric). This study also sought to evaluate the usefulness of those Sketch

Models as aids to a tactical decision problem.

1. The Test Problem

The tactical decision problem was to come up with ''best' air strike
path through a defender's multi-sensor detection field. The goodness of
each candidate strike path was computed according to a predetermined utility

function; the '"best' path was the one with the highest utility value. The
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utility function was constructed to reward low probabilities of being detec-
ted along the strike path and high values of fuel remaining on target. The

design of the experimental problems included these assumptions:

I. The location of each sensor is perfectly known.

2. Objective performance models (i.e., detection rate functions)
exist for each type of single sensor.

3. Intelligence may err in identifying the type of sensor at
any location.

4. Fuel consumption characteristics of the strike aircraft
are known.

5. A function specifying composite sensor performance (i.e.,
detection rate value at any point between strike launch 3
and target) cannot be arrived at by strictly analytical
methods, due to such factors as intelligence errors.

This last assumption required that the decision maker furnish his
subjective input as to the configuration of the composite detection rate
field produced by the defender's sensors. Sketch Models were thus applied
to specifying the composite detection rate surface from which the probability
of being detected along the path could be computed and supplied to the
utility function. The detection rate surface is three-dimensional, so that
in this problem, the Sketch Model of the composite detection rate surface

is a set of iso-'"altitude' contours, each representing a percentage of the

maximum detection rate value expected (also supplied by the decision maker).
The appearance (and purpose) of the Sketch Model in this context is thus
analogous to that of a contour map, where the altitudes can be thought of

as detection rate values. The Sketch Models were generated on a computer-
driven, interactive display via a control device (in this case, a trackball).
Thus the display provided the operator with visual feedback on his model in
the form of the detection contours he had drawn. He could also use these
contours to help him devise strike paths, provided this task had been allo-

cated to him. Furthermore, in this implementation the computer sampled the

control device used to ''draw' the Sketch Model, thus obtaining the data from

which it could derive the cumulative probability of detection value needed by

the utility function.




2. The Experiment

The two objectives of this study were to find out if human operators
could produce accurate Sketch Models of a type of multidimensional, multi-
modal, unsymmetric function; and to ascertain the extent, if any, to which
Sketch Models can aid the kind of decision task represented by the strike
path optimization problem. A LB-problem set was defined, with each problem
defined by sensor locations, intelligence estimate of sensor types, and an
intelligence reliability level. Four system concepts were defined, repre-

senting alternative functional allocations and solution methods for devising

strike paths. These were:

A. Operator specifies strike path without a Sketch Model of
the composite detection field and without numerical evalu- ;
ation feedback.

B. Operator first generates a Sketch Model of the detection
field, then seeks the best strike path according to
machine-computed utility of each path with respect to the
Sketch Model.

C. Operator generates Sketch Model and machine uses a dynamic
programming technique to solve for best path based on
detection values computed from the Sketch Model.

D. Machine determines ''true'' detection contours of field and
solves for ''true'' best path.

Data were collected from four subjects for each of the 48 problems under
Concept B; the data consisted of ‘'best'' path utility for each problem and
the subject's Sketch Model contours. Data were next collected from eight
subjects under Concept A; data consisted only of subjects' best path utility
for each problem. Next, using the four subjects' Sketch Models previously
generated under Concept B, the machine-determined best path utilities were
recorded (Concept C). Finally, the "true' detection contours and the ''true"

best path solutions were computed (Concept D).

Since four of the subjects participating under Concept A had been
previously trained in Sketch Modeling and had been exposed to the problem
set, two analyses of the path utility data were necessary. The first was
a three-way analysis of variance on the path utility data generated under
Concept A. The factors were groups--two groups of four subjects, one group

trained in Sketch Modeling, the other naive; problem difficulty--four levels
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corresponding to intelligence reliability levels; and replications--two levels.
This analysis was required to determine whether data from Concepts A, B, and
C could be validly compared; i.e., it was necessary to determine whether prior
training in Sketch Modeling biased subjects' performance when Sketch Modeling
was not a factor. The results indicated no biasing effect; in fact, the un-

trained group slightly outperformed the trained group.

The second analysis was a four-way analysis of variance performed |
to compare path utilities generated by the four experienced subjects under
each of Concepts A, B, and C. Results showed that performance increased
from Concept A to Concept C, but that only A and C showed a statistically
significant difference. Further, when utilities from each method were com-
pared to the ''true'' utilities gotten under Concept D, it was apparent that
Concepts A, B, and C produced very similar performance, and that performance

under any of those methods was in the vicinity of 90% of 'perfect."

Two analyses were used to investigate Sketch Model accuracy. One

was a three-way analysis of variance performed on the relative mean square

errors between the Sketch Models and the ''true' detection contours. This

approach not only isolated an individual subject's performance, but also

. .

provided information on how well Sketch Models could adjust for increasing
levels of uncertainty (represented in the problems by decreasing intelligence ‘
reliability). The second treatment relied on measurements of the percent
volume error between the Sketch Models and the ''true'' detection function to
provide insights into the absolute goodness of fit and to discern sources

of Sketch Model error other than those evaluated by the ANOVA treatment.
Results of the analysis of variance indicated that Sketch Model accuracy was
affected only slightly by increasing levels of uncertainty. The goodness of
fit data suggested that Sketch Model error is largely attributable to quanti-
zation error inherent in the present method and scalar subjective judgment
error (from the peak detection rate estimation task). Consequently, the

subjects' ability to generate accurate contours was not a substantial source

of Sketch Model error.
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3. The Findings

While the results provided some evidence that operators can generate
fairly accurate Sketch Models of an irregular type of function, the experi-
ment did not yield the kind of results that strongly suggest the usefulness
(or lack thereof) of the Sketch Model technique. There were two reasons.
One was insufficient data, due to a severe attrition in the pool of subjects
trained in Sketch Modeling during a lengthy hiatus brought on by a series of
hardware malfunctions. The second problem surfaced as soon as w‘t data had
been gathered were analyzed: it appears that the problems were too easy for
the subjects. Despite considerable effort to ensure otherwise, it appears
that the interaction between the utility function and the scenario elements
produced problems in which the best air strike path was obvious. [t is thus
difficult to ascertain the usefulness of Sketch Models as an aid to the strike
path decision problems. Although the best paths resulted from Concept C,
which used Sketch Models, good paths also resulted from Concept A, which did
not. There was also some indication that the Sketch Model technique in con-
junction with computerized path optimization (Concept C) yields improved
performance for subjects less astute at devising strike paths than at Sketch

Modeling. This possibility, however, requires further substantiation.

Findings as to Sketch Model accuracy, on the other hand, were not
affected by the triviality of strike path solutions and were generally posi-
tive. Based on data from the nearly two hundred Sketch Models generated,
the findings relating to Sketch Model accuracy are:

1. Humans can use the present Sketch Model method to develop

accurate models of multimodal, unsymmetric, three-dimensional
functions.

2. Considerable improvement over present levels of accuracy
can be achieved since the major sources of error can be
reduced by refining the methodology.

3. Humans can use the Sketch Model method to reduce the effects
of uncertain information.

C. THE REPORT

All phases of this study are documented in the following sections.

Section || describes more fully the way the basic path optimization problem
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was put together: it explains how the ONRODA Scenario was adapted, disting=~
uishes at more length among the various ways of determining strike path solu-
tions, and explains the analytical models for single sensor detection perfor-
mance and aircraft fuel consumption, and characterizes the utility function
developed to evaluate strike paths. Section IIl details system operation;

it comprises step-by-step explanations of how path solutions were obtained

by subjects, both with and without Sketch Models. |Illustrations of the dis~
play formats and the appearance of Sketch Models used in this study are cov-
ered in Section I11.B. Sections IV and V outline the experiment and the data
analyses performed, respectively. Section VI interprets the results insofar
as the data warrant. The appendices are used primarily to document the
algorithms used to implement aspects of the study; they are provided for the
reader interested in seeing how certain operations research techniques.were

adapted.
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Il. THE SKETCH MODEL APPLICATION

The tactical decision task defined to investigate the usefulness of
Sketch Models as a decision aid was that of optimizing an air strike path
through a defender's multi-sensor detection field. This section describes
the task scenario, the four system concepts that represent different ways
of optimizing a strike path, and the models of the scenario variables that
constitute the experimental vehicle. Each model described reflects certain
assumptions made about the behavior of the scenario variable. These
assumptions, in turn, were adopted to keep the test vehicle simple, rather
than to faithfully model the variables' ''real world" performance. The
utility criterion function, ultimately used as a performance measure, is

also described here in terms of its supporting models.

A. AIR STRIKE SCENARIO

The problem selected, implicit in the ONRODA scenario, was that of
optimizing an air strike path between a strike launch point and a target.
The evaluation of the path depended on the probability of an aircraft's being
detected by the enemy and the amount of fuel consumed by the aircraft along
the strike path. Accordingly, certain elements of interest, particularly
the scenario geography, were extracted from the ONRODA Warfare Scenario
(Reference 4), and other details, described below, were added. The scenario
developed here assumes that the decision has been made to conduct an air
strike against ONRODA, so that investigating the Sketch Model approach in
this study means applying it to one aspect of the operational implementation

of the decision to strike.

Figure 3 shows the 500-by-500 n.m. portion of the ONRODA warfare
scenario area map used to provide the geographical context for this study.
The boundaries provide an area west of ONRODA for the selection of strike

launch points and (it is assumed) enough room to plan strike paths that do

not violate the ORANGE sanctuary.
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The air strike scenario used here incorporates some further assump-
tions. First, the strike target is taken to be the ONRODA airfield complex
only. Second, the strike aircraft are supersonic, and they carry suitable

stores and a predetermined fuel allotment.

The assumptions made about enemy defense have to do with the number,
locations, and ranges of the ORANGE sensors that are capable of detecting
the strike aircraft. Own intelligence reports that there are four such
sensors and that their locations are pinpointed. One sensor is installed
on ONRODA near the airfield. The other three are ocean-platform mounted,
and, since ORANGE knows the general location of the task force, they are
positioned west of ONRODA between the island and the task force. Intelli-
gence reports that ORANGE has three types of sensors, with each type
characterized by a different nominal detection range. However, unlike
intelligence information on a sensor's location, which is accurate, own
intelligence regarding a specific sensor's type (and hence its nominal range)

may or may not be perfectly reliable (see Section IV.A.4).

The problem is to plan a strike path against the airfield on ONRODA
that (1) minimizes the probability of a strike craft being detected, given
the locations and types of enemy sensors, and (2) does not impose excessive
fuel requirements on the aircraft, given its fuel allotment and its fuel

consumption characteristics.

Further assumptions for this scenario are that neither the enemy's
defense nor airborne enemy aircraft are to be considered expiicitly as strike
factors. Implicitly, enemy defense capability is one reason to minimize the
probability of being detected along the strike path, tantamount to consider-
ing surprise as a strike factor. |In a similar manner, attempting to postpone
detection also affords less time for ORANGE aircraft on ONRODA or on the
mainland to react, while attempting to conserve fuel enables the strike air-
craft to maneuver if challenged by ORANGE aircraft after reaching the strike

target.
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B. DESCRIPTION OF SYSTEM CONCEPTS

Solving the strike path selection problem consists of two major func-
tions: (1) modeling the composite detection field set up by the enemy's sen-
sors, and (2) optimizing the strike path through that field. There are numerous
ways to reach a solution, depending on how these two functions are allocated
between man and machine and the methods used to perform each function once it

is allocated.

For this study, four different allocation schemes were defined, each
representing a man-machine system concept. Figure 4 categorizes these four
system concepts according to their functional allocations. For the two system
concepts (C and D) that allocate the optimization function to the machine,

a dynamic programming algorithm was chosen as the appropriate optimization
method. This choice was suggested by certain a priori assumptions about

the nature of the solutions to the problem set, particularly that the detec-
tion surface might be multi-modal, a situation that dynamic programming

methods could handle more easily than could other candidate methods.

The choice of dynamic programming to implement the machine-allocated

-

optimization accounts for the empty cell at the top, right in Figure 4.
Since System Concept A generates no explicit composite detection model, and
since dynamic programming methods must optimize with respect to something

(in this case, an explicit composite detection rate model), there was no

s S A M A e S

way to implement a system concept according to the functional allocation :
represented by the empty cell's position. The allocation represented by the ;:
second empty cell, i.e., modeling performed by machine and optimization per- j
formed by a human operator, was not considered, partly to keep the study
manageable, and partly because the study focused on the operator's modeling
performance and how that affected optimization performance rather than on

optimization techniques themselves.

The four system concepts defined by the functional allocations in

Figure 4 are described below:

1. System Concept A. Both the detection field modeling and

strike path optimization functions are allocated to the human operator. In

this case, the operator's model is not made explicit, i.e., there is no

«}ije




A fiate

OPTIMIZATION ALLOCATED TO:
MODELING ALLOCATED TO: MACHINE
OPERATOR [via Dynamic Programming]
YSTEM CONCEPT
OPERATOR] SYSTE A

OPERATORZ SYSTEM CONCEPT SYSTEM CONCEPT

B C
SYSTEM CONCEPT

MACHINE b

IModel implicit (i.e., no composite detection contours)

2Model explicit (i.e., Sketch Model applied in the form of composite
detection rate contours)

Figure 4, System Concepts in Terms of Functional Allocations.

sketch-inputted representation of the operator's mental construct of the
composite detection rate surface. Since there is no explicit modeling and
since no performance feedback is provided, this system concept is referred
to as ''operator-unaided,'' and is intended to represent (in the context of
this study) the way a strike path selection problem might be currently

approached in the operational environment.

2. System Concept B. This concept also allocates both the

modeling and optimization functions to the operator. In this case, however,
the operator represents his model explicitly through the Sketch Model input
procedure (Section |11.B) and attempts to optimize a strike path with respect
to that model. Performance feedback, in the form of a path utility, is pro-
vided to the operator for each strike path alternative he explores by exer-

cising the path against the Sketch Model.

3. System Concept C. Under this concept, the modeling function

is allocated to the operator, and the optimization is allocated to the computer,
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where it is performed by a dynamic programming routine. The operator pro-
vides the computer with his model, which he makes explicit through the same
Sketch Model input procedure used in System Concept B; the machine-assigned

optimization is performed on that model.

4, System Concept D. This concept allocates both the modeling and

optimization functions to the computer. Using the single sensor detection rate
models (Section 11.C.1) and perfect information as to location and type of
each sensor, the computer determines a ''true' set of composite detection
contours. The dynamic programming routine then optimizes a strike path with
respect to this ''true' model. In the context of this study, Concept D pro-
vides what amounts to ''answers'' for both the modeling and optimization por-
tions of the problem. The ''answers'' generated by this system concept are
simply benchmarks against which to compare aspects of performance under the
other three system concepts; such "answers,' of course, are unobtainable

in the real world.

Comparing the results of each of these concepts when applied to the
strike path problem provides insights into the effectiveness of the Sketch
Model technique. Since the functional allocation represented by Concept A,
for instance, resembles that of current operational procedures, the results i

of applying Concept A to the strike path problem can indicate what, if any,

performance increment over present procedures can be achieved by using Sketch

)

Models to solve the same problem. The inclusion of System Concept C serves

to isolate the operator's performance on the modeling function from his

performance on the optimizing function conducted under B. The results of

[

applying System Concept D provide information on the absolute effectiveness

-

of both the modeling and optimization functions carried out under the other
three system concepts. In addition, the results of C and D considered to-
gether are intended to indicate which, if either, of the two functions per-

formed by the operator under B is more appropriate to man or computer.




C. SIMULATION MODELS

The ''goodness'' of a path generated under any of the four system con-
cepts depends on two factors: fuel consumed along the path and the cumula-
tive probability of being detected. In order to compute a numerical value
(or utility) that reflects a given path's ''goodness,' it is first necessary
to have some way of quantifying those two factors. This was provided by a
set of simulation models and computational algorithms developed for the
study. Fuel consumption was modeled as a single functional relationship.
The cumulative probability of being detected, however, is more complex and
depends on how the characteristics of the detection field are defined. In
general, this involves first defining single sensor performance, then
defining the way a number of these single sensors combine to create a com-
posite detection field. In other words, modeling the composite detection
field either with or without Sketch Models requires other, more basic, under-

lying models.

The set of models developed for the study includes:

Single Sensor Detection Rate Model

Cumulative Probability of Being Detected Algorithm
Fuel Consumption Model

Utility Criterion Function

Dynamic Programming Algorithm

. "Where-Am-1" Algorithm

True Detection Rate Contour-Drawing Algorithm

NOoOWWVITEWN —
. « o o o

Numbers 1 - 5 were basic to the implementation of each of the system con-
cepts and are described in this section. The use of numbers 5 - 7 depended
on which system concept was being exercised; they are documented in the

appendices.

1. Overview

Figure 5 depicts an example of how the models are interrelated. The
figure is based on System Concept B since that concept uses all the models
except for the dynamic programming algorithm. (Figures for the other con-
cepts would be similar.) |In general, Figure 5 shows that the scenario ele-
ments (sensor locations, reported types, strike launch point, and intelli-

gence reliability) defining the problem are shown to the operator ((1)). The
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operator then uses the Single Sensor Detection Rate model (C)) to formulate
his implicit model of the composite detection field. He then enters his
Sketch Model of it via the display «:)). Next the operator generates his
proposed path ((®)). Values from the Sketch Model and the path are processed
by the "Where-Am-1'" algorithm and the P4 model to provide the utility func~
tion with the cumulative detection value it needs «:)). In addition, path
data is used by the fuel consumption model, which then provides to the util-
ity function a value for the total fuel used ((5)). The utility function
combines these two values and returns a single numerical value for the path's
""Joodness" «:)). The operator reiterates (:) (i.e., draws another path which
is evaluated by (5) and (®) unti) he is satisfied that he has defined the best
possible path.

r

@ Single Sensor
Graphics le——————— Detection Rate
Model
y
Problem

Definition

®0®® % reh | o
©  Sketch Mode:\

i

Fuel
" - -
ﬁrrre ﬁT‘l Consumption
gorithm Model

® ®

Cumulative e~ Utility Utility
Pd Model (:) Function (:)

Figure 5. Example of the Interrelation of Models
and Algorithms (for System Concept B).
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2. Detection Rate Model

The detection capability for a single human-operated sensor is modeled
*
as a detection rate, which gives the probability of detection per time unit.
The detection rate is assumed to vary as a function of range from the sensor.

This relationship can be quantified according to:

Ymax/z B
Y(R) = —=— R + exp (1)
R 2
max 2R
max
where
Y(R) = the value of detection rate at radial distance R from sensor
Ymax = maximum detection rate for the sensor
Rmax = range from sensor at which Ynax OCCUrs

The general shape of detection rate-versus-range curve as governed by Equa-
tion (1) is shown in Figure 6. Equation (1) for Y(R) models a sensor with a
maximum detection rate Ymax at range Rmax from the sensor. From the sensor
location (where the detection rate is zero) detection rate increases mono-
tonically until it reaches its peak value at range Rmax' From this range,
Rmax’ the detection rate drops off monotonically moving away from sensor until
it reaches zero at some range beyond Roax: Hence, if we visualize Y(R) as

a three-dimensional surface it would look like a volcano with a hole at the
center, where the sensor is located. Around this hole is a circular ridge

at a radial distance Rmax from the center of the hole. Beyond the ridge the

sides of the ''volcano'' slope downwards until ''ground level' is reached.

For the experiment three types of sensors were defined, corresponding

to Rma = 37.5, 50, and 62.5 nautical miles and called small, medium, and

X
large sensors, respectively. (Note that these values of Rmax were selected
for their suitability to the study, and that they were not intended to be

the performance values for any ''real world" sensor.) The maximum detection

*For At small enough, we can assume the detection rate Y to be con-
stant within At. Then YAt is the probability of detection during time inter-
val At. For appropriate choice of At, YAt < 1.

-'9_
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rate Y .., was 0.1 for each sensor type.* The performance curve for each

sensor type is shown in Figure 7.
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Figure 6. Single Sensor Detection Rate as a Function of Range.

Recall that the scenario specified four enemy sensors deployed, so
that if two (or more) detection ranges overlap, we are really concerned
about our strike craft being detected by either rather than being detected
by both. In other words, we are concerned about the total detection rate
at any point that any given combination of sensor locations and types will
produce. This composite detection rate is easily computed. The composite
detection rate Y_ at a point (x,y) is the sum of detection rates at (x,y)
due to each sensor. Hence, if Y;(x,y) is the detection rate due to sensor

the composite detection rate at (x,y) is

Yelxy) = 2 ¥i(x,y) (2)

Each term Y;(x,y) on the right hand side of Eq. (2) is obtained by trans-

forming the radial coordinates of Eq. (1) into rectangular coordinates.

*In the experiment the subjects were told to assume Ymax to be 0.2
because during a series of previous trainings they were accustomed to this
particular value, and it ‘would be less confusing if the value of 0.2 con-
tinued to be used. The computer software for the experiment then scaled

Ynax tO 0.1 in a manner that did not affect the performance of the subjects.
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The attentive reader may question the validity of the additive opera-
tion in Eq. (2), since probabilities are not additive in general, After all,
detection rate as we have defined it is the probability of detection per unit
time. The justification of the operation in Eq. (2) lies in the fact that
if we choose At (see footnote on page 19) small enough such that within At
the probability of detection by two or more sensors is negligible,* all the
higher order terms in the exact expansion for the left hand side of Eq. (2)

drop out, leaving the right hand side of Eq. (2).

3. Probability Approximations

For an aircraft flying an air strike path through the enemy's multi-
sensor detection field, it is necessary to approximate the cumulative proba-
bility of its being detected by the sensors. Recall that if a time interval
At is small enough the detection rate within At can be approximated by a con-
stant y and the probability of detection during At is approximately YAt.
Since At is small, the aircraft’s velocity throughout At is approximated by
a constant v. Hence

Probability (detection within At) = YAt = YATS (3)

where

As is the distance traveled by the aircraft within At.

An air strike path can be broken up into a sequence of small legs

such that on each leg the probability of being detected can be approximated

by Eq. (3). For the jth leg, let Y; be the detection rate, As; the length

of the leg, and v; the aircraft's velocity; then the cumulative probability

of the aircraft's being detected on the entire air strike path is approximately

As;
P(detection) = 1 -1 (1 'YiT-'_) (4)
: i
i
The area of interest in the experiment (within which the sensors,
target and air strike launch point are located) is overlaid with a rectangu-

lar grid. It was specified that an air strike path must go through the grid

*This should remind the reader of similar practices in various branches
of operations Research, such as queueing theory.
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points (see Section I11), hence the grid points actually serve as ‘'‘way

points' that define a path as a series of path legs. By selecting an appro-
priate grid size, the approximations in Eq. (3), hence Eq. (4), hold.

There are two basic approaches to determining the detection rate Y;
along each path leg in Eq. (4). The first is to sample the detection rate
at the midpoint of a leg, and use it as the Y; for the ith leg. The second
is to sample the detection rates at the two end points of a leg, and use the
average of these two values as the Y;. When operating with a true detection
rate field, where Eq. (2) in Section 11.C.2 is used to calculate detection
rate, we used the first method to sample Y;. When operating on a Sketch-
Modeled detection rate field we chose the second sampling method for vj.
This is because a Sketch Model is discrete in the detection rate dimension
so that using the first method would distort the results. |In order to deter-
mine the detection rate at any point on a Sketch-Modeled detection surface,

the ""Where-Am-1" algorithm has to be exercised (See Appendix A).

4, Fuel Consumption Model

The fuel consumption model used was discrete. Three allowable velo-
cities and their corresponding fuel consumption rates were selected. They
are listed in Table 2, (Note that these values were selected only to corres-
pond to the assumption that the strike craft are supersonic; they are not
intended as performance data of any actual aircraft.) The second and third
columns of Table 2 are equivalent; they are simply expressed in different
units for easier reference. Hence, an aircraft traveling at a speed of 715
knots consumes 2.93 lbs. of fuel per second, or 14.8 Ibs. of fuel for each
nautical mile covered. In the experiment the three velocities were labeled

as low, medium, and high, and these were the only allowable velocities.

Table 2. Fuel Consumption Rates.

Fuel Consumption Rates

Velocity (knots) PTIE T
195 574 10.6
715 2.93 14.8
1430 17.60 Ly, 3
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The amount of fuel that the aircraft carries on each mission is pro-
portional to the range from the strike launch point to the target. Thus, if
the range is doubled, the fuel allowance for the mission also doubles. Forty
pounds of fuel were allowed for each nautical mile between the air strike
start position and target. This permits the aircraft to do some high-speed
maneuvering, but sustained high-speed travel is discouraged by the fact that
allotted fuel would run out before the aircraft could accomplish the mission

or return to the carrier.

5. Utility Criterion Function

A utility criterion function with which to measure the performance
under each of the system concepts in the experiment was defined. The prob-
lem was to select an optimal air strike path, so an appropriate utility cri-
terion function is one which measures the ‘'goodness'' of such an air strike
path. The two variables selected to determine the goodness of an air strike
path were fuel consumption along the path and probability of being detected
by the enemy sensors (Sections 3 and L, preceding). Since the utility func-
tion was prespecified to measure the goodness of any proposed path, no inputs
were elicited from operators as to desirable values of the two variables.
The following definition of the utility criterion function, U, incorporates
a tradeoff between minimizing the probability of being detected by enemy
sensors on one hand and maximizing the fuel remaining upon arrival at the

target on the other.

(.01 +2.475rP)
] , if (a-b)D-F20

(a-b)D-F
Mrm)=kﬁ;rgﬁ; -

=0 if (a=b)D-F<0

where

= total amount of fuel consumed upon arrival at target
= cumulative probability of being detected by enemy sensors

= distance between strike launch point and target

fuel allowance/n.m.

o 22 O YU m

fuel consumption/n.m. at an achievable speed resulting in the
lowest fuel consumption per unit distance traveled

vo Dllans & 0¥ 0




For each mission the fuel allowance is proportional to the shortest
distance between the air strike launch point and the target (a+D). The
absolute minimum fuel that has to be preserved in order to return from the
target is (b+D). Hence, (a=-b)D is the maximum amount of fuel available
for maneuvering to the target, and (a=- 2b)D is the maximum amount of fuel
remaining upon return to the carrier. Note that if the aircraft runs out of

fuel before returning to the carrier, the resulting utility is zero. For

the experiment, a = 40 lbs/n.m., and b = 10.6 1bs/n.m., corresponding to a

velocity of 195 n.m./hr.

The utility function takes on any value between 0 and 1, with higher

utility values corresponding to ''better' paths. A family of parameterized
curves from the utility function is shown in Figure 8. The figure shows
that as the probability of being detected by enemy sensors decreases, the
utility value goes up. Also, if the probability remains constant, the util-
ity value increases as fuel consumption drops. It is obvious why it is ?
desirable to minimize the probability of being detected by enemy sensors.
The rationale for encouraging fuel preservation is that if detection occurs
at any time up to arrival at the target, there should be as much fuel left

as possible in order to do some flight maneuvering to try to return safely.

In general the two goals of minimizing fuel consumption and minimiz-
ing the probability of being detected are incompatible. A nontrivial optimal
air strike path thus requires a reasonable compromise between the two goals.
The utility function was designed as representative of the class of functions
useful in designing an air strike path through a multi-sensor field, and Eq.
(5) embodies trade-off between remaining fuel and cumulative probability of

being detected.
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111, SYSTEM OPERATION

System Concepts A and B, both of which allocated the modeling and
optimization functions to the human operator, were implemented using a computer-
driven, interactive, color display. This section documents the step-by-step
operation of both system concepts and describes certain features of their

respective user interfaces, with emphasis on the display formats used.

The descriptions overlap at certain points. As implemented, both
system concepts used the same hardware elements. These were, in addition to
the display, a light pen, a trackball, a function keyboard, and (under B) an
alphanumeric keyboard. On the basis of a prior study (Reference 2), the

trackball served as the primary input device. As will be seen below the

trackball was used to input path solutions and, under System Concept B, to
input the operator's Sketch Model. The light pen and alphanumeric keyboard
were used for auxiliary control and input tasks; the function keyboard was
used to control both the flow of system operation and certain of the display
format features. Display formats, including the use of color, were also

similar at certain stages of the operation of each system concept. The dis-

cussion that follows includes illustrations of the display format at each

stage of each system operation.

A. SYSTEM CONCEPT A

System Concept A called for the operator to (1) form an implicit
estimate of the composite detection rate field of a given combination of
sensor locations and reported (though not necessarily reliably) sizes; and
then (2) specify an air strike path that he judged optimal with reference
to his implicit composite detection rate model. A display format feature,
in the form of ''sensor coverage templates,'' was provided to support the
modeling function. Except in the training phase (Section IV.B), however,
performance feedback features were not incorporated in the operation of

this system concept.

For convenience, the discussion of the operation of System Concept
A to solve a single problem is divided into two segments: sensor coverage

investigation, and strike path specification.
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1. Sensor Coverage Investigation

Although System Concept A did not call for the operator to make expli-
cit his model of the composite detection rate surface, it did allow him to
represent on the display screen his estimate of the sensor coverage configur=-
ation. '“'Sensor coverage configuration' under this system concept refers to
any combination of four ''sensor templates,' one centered over each sensor
location. A ''sensor template,' In turn, refers to a circle that shows the
distance from the sensor location at which the sensor's detection rate is 10%
of its maximum (refer to Section 11.C.2). This portion of the system opera-
tion description explains the procedure followed to arrive at an estimate of

the sensor coverage configuration and illustrates the results.

a., Display Format. At the beginning of each trial, the display pre-

sents the information as shown in Figure 9. The situation geography (the |
screen area within the frame boundary) includes the location on ONRODA Island é
of DA City, an airstrip on the island (coded as a red, slanted cross), and ;
one sensor installed on the island (coded as a green cross). In the 'ocean" |
area below ONRODA Island appear the locations of three additional ocean- |
platform-mounted sensors, also coded as green crosses. Associated with each
sensor location is a letter code designating the intelligence estimate of

that sensor's type in terms of detection range: S corresponds to smali, M

to medium, and L to large.

Two types of information are displayed outside the frame boundary.

First, the reliability of the intelligence information about the sensor
coverage sizes is given. Recall from Section Il.A that intelligence may
not be perfectly reliable. There were four qualitative descriptors char-
acterizing various levels of confidence in the intelligence information:
perfect, very confident, confident, and not confident. The intelligence
reliability estimate given for the problem illustrated in Figure 9, for
instance, is glven as ''confident.' To the operator, this means that the

letter code for coverage size that appears with each sensor has some prob-

ability of being incorrect. Although the operators were not briefed on the

actual details of the intelligence reliability model (described in Section

IV.A.4), they did receive feedback on ''true' sensor coverage sizes during

their training (Section IV.B.1) from which they were encouraged to infer
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patterns of intelligence reliability. (The way in which the intelligence
reliability assessment might be used during system operation is described

later.)

¢ The second item of information, displayed at the bottom right of the
frame boundary, is the value equal to 10% of the peak value (0.2) of the
single sensor detection rate function. The single sensor coverage templates
callable by the operator (as discussed below) show how far from tne sensor
location the 10% detection rate level occurs, depending on whether that sen-

sor's type was estimated by the operator to be small, medium, or large.

b. Procedure. The third item displayed outside the frame boundary

3 in Figure 9 is a light pen menu, used by the operator to call up sensor
coverage templates on the display. The procedure specified for this function
was as follows. Using the light pen, the operator first activates one

sensor location cross on the screen; this causes the selected sensor cross

to blink, cuing the operator as to which sensor he is working on. Still
using the light pen, the operator selects from the menu at the right of the
letter (S, M, or L) corresponding to the size of sensor coverage template he
wishes to overlay on the blinking sensor location. For example, if the oper-
ator starts with the rightmost sensor located in the ''ocean' area of the |
situation geography display, he first decides whether to accept the intelli-
gence information about its range. !f he does, he activates the corresponding
letter in the menu; if not, he selects from the menu whichever coverage

size he has decided is ''correct.'” In any event, the general procedure of

activating a sensor cross, then selecting a sensor coverage size from the

menu causes a template of that size (i.e., range from the sensor to its 10%

detection rate value) to appear on the screen. Figure 10, for instance,

depicts the screen appearance after the operator has called up a template for
the rightmost ocean-located sensor. Note that in this example he has disre-
garded the intelligence estimate of that sensor's coverage (given as medium),
and has instead called up a large template for that sensor. Templates are
called up in turn until all four sensor locations are overlaid. |f the oper-
ator decides to change any of them he can do so by activating the selected
sensor cross and then either selecting one of the other two sizes from the

menu or using the ""Off'' option on the menu to erase a template, then making
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another choice of template size. Figure 11 shows the screen with the sensor
coverage template configuration as the operator might be satisfied with it.
The figure shows that he has accepted the intelligence information on three

of the sensors.

2. Strike Path Specification

The operator initiates this phase of the trial by pressing the active
(i.e., 1it) function button marked ''Define Path.'" (The function button
assignments for this System Concept A operation are shown in Figure 12.) The
display screen then appears as in Figure 13, One change from Figure 11 is
that the light pen menu no longer zppears. (The sensor coverage templates
designated by the operator are preserved. The operator will attempt to
optimize a strike path with respect to whatever implicit detection model he
has formulated from them.) In addition, the start and end points for the
path are now displayed, with the start point coded as a green, slanted cross,
and the end point as a red, slanted cross. A cursor symbol also appears, which

moves on the screen in response to operator manipulation of the trackball.

To start ''drawing'' the path the operator rotates the trackball to move
the cursor to the specified path start point. When the cursor reaches the
start point, the display screen is updated to appear as in Figure 14. In
addition, the function buttons necessary to draw the path are activated. The
grid that now appears on the screen is used by the operator to define the '‘way
points' of his strike path. The strike path, then, is defined by a series of

legs of specified speed and direction between the start and end points.

To begin drawing the path the operator first decides the speed and

direction of the first leg. He designates speed by selecting the appropriate
function button, marked L, M, or H for low, medium, or high speed. When a
speed has been selected, the legend ''Select Speed'' (shown in Figure 14) dis-
appears and the legend ''Draw Path'' flashes at the lower left edge of the
screen. This cue indicates that the cursor can now be moved via trackball
manipulation to any eligible way point on the grid. Any one grid point adja-
cent to the current cursor position is eligible for selection by the operator;
any non-adjacent point is ineligible and the cursor is prevented by software

from going between or past currently eligible points. Figure 15 shows the
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screen with the first leg of a strike path solution completed. Each leg of
the strike path is color coded according to the speed selected by the opera-
tor for that leg. A "'slow' leg is coded as green, a 'medium'' speed leg as
orange, and a high-speed leg as red. Note, for instance, that if the opera-
tor chooses to use slow speed for the first leg, that leg would be green.

The strike path solution is entered on the screen leg-by-leg in this manner
until the completion of the final leg (i.e., when the operator moves the cur-
sor to the path end point). Figure 1§ depicts the display when a path has

been completed.

When the first path has been completed the operator can signal his

completion of system operation by depressing the function button marked "Exit.'

If, instead, he thinks he can improve upon his first path solution, he can
elect to draw another path to reflect changes in the speed or direction or
both for any of the path legs. In this case, the operator depresses the
function button marked ''Update Last Path.'' The grid reappears on the screen
and the operator can draw a second path, using the same leg-by-leg procedure
as for the first path. When the operator chooses to draw a second path, his
first path is also preserved and displayed on the screen, but slightly offset
from the grid points. Preserving the last previous path allows the operator
to make adjustments to any of the path legs without having to memorize the
previously drawn path., As before, system operation can be terminated at the
completion of the second path if the operator chooses. When system operation
is terminated, it is the operator's most recently completed path that is

recorded as his solution to the problem.,

B. SYSTEM CONCEPT B

System Concept B incorporates the Sketch Model input feature and cer-
tain feedback features. Under this concept, the operator analyzes the prob-
lem as it appears on the display and formulates a model of the composite
detection rate field. He then makes his model explicit by entering it, via
the Sketch Model procedure, on the display. He next solves for an optimal
air strike path with respect to his inputted Sketch Model. Feedback is pro-
vided in two forms. One, the operator is shown the utility of each path he
defines, enabling him to determine when he has optimized a strike path with
respect to his Sketch Model. He is also provided a set of feedback histograms
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that show the effects of each path leg chosen on the utility value components,
which are fuel consumption and probability of being detected (according to his
Sketch Model). Two, prior to the completion of system operation (but after
the problem solution has been finalized), the operator is shown the '"true'
composite detection rate field, which he can compare to his Sketch Model of
that field.

In the course of system operation the operator uses the following
equipment:
1. Display screen
2. Display keyboard (alphanumeric)
3. Function button keyboard
L, Light pen
5. Trackball

As the result of a prior study (Reference 2) the trackball is used as the
primary input device; the display keyboard is used for numerical input; and
the function buttons and lightpen are used to control certain of the program
features. Figure 17 shows the function button assignments for System Concept
B operation. Not all function buttons are '"active' at a given stage of sys-
tem operation. The active buttons--those elibible for use at any given

stage--are lit in red.

For convenience in the discussion that follows, system operation for

Concept B is considered as consisting of four phases:

1. Situation Analysis
2. Sketch Model Input
3. Strike Path Optimization

4, Performance Feedback

1. Situation Analysis Phase

This phase of system operation is similar to that under Concept A,
except that the operator has available a more detailed set of sensor coverage
templates to support his detection field modeling effort. Elements of the

display format and operator tasks for this phase are described below.
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a. Display Format. At the beginning of system operation the display

screen appears as in Figure 18. The area within the boundary lines depicts
the airstrike geography, consisting of ONRODA Island, DA City on ONRODA, an i
airstrip on the island (coded as a slanted cross), and the locations of each

of four sensors. One sensor is located on ONRODA. The locations of the three

platform-mounted sensors are shown in the ''ocean'' area below ONRODA. Each

sensor location is marked by a cross and each cross is labeled to show the i
estimate of each sensor's type (in terms of detection range) reported by ;
intelligence. These types are coded by letters: S for "“Small,'" M for ''Medium,"
and L for 'Large.'! The operator does not associate numerical values with

these three sensor ranges; instead he can call up ''templates,' scaled to the
airstrike geography, that consist of concentric circles representing the ,
distance from the sensor location of percentage intervals of the peak detec-

tion rate value for each sensor size.

At the right edge of the screen (Figure 18), outside the frame bound-
ing the airstrike geography, appears a qualitative assessment of the relia-
bility of the intelligence information about the sensors. There were four

levels of confidence regarding intelligence information: perfect, very con-

fident, confident, and not confident (Section Il.A.4). Again, the operator
does not associate these characterizations with numerical values. He is also
free to disregard the designated sensor ranges if he chooses. Sensor loca-
tions, on the other hand, are assumed to be known perfectly and are modeled
as static for the duration of system operation. Below the intelligence
reliability estimate is a light pen menu used by the operator to select the

size of the template he wants to appear at each sensor location.

The bottom of the screen initially shows the singlie sensor detection
rate values for each of five percentages of single sensor peak detection rate
value (0.2 for all sensors; see Section 11.C.2). The percentage values are
90, 70, 50, 30, and 10, |In addition :he levels are color coded: red corres-
ponds to th- 90% value, orange to 70%, yellow to 50%, green to 30%, and
dashed red to 10%.

At the top of the screen is a space for the operator to enter a numer=
ical value representing his scalar subjective estimate of the peak composite

detection rate. The procedure used to estimate this value is described below.
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b. Procedure. During this first, situation analysis phase, the
operator manipulates the sensor templates for two purposes: (1) as an aid
to estimate the peak value of the composite detection rate function; and
(2) as an aid to visualize the configuration of the composite detection rate
surface to be drawn on the display in the Sketch Modeling phase. During
this phase, the operator uses the lightpen, two active (lit) function buttons

(marked ''Single Sensor Off'' and ''Map On/0ff"), and the display keyboard.

90%
90%
70%
50%
30%
10%

Figure 19. Single Sensor Coverage Template, System Concept B.
(Circles show distance from sensor location, center,
at which percentage values of the peak detection
rate occur.)

Figure 19 shows the appearance of a template selected by the operator.
A template consists of concentric circles, each representing a percentage
value of the single sensor peak detection rate value. Each circle is color-
coded according to the key for single sensor values displayed at the bottom
of the screen. As noted above, the colors (red, orange, yellow, green, and
broken red) correspond to 90, 70, 50, 30, and 10 percent respectively of the

single sensor peak value of 0.2, The numerical values for each color-coded
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contour are displayed at the bottom of the screen. Due to the ''volcano"

model of the single sensor detection rate function (Section 11,C,1) each
template has ten concentric circles: the inner five represent increasing
percentages (the center is zero) and the outer five, decreasing percentages.
There were three sizes of templates, small (S), medium (M), arnd large (L),

representing different sensor types,

The operator uses the light pen to call up a template. Selecting
any of the four sensor locations (coded as a cross), he points the light
pen at the cross and depresses a button mounted on the light pen, causing
that sensor cross to blink on and off. Next, the operator selects the size
of the sensor coverage template he wants to overlay on the sensor location.
As noted above, each sensor location has associated with it an intelligence=
derived estimate of that sensor's coverage; the operator is free, however,
3 to disregard the intelligence information. For instance, if intelligence
suggests that a sensor had 'medium'' coverage (coded as 'M'' at the sensor
location) but the reliability of the intelligence information for the trial
is given on the right side of the screen as ''Confident,' the operator
might decide instead to overlay a ''Large' sensor coverage template on the
sensor location. Once he decides the size of template he wants for the
specified (blinking) sensor, he points the light pen at the appropriate
letter in the menu at the right edge of the screen and presses the light pen
button. This sequence of first activating (causing to blink) a sensor posi-
tion, then selecting a template size from the menu, causes the template to
appear on the screen centered about the sensor. Figure 20 depicts the dis-

play after one sensor coverage template has been called up.

The operator then repeats the sequence for each of the three remain-

ing sensors. |If he does proceed in this fashion, the display would appear
I as in Figure 21, The operator has several options, however, to allow him
to manipulate the coverage templates. He can remove any of them from the
screen, or he can change the size of any of them. To remove a template from
f the screen, the operator activates a sensor cross with the light pen, causing
the cross to blink, then with the light pen selects the "Off'" option from
the menu at the right of the screen. To change a template size, he activates

o the sensor of interest and then selects another size from the menu. These
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operations can be performed on only one sensor at a time. In addition, the
operator can elect to remove ONRODA Island from the screen by pressing the
lit function button marked '""Map On/0ff.'!' The operator might choose this
option to better study template overlaps in the area of the island. If he

wants the map to reappear, he presses the same function button again.

There was no time limit placed on manipulating the sensor coverage

; templates, nor were there any rules for the operator to rely on to arrive at

a ""correct' combination of templates. At some point, however, he would be j
1 satisfied with his arrangement of templates. The display might then appear

as in Figure 2].* At this point the operator studies the patterns of tem-

plate overlap to discern the configuration of the composite detection rate

function (to be Sketch Modeled on the display by the operator in the next

phase of the trial) and to gauge the numerical value of the peak composite

detection rate. Knowing that the composite surface results from simple

addition of single sensor models, the operator can use the nature of template

overlap in various regions to estimate the peak detection rate value.

When the operator decides that he has visualized the composite detec- |
tion rate function and arrived at a reasonable estimate of the peak value of
the composite function, he depresses the lit function button marked ''Single |
Sensor Off." This action has three results: (1) the sensor coverage tem-
plates are erased from the screen; (2) the operator no longer has the tem-
plates available to him as an aid; and (3) the word '"Guess' in the box at the

i top of the screen blinks, cuing the operator to enter the scalar value of his

subjective estimate of the peak composite detection rate. At this point, the

E: operator has no options: he is unable to call up the templates again, and he
cannot continue with the trial until he enters his estimate. To do so, he

uses the display keyboard to enter the decimal value of his estimate. Figure
22 shows the display as it appears after the subject cancels the templates |
and enters his peak value estimate. To move into the next phase gf the trial, |

the operator activates the ''Carriage Return' on the display keyboard.

A

"We have reproduced this figure in color to more fully represent the
display format. Note that our color reproduction medium was insensitive to
the color orange, so that blue was substituted.
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Display after Operator Estimate of Peak Detection Rate, System Concept B.
(Note the absence of the sensor coverage templates and the display of
the operator's scalar estimate of the peak composite detection rate.)
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2. Sketch Model Input Phase

In this phase of system operation, the operator's task is to ''draw,''
on the screen, a representation of his model of the composite multi-sensor
detection rate function. He does this by drawing five iso-detection rate
“'contours,' one for each "altitude' or percentage level of the multi-sensor

composite function.* The detailed procedure follows.

a. Display Format. When the operator enters his numerical estimate

of the peak composite detection rate and activates the ''Carriage Return'' of
the display keyboard, the display screen format is immediately changed to

that shown in Figure 23. The situation geography displayed within the frame
remains, showing ONRODA Island and the sensor locations. The operator's
estimate of the composite peak value remains visible at the top of the screen.
The menu at the right no longer appears, but the intelligence reliability
assessment remains. At the bottom right of the screen, the numerical values
displayed now represent the percentages (90, 70, 50, 30, and 10%) of the peak
composite value estimated by the operator. There is now a cursor that appears
on the screen; during this phase, the operator manipulates the trackball to
move the cursor producing the lines on the screen that represent the iso-
Yaltitude' contours of his Sketch Model. At the lower left of the screen
appears the legend, ''Move Cursor.' This legend blinks to cue the operator as
to his next allowable action; at the start of this phase the red-coded line
and its associated 90% value of the estimated peak composite detection rate
also blink., At this point in the trial, the trackball is the only active
display input device. The active (lighted) function buttons at the start of
this phase of the trial are those marked '"Map On/Off' and "Start/End Contour."

b. Procedure. By examining the overlaps of the sensor coverage
templates in the preceding phase, the operator develops his estimate of the
appearance of the composite detection rate function. His task during this
phase is to transfer his mental image of it onto the screen. He does this
by drawing color-coded contours representing the locations and shapes of the
90, 70, 50, 30, and 10% values ("altitudes'') of his peak composite detection

rate values.

*
YAltitude' will be used throughout to mean the magnitude of the
detection rate.
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Figure 23. Display at Start of Sketch Model Input Phase, System Concept B. (Note

the cursor positioned for drawing the first contour.)
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There were a few rules established for this phase. First, all con-
tours had to be drawn in the correct order. All contours for the 90% alti-
tude were to be drawn first, followed by all contours for the 70% altitude,
and so on through the 50, 30, and 10% altitudes. Second, at least one con-
tour had to be drawn for each altitude. Third, each contour was required to
be closed. Contours were not to be drawn outside the frame around the air-
strike geography. In those cases where the templates showed that part of the
composite function lay outside the frame boundary (as in Figure 21), only that
portion inside the frame was to be drawn by the operator. Closure in this
case was defined as both endpoints of the contour touching the frame. Finally,
contours were to be drawn so that they did not intersect. The subject opera-
tors were instructed in these rules during their training. In addition, these
rules were reinforced by having only those function buttons active at a time

that led to allowable actions by the operator.

To perform this phase of the trial, the operator--cued by the blinking
legend '"Move Cursor''--uses the trackball to move the cursor to the desired
starting point for the first contour at the 90% altitude. When he is satis-
fied with the cursor position, the operator presses the active function button
marked “'Start/End Contour.'' This legend blinks, as do the red line code and
the 90% altitude value at the right. These cue the operator that he is now
abie to draw one contour, and that that contour is to represent the 90% alti-
tude. Still using the trackball, the operator draws a contour in the shape
and size he has decided represents a ''peak'' of the composite detection func-
tion. Figure 24 shows the drawing of the first contour in progress. The
operator continues to close the contour. When the cursor is within a soft~-

ware specified minimum distance of the contour starting point, the contour is

automatically closed,

Figure 25 depicts the display after the first contour has been drawn.
The legend (bottom left) has returned to blinking ''Move Cursor,' and three
additional function buttons have been activated. These are the ones marked
“Erase Altitude," '"Erase Last Contour,' and '"End Altitude." The four active
function buttons, including ''Start/End Contour,'" provide the operator with
some options for his next action. If he thinks the composite surface is not

unimodal, he can move the cursor and draw another contour at the 90% altitude

-.53-
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Figure 24, Display with First Sketch Model Contour in Progress, System Concept B.
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to represent the size, shape, and location of a second peak by engaging the

“Start/End Contour' function button.

If, instead, after completing the first contour he decides that he
has not drawn it accurately, the operator can erase that contour by using
the "Erase Last Contour' button. He is now told by the blinking legend to
move the cursor. With the cursor positioned, he again presses the ''Start/
End Contour'' button, enabling him to redraw the contour. |f the operator
has completed and has displayed on the screen two contours at the current
altitude (90% in this case) and he decides that the second one he has drawn
is unsatisfactory, he can remove that one by using the “Erase Last Contour"
button, causing the second-drawn contour to disappear, but leaving the first

one displayed. He can now move the cursor and redraw the second contour.

Supposing, however, the operator has drawn two or more contours at
the active altitude, but has decided that the set of contours is unsatisfac-
tory, he can erase them all at once by using the "Erase Altitude' function
button. In the case of the 90% altitude, the display would appear as at the
start of this phase, and the operator would cycle through the drawing process
for that altitude again. At other altitudes, the '"Erase Altitude' button
would cancel only those contours drawn at the active altitude, leaving pre-

viously completed, higher altitudes untouched.

When the operator has drawn all contours (or at least one) for the
first (90%) altitude and is satisfied that his estimate of that altitude is
accurately displayed on the screen, he uses the ''End Altitude' function
button. The code at the bottom right of the screen then shows the second,
or 70%, level blinking and the operator then repeats the drawing sequence
for that level, using the trackball and the same function buttons. Figure
26 shows the display with contours for the first two altitudes completed.
Note that in this case, the operator has decided that the composite function
is best represented by one ''peak' at 90% and another at 70%. Figure 27
shows all five altitudes of the operator's estimate of the composite detec-
tion rate function represented. The complete set of contours thus comprises

the operator's Sketch Model of the composite detection rate surface.
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Figure 26. Display with Sketch Model Contours Completed for Two Altitudes,
System Concept B.
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Once the operator is satisfied with his contours for the fifth (10%)
altitude, he again uses the "End Altitude' button. Activating this button
at the 10% altitude (and after at least one contour has been drawn at that

altitude) automatically sends the system into the next phase of operation.

3. Strike Path Optimization Phase

This phase of system operation requires the operator to draw one or
more air strike paths against a fixed target on ONRODA Island. The operator
completes a path; the utility of that path is calculated and displayed to him
along with a set of histograms representing components of the path's utility.
The operator then evaluates each leg of his path and decides whether to draw
another path in an attempt to improve utility. The operator can complete as
many paths as he wants until he decides that he cannot improve upon the util-

ity of his best path.

a. Display format. Figure 28 shows how the display screen appears

at the start of this phase of system operation. Cells have been added at the

top of the screen to display the calculated values of the operator's most

recently drawn path and of the operator's 'best' (highest utility) path. The

intelligence reliability estimate remains displayed at the right of the screen,

and the percentages of the operator's estimate of the peak composite detection
rate remain displayed at the bottom of the screen. Within the frame, the sit-
uation geography still displays the map of ONRODA Island, the sensor locations
and their coverage estimates. In addition, the Sketch Model contours drawn

in the previous phase are displayed. Finally, the specified start and end
points for the path are displayed: the start point is coded as a green cross
and the end point on ONRODA Island as a red cross. These locations were
uniquely specified for each problem, each path started and ended at these

same points during the problem, and the operator was unable to use any other
start and end points. As in the previous two phases, the task flow is con-
trolled by software activation and deactivation of the appropriate function
buttons and by visual cues to the operator regarding his allowable actions at

any point during this phase.

b. Procedure. When the display for this phase appears, immediately
after the completion of the Sketch Model contours in Phase Two, the legend
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Figure 27. Display with all Sketch Model Contours Completed, System Concept B.
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‘"Move Cursor' blinks at the bottom left of the screen. Responding to this
cue, the operator uses the trackball to move the cursor to the specified
start point for the path. When the cursor is positioned on the start point,
a 16 x 16 grid is automatically superimposed on the situation geography dis-

play. This grid is represented by dots located at the intersection of the

partition boundaries. Figure 29 shows the screen with the grid displayed.

The basic procedure for drawing a path is to connect a series of these
dots, one at a time, between the specified start and end points. The frame
. boundary also contains eligible path drawing points. To begin a path, the
operator moves the cursor to the start point, which brings up the grid. This
action also causes the blinking legend ''Select Speed'' to appear next to the
cursor, cuing the operator to use one of the active function buttons. These

are the ones marked 'L," '"M," and ''H,' representing choices the operator can

make for aircraft speed (slow, medium, or high) for each leg (distance between
two connected dots) of his path. The operator is not provided with the numer-
ical values for these speeds. To draw the first leg of this path the operator
selects one of the three speeds and activates the corresponding function
button. This causes the blinking legend ''Draw Path' to appear at the bottom
left of the screen, and frees the cursor. The operator then uses the track-
ball to move the cursor from the start point to any one of the immediately

adjacent points. The operator can move the cursor in any direction, but he

can not draw a line segment that bypasses a point., |f he attempts this, the

I cursor will not move past the implicit boundary partition.

Figure 30 shows the screen with the first leg of a path completed.
Each leg of the path is color-coded according to the speed the operator selects
for that leg: red represents a high-speed leg; orange represents medium speed;
and green stands for slow. When the cursor reaches a grid point, the legend
“Select Speed'' appears again, the operator decides what speed this second leg
should have, he uses the corresponding function button, and moves the cursor
to the next dot, completing the second leg. Each leg of the path is completed
in this manner, by the operator first selecting speed and direction, then
drawing that segment by, connecting two dots. The final leg of the path is |
drawn to connect the red cross on ONRODA Island. An example of a completed |

path is shown in Figure 31,
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Completing the path automatically removes the dot matrix and calls up
a feedback routine on the display. Figure 32 shows the elements displayed to
the operator. The utility of the path he just completed has been calculated
and entered at the top of the screen in the cell for current path utility.

The other elements of the display format at this point are:

ONRODA Island/airstrip

Sensor locations

Operator's Sketch Model contours
Operator-drawn strike path

Three color-coded feedback histograms

o U W -

Dynamically paired path-follower cursor and vertical cursor

Elements 1 -4 remain unchanged from Figure 31. Elements 5 and 6 are, in
effect, superimposed and are used by the operator to determine how he might
improve his current path utility by decreasing his fuel consumption or his
probability of being detected along a leg, or both. The feedback procedure

is controlled by the operator; no time restrictions are placed on this activity.

The feedback aids consist of a 'path-follower cursor,' a ''vertical
cursor,' and the set of three histograms. The path follower is coded as a
small red circle that can be moved along the operator-drawn path under the
control of the trackball. The vertical cursor is coded as a green vertical
line extending from a tracking circle at the bottom of the frame to the top
of the frame. Finally, there are three color-coded histograms. The red his-
togram represents probability of being detected; the orange histogram repre-
sents fuel consumption; and the green histogram represents path utility. The
operator is provided with this code at the lower left of the screen. The
histograms are paftitioned equally, with each interval corresponding to one
leg of the operator-drawn path, i.e., the first or leftmost interval of each
histogram is associated with the first leg of the path, the second histogram

interval with the second leg, and so on across the frame.

To use this feedback information, the operator rolls the trackball
to move the path follower along the path. Moving the path follower also moves
the vertical cursor as an index, so that the operator can ''read' the histogram

levels corresponding to any or all legs of his path. For instance, Figure 32.
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shows the path follower moved to the ninth leg of the path. The vertical
cursor has been automatically positioned at the corresponding histogram inter-
val. The operator can then examine the level of each histogram where inter-
sected by the vertical cursor to see how the speed, length, or position of
that path segment (relative to his detection rate contours) affected his fuel
consumption and probability of being detected, and thus the path utility to
that point.

Because the screen at this stage of the trial contains a great deal
of information, a number of function buttons are available to allow the oper-
ator to remove certain elements from the screen in order to concentrate on

specific features. The active function buttons are:

Utility histogram on/off
Fuel histogram on/off

Probability histogram on/off

Current path on/off
Best path on/off
Subject contours on/off

Path follower on/off

Update best path
Exit

W O ~N OV\WN & W N

Figure 33 shows the display format if the operator has decided, for instance,

to examine the path and histograms isolated from other format elements.

If the operator decides he cannot plot a strike path with a better
utility than that registered at the top of the screen for his current path,
he calls an end to this phase of the trial by using the function button
marked "EXIT.'" |If, however, he wants to try another path, he uses the func-
tion button marked ''Update Best Path.'"' The screen now appears as in Figure
34. The operator's best path utility for the trial has been entered in the
appropriate cell at the top of the screen. (If the operator has drawn only
one path so far in the trial, best path utility will be that one; if he has
drawn several, best path utility will be the greatest one to date.) The
dot grid reappears and the operator's best path is preserved so that he can
refer to it if necessary; it is displayed slightly offset from the grid so

wlBe

R el e T . e T L I e




COMPOSITE PEAK NDETECTION RATE | PATH UTILITIES
GLUESS TRUE BEST | CURRENT
322 97.13

F B v 4
\( INTELL I GENCE :
CONF I DENT

|
|
|
Y

HISTOGRAMS — .2898
—— PROB OF DETN — .2254
——— FUEL CONSPTN — 1610
———— PATH UTILITY ——  ,9660E-01
-=~= .3220E=01

Figure 33. Display with Feedback Histograms Only, System Concept B.
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that it does not interfere with drawing another path. The operator draws
another path (using the same start and end points) éccording to the pro-
cedure described above. At the completion of the path the display is re-
turned to the feedback format described above. Feedback histograms appear
for the just-drawn path. In addition, the utility for the new path has been
calculated and entered in the cell for current path utility at the top of

the screen.
The operator continues with this phase until he decides he can not
improve upon his best path utility. At that point he signals his completion

of this phase by using the "EXIT' function button.

4. Composite Detection Rate Function Feedback Phase

The final phase of the trial was provided to enable the operator to
compare his composite detection rate function (represented by the Sketch
Mode!l contours he drew in Phase Two of the trial) with the "true'" composite
detection function for that trial. No operator inputs were elicited during

this phase.

a. Display Format. When the operator exits from the path optimiza-

tion phase, the Sketch Model contours he has drawn start to blink and the
"true' contours are automatically drawn on the screen, one altitude at a
time, starting with the 90% level, and with each altitude level color coded.
The best (highest utility) path from the preceding phase is updated and
remains on the display; its path utility is displayed at the top of the
screen. In addition, the true peak composite detection rate for the trial
is automatically entered next to the operator's estimate at the top of the
screen, Figure 35 shows the display format for this phase, after all the

true contours have appeared.

b. Operator Activities. Since this phase is used by the operator

for tfeedback only, the operator is provided options to unclutter the display
format, allowing him to examine the configuration of the true contours and
to compare them with the Sketch Model contours he has drawn. These options

are controlled by the following active function buttons:
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Best path on/off

2. Subject contour blink on/off
3. Subject contour on/off

b. True contour on/off

5. Map on/off

6. Exit

Selective use of these function buttons (except for the ''Exit' button) allows
the operator to see various combinations of the display format elements, |If
he wishes to see only the true contours, for instance, he can turn off his
path, his contours, and the map, causing the display to appear as in Figure
36. To examine his best path in conjunction with the true contours, he uses
the appropriate function button to turn his path back on (Figure 37). To
compare his contours with the true contours, he might -turn his path off

again and turn on his contours (Figure 38). When the operator has examined
the combinations of display elements meaningful to him, he presses the "Exit"

function button, ending system operation.
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IV. DESCRIPTION OF THE EXPERIMENTS

A. EXPERIMENTAL DESIGN

1. Hypotheses

There were three experiments. Two experiments involved the collec-
tion of strike path utility data. In one experiment the strike path optimi-

zation function was carried out under System Concept A by two groups of
operators, with one group experienced and the other inexperienced in the
Sketch Model technique. Although the Sketch Model approach was not imple-
mented under System Concept A, it was necessary to determine whether the
performance of the group experienced in Sketch Modeling differed from that
of the naive group. Accordingly, the experimental null hypothesis is:

Path utilities generated by the experienced and naive

operator groups are not significantly different as a

function of groups, problem difficulties, replications,

or their interactions.
Implicit in this hypothesis is the question of whether the group experienced
in Sketch Modeling performed better than the naive group. In other words,
it was necessary to determine whether prior experience with Sketch Models
biased performance when the same task was done, but without the use of Sketch
Models. |If not, then the utility data generated by the experienced operators
on Concept A could be compared with the data they generated under Concept B.

|
Given that the utility data generated by experienced operators using

Concepts A and B can be validly compared, then the other experiment was

designed to compare path utilities across Concepts A, B, C, and D. Concept
D cannot be compared directly with the other concepts by analysis of vari-
ance because there are no operators for Concept D and the utility data are
not independent random variables. Therefore, two experimental null hypotheses
are needed: |

1. Path utilities for Concepts A, B, and C are not s .« fi- :
cantly different as a function of concepts, operators,
problem difficulties, replications, or their interactions. 1

2. Path utilities for Concepts A, B, C, and D are not sig-
nificantly different as a function of system concepts.
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Implicit within these hypotheses are the following questions:

1. Is there a difference between performance under Concepts
A and B? That is, does the use of Sketch Model contours
(Concept B) help the operator to devise paths with utili-
ties significantly better than those generated without
the use of Sketch Model contours (Concept A)?

2. |Is there a difference between performance under Concepts
B and C? That is, does the use of the dynamic programming
optimization method to select strike paths based on Sketch
Model contours help to achieve paths with significantly
better utilities than those generated by operators using
the same contours?

3. |Is there a difference between Concepts A and C? That is,
does the use of the dynamic programming optimization method
to select strike paths based on Sketch Model contours yield
paths with significantly better utilities than those gener-
ated by operators who do not use Sketch Model contours?

L., s there a difference between Concepts C and D? That is,
does the use of the dynamic programming optimization method
to select strike paths based on the true detection rate
contours yield significantly better utilities than those
generated by the same optimization operating on the Sketch
Model contours?

A third experiment, involving collection of Sketch Model accuracy :

data, was performed. The experimental null hypothesis is:

Errors in Sketch Model accuracy are not significantly
different as a function of operators, problem difficul-
ties, replications, or their interactions.
Acceptance or rejection of this hypothesis sheds light on the source of
variations in the errors. |In order to evaluate the accuracy of the contours

themselves, a separate analysis was performed on the data so that subjective

} inferences could be made about the adequacy of Sketch Model contours for
| applications other than development of strike paths as investigated in the

experiment,

2. Independent Variables

The independent variables for the experiments were:

a. Subjects/Subject Groups

b. System Concepts

c. Replications

d. Problem Difficulty .
~-80-




a. Subjects/Subject Groups. Subject operators for this study were

treated as experimental variables in two ways. For two of the experiments
each subject was considered as a variable. As can be seen from the ANOVA
designs (Section IV.A.5, below), four individuals were used in conjunction
with the experiment that compared System Concepts A, B, C, and D, and with
the experiment on Sketch Model accuracy. In the third experiment, subject
groups were the variables. There were two groups of four subjects each.

One group had received prior training in the Sketch Model procedure, and the
other group was untrained in the Sketch Model procedure. The two subject
groups were considered variables for the portion of the analysis that focused
on performance under System Concept A. Each of the eight subjects was a
U.C.L.A. undergraduate. Each had a technical major field (engineering, com-
puter science, and psychology majors were used), and hence some analytical

background. None had military experience.

b. System Concepts. Each of the four system concepts described in

Section 11.B. was used in the experimental design. To review, the system
concepts differed primarily in the way the two major functions, modeling

and optimization, were allocated. Concepts A and B both allocated the two
functions to the operator; under Concept A, the operator's mental model
remained implicit, while under Concept B, the operator's mental model was
made explicit and stored in the computer via the Sketch Model procedure.
Concept C assigned the modeling function to the operator and the optimization

to the computer. Concept D allocated both functions to the computer.

c. Replications. |Ideally, the learning effect is tested by giving
each subject two or more identical sets of problems and by giving each sub-
ject the identical sets of problems. In the experiment reported here, each
subject solved the same set of 48 problems. However, there were not identical
sets of problems within the 48 problems solved by a subject. The reason was
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