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decis ion aiding techniques (such as theoretica l and empirica l object ive modeling
and sca lar subject ive judgment). These advantages inc’ude ease , speed , and
accuracy of estimation and of updating ; consideration of qualitat ive data; and
the capab i li t y  of Bayesian est imation without exp l i c i t  a priori

For the experimental evaluation , the Ske tch Model techn i que was app l i ed  to
the tactical p lanning problem of opt imizing an a i r  s t r ike path. The goodness of
the path was measured by a utility function wh i ch considered the cumulative
probabi lity of being detected by enemy sensors along the path and the fuel con-
sumed along the path. A multi-sensor composi te detection rate surface was
Sketch Modeled via a computer graphics  d i s p l a y  and p roposed stri ke pa ths were
defined and eva l uated . The experimen t consisted of collecting data on path
utilities generated by four different methods : (1) operator—performed path
optimization , unaided by Sketch Models; (2) operator-performed optimization
aided by operator-generated Sketch Models; (3) computerized optimization aided
by operator ’s Sketch Models; (4) computerized optimization aided by computer
generated (or “true”) compos i te detection rate surface.

After analysis , the data indicated that human operators were able to pro-
duce accurate (as measured by a percen t vo l ume error metric) Sketch Models of

• h ighly irregular multi-sensor detection rate fields. The data also suggested
that under approp i-i ate conditions , automated optimizati on supported by operator-
performed Sketch Modeling can contribute to improved performance over current
procedures. However , the difficulty of the optimization portion of the experi-

• mental problems was not suff icient to provide a good test of th is  hypothesis.

It is recomended that research be continued in invest igating human behav—
ior of using the Sketch Model technique . It is recommended that an effort be
carried out to identi f y meaningful naval command applications through which the
Sketch Model techni que can realize its promise as a decis ion aid.
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EXECUTIVE BRIEF

A. BACKGROUND

This report descr ibes the imp lementation and experimental investiga-

tion of a proposed aid to support nava l tact ical  decision making. This dec i-

s ion aid , named the “Sketch Model ,” al lows a human operator to communicate to

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

that is continuous in at least one dimension . This communication is per-

for med by the operator using an input device to electron ica l ly  “sketcfr ’ the

function on a computer graphics display.

The Sketch Model app roach to subj ective estimation is hypothesized

to have certain advantages over compa rable decision aiding techniques , such

as the scalar-va lue representation of subjective j udgments. These advantages

include comp rehensiveness of estimation ; ease , speed , and accuracy of esti-

mat ion and of updating ; the ab i l i t y  to consider qua l i ta t i ve  data; and the

capabi l i ty  of a l lowing Bayesian estimation without expl ic i t  a priori data .

In a p ilot study , operators were shown sets of points randomly

sampled from known b ivar iate Gaussian probabi l i ty density functions and as ked

to sketch (on the display) their estimates of the iso-probabi l i ty contours of

the parent distribution. The study ind icated tha t humans can produce accurate

(i.e. , compet i t ive wi th  maximum likelihood estimation) Sketch Models of we l l-

behaved continuous functions.

In the rea l world , however , funct iona l relat ionships , though they

may be “cont inuous in at least one dimension ,” are se ldom “we ll-behaved ,”
nor can they always be ful ly specif ied ana lyt ical ly.  The study documented

here was undertaken to extend the Sketch Model concept in two directions.

First , the Sketch Model is applied to a tact ical  problem in which the func—

tion to be estima ted is not wel l  behaved. The function , instead , is not

onl y mu lt idimensional;  it Is also mu l t i modal and unsymmetric. Second , the

usefulness of decisions reached with the aid of Sketch Models is investigated.
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B. PROBLEM SCENARIO AND IM P LEMENTAT I~ N

The probl em 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

agains t ONRODA Island , given (I) known locations and suspected types of

enemy sensors , and (2) predetermined aircraft fue l 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 i so-detection rate contours of the

composite detection rate surface produced by four sensors at given l ocations ,

bu t whose detect ion ra te versus range capa b i l i ty may be im perfectly 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 fue l remaining at the target . The

prima ry functions for specifying the best strike path were modeling the

compos i te detection rate surface produced by the enemy ’s sensors and optimiz-

ing the strike path with respect to the model. Four system concepts were

def i ned , represen t i ng differen t allocations of these two functions :

(1) modelin g (without Sketch Model procedure) and optimizat ion 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

programm i ng routine) to the computer; and (4) both modeling and optimization

to the computer. This last allocation scheme prov i ded 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 small number of

subjects (1+) available to provide the data. The conclusions evaluating the

tactical usefulness of the decision aid were further wcakened due to the

problem set being too easy for the subjects. Within the qualifications

posed by the small number of subjects and easy prob lem set, the resu l t of
the investigation of Sketch Model usefulness was that strike paths produced

by compu terized optimization operating on Sketch Models were significantl y

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

-iv-
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The I nvestigatIon of the accuracy with which humans could produce

Sketch Models of messy funct i ons 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:

I. Humans can use the present Sketch Model method to develop
accurate models of mul -t i moda l , unsyninetric , three-dimensiona l
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. RECOMMENDAT IONS

The primary recommendations regard i ng Sketch Model research with

respect to the Operational Decision Aids program are listed below. In

general , they reflect the des i rability of more extensive experimentation

and of further extensions of the Sketch Model concept.

I. Repeat the air strike path experiment , correcting for two
weaknesses: number of subjects and easiness of the problem set.

2. I nvestigate means whereby the Sketch Model technique can be

integrated with other classica l decision theoretic techniques.

3. Extend the investigation of Sketch Models to examine the

validity of the hypothes i zed advantages not yet addressed.

-v-
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I. INTRODUCTION

The Operational Decision Aids (ODA) program , di rec ted by the O f f i c e
of Naval Research , is int ended to develo p and eval ua te dec i s io n a ids  usef u l
to the Task Force Commander and his staff. Integrated S’i ences Corporation

(ISC) is responsible for aspects of man-machine interface design , particu-

larly (1) ways to increase the fluency of man-machine communicati or~ and

(2) ways to allocate functions between man and machine that take advantage

of their respective strengths. ISC has developed a decision aid termed the

“Sketch Model” tha t addresses these two factors. This report documents one

of I SC ’ s efforts to investigate the accuracy with wh i ch Sketch Models can be

produced and their usefulness in a decision task.

A. BACKGROUND

In the operational environment , the decision maker must often dea l

with rea l —world relationships for wh i ch analytical models are either unavail-

able or i nadequate. In the latter case, the available models (whether manua l

or computerized) may assume conditions that differ from those confronting

the decision maker. In either case, by necessity or cho i ce, the decis ion

maker will tend to utilize his own perception of the relationship among the

variables constituting the tactica l prob l em. This perception can be thought

of as a mode l , albeit an implicit one ; like any other model , it can be used

to aid the decision ‘cess. If this impl i cit 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 analytica l techniques best done by

computer. The questions thus become how best to formalize (i.e., give def i-

n ite form or shape to) a decision make r ’s implicit mode l and how best to

transfer that now--explicit model into the computer.

The Sketch Model concept was developed to address these questions.

A Ske tch Model p rovides a d i r ect , str a igh tforward techni que for fo rmal i z i n g
certain types of implicit models. Furthermore , when implemented on a

computer—driven , i n terac t ive d i s p lay , the Sketch Model is also readily avail-

able to the computer. The Sketch Model is essentially a “picture ” tha t is 

~~~~~~~~~~~~~~~~ 



f i rs t men ta l l y  “v i s ua l i z e d ,” then d rawn by a decision maker. The pic ture

represen ts the decis ion maker ’s perception of the functional relationship

betwee n two or more v a r i a b l e s , 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 appro p r i a te to the modeled re l a t ionshi p and easy
for the decision maker to visualize and draw. Depending on the application ,

the Ske tch Mode l can be , fo r instance , a single curve defining the relation-

s h i p  be tween two var iab les , or i t can be a family of parameterized curves ,

or i t can be a two—dimensional projection of the i so— ”al titude ” contours of a

three dimensional function .

Of the three levels of machine participation in decision making shown

in  Fi gure 1 , the Sketch Model technique belongs to the third one. The un-

a i d ed , or “man-only,” l eve l dep icted in the figure is relied upon when auto-

mated decision aids either do not exist or are i nappropriate to the user ’s

needs or preferences. Applications of the machine-aided , or “machine helping
• man ,” l evel have prolife rated due to rapid advancements in computer capabi-

lities and operations research techniques. Many of these applicat ions , how-

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

ing machine to help man” type of decis i on a id in g has evolv ed , a l l o w i ng a
better balance of man-machine task allocation according to their respective

talents and limitations.

A decision task i nvolves at least three basic functions : representa-

t ion, eva l ua ti on , and optimization . Perform i ng each of these functions can

require model(s) of the rea l world. Depending on the design of the man-

machi ne decis ion sys tem , some of the required models will  reside in the machine ,

where they may exis t in the form of s i m u l a ti on p rocesses , analy t ica l models ,
or sets of rules ; other required models can res i de in the mind of the human

decis ion maker. Figure 2 shows how these functions can be ordered in a

feedback structure. Given a proposed solution to a tactica l problem , the

representation function is performed to predict an outcome on the basis of

its constituent models. The eva l uation 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—

inaJ l y proposed solution .

4
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I. UNAIDED DECISION MAKING

I HUMAN j HUMAN DECISION 
~ ACTION

I I . MACHINE AIDED DECISION MAKING

I HUMAN]- HUMAN D E C I S I O N  
~ ACTION

M A C H I N E  RECOMMENDAT I ON 
IMACHIN !1

I II. HUMAN AIDED MACHINE DECISION RECOMMENDING

HUMAN HUMAN D E C I S I O N  
~ ACTION

HUMAN A I D I N G

MACHINE RECOMMENDATION 1M A CH IN E I

Figure 1. Levels of Aided Decision Making .

While the Sketch Mode l technique is potentially applicable to per-

forming any of these three functions , its usefulness in carry ing out the

representation function is the most apparent. In a comp lex man-machine

decision situation , the representation function will  generally require mul-

t i p le 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 va l-

ues that stand for certain tactica l relationships or factors. Scalar sub-

jective judgment has been researched extensively and the conditions under

wh i ch it can best be applied are fairly well known (References I , 5). In a

sense , the Sketch Model technique is an extension of the scalar subjective

judgment approach. Both are instances of the “man helping machine to hel p

man” approach to decision aiding ; whereas a subjectively given scalar value

provides a single evaluation of a factor (or the relationshi p between two

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

— 3—

~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -



r - -

START

Pro posed Tac ti cal
Solution

I Representation 1
Predicted Outcome

I Eva l uation

Preferabi lity of
Ou tcome

Imp l ement Good
Proposed YES Enough
Tac ti cal or
Solution Best?

Adjusted
Solut ion

NO

Optimization

Figure 2. Feedback Structure of Basic Decision ;,aking Functions.

a factor (or relationship among multiple factors) to be quickl y 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 I.

B. SUMMARY OF THE STUDY

P r i o r  to th i s  study , a preliminary invest ig .’tion had eva l uated the

abili ty of human operators to generate Sketch Models of b ivariate Gaussian

dens it y functions from samp l ed data . The results ind i cated that humans can
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Table 1. Hypothesized Advantages of Sketch Model Technique Over
Three Competitors.

I. Compared to Theoretica l Objective Modeling

1. Updates more quickly and easily

2. In tegrates variables lacking comprehensive theory or
d i f f i cu l t to quan t i fy

II. Compared to Empirica l Objective Modeling

1. Combines qualitative and quantitative data

2. Allows nonlinear wei ghting of outliers

3. Does not require parameteric functional expression

4. Allow s Bayesian estimation without explicit a prior i data

5. Counteracts biases in data sampling procedures

II I .  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. , un imodal
and symmetric) three—dimensiona l function . Sketch Models developed from

small samples of the underlying func t ions es t ima ted those func t io ns a t leas t
as wel l  as , and in some cases better than , the empirica l objective technique

of maxImum likelihoo d estimation. The current study was undertaken to extend

those results by i nvestigating the ability of human operators to generate

Sketch Models of less well-behaved functions (i.e., multi rnodal and unsymmet—

nc) . This study also sought to eva l uate the usefulness of those Sketch

Models as aids to a tactica l decision problem .

1. The Test Prob l em

The tactica l decicion problem was to come up with “best” air strike

path through a defender ’s multi-sensor detection field. The goodness of

each candida te strike path was computed accord i ng to a predetermined utility

function ; the “best” path was the one with the highest utility value. The

—5—
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utility function was constructed to reward low p robabilities of be i ng detec-

ted along the strike path and high values of fuel remaining on target. The

des i gn of the experimenta l problems included these assumptions:

1. The location of each sensor Is perfectly known.

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

3. In telligence may err in identif yi ng the type of sensor a t
any location.

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

5. A function specifying compos i te sensor performance (i.e.,
de tec t ion ra te va l ue at any poi nt between str ike  la unch
and target) cannot be arrived at by strictly analytical
methods , due to such factors as intelligence errors.

Th i s las t ass umpt io n req u i red tha t the dec i s ion make r f u r ni sh h i s
subjective i nput as to the configuration of the composite detection rate

fi eld produced by the defender ’s sensors . Sketch Models were thus applied

to specify i ng the composi te detection rate surface from which the probability

of be i ng detected along the path could be computed and supplied to the

utility function . The detection rate surface is three-dimensional , so that

in this p roblem , the Sketch Model of the compos i te detection rate surface

is a set of iso— ”al t i tude” contours , each rep resent i ng a percen tage of the
maximum detection rate value expected (also supplied by the decision maker).

The appearance (and purpose) of the Sketch Mode l in this context is thus

analo gous to tha t of a con tour map, where the altitudes can be thought of

as detection rate values. The Sketch Models were generated on a computer-

d r i v e n , interactive display via a control device (in this case, a trackbal l).

Thus the display provided the operator with visua l feedback on his model in

the form of the detection contours he had drawn . He could also use these

con tours to help  h i m  devis e str i ke  pa ths , prov i ded this task had been allo-

cated to him. Furthermore , in this imp l ementation the computer samp l ed the

contro l dev i ce used to “draw” the Sketch Model , thus obtaining the data from

wh i ch i t could derive the cumulative p robability of detection va l ue needed by

the utility function .

-6-
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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 multidimens iona l , multi-

moda l , unsyninetric function ; and to ascertain the extent , if any, to wh i ch
Sketch Models can aid the kind of decision task represented by the strike

path optimization problem. A 48-problem set was defined , w it h each p roble m
defined by sensor locations , intelligence estimate of sensor types , and an

intelli gence reliability level. Four system concepts were defined , repre-

sen t in g al ter nat ive f unc t iona l a l loca t ions and sol uti on methods for devis ing

strike paths. These were:

A. Operator specifies strike path without a Sketch Model of
the composite detection field and without numerica l eva l u-
at ion feedback.

B. Operator first generates a Sketch Model of the detection
f i e l d , 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 machi ne uses a dynamic
prog ramming technique to solve for best path based on
detection va l ues computed from the Sketch Model.

D. Machin e determines “true” detection contours of field and
solves for “tr ue” 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 prob l em and

the subjec t ’s Sketch Model contours. Data were next collected from ei ght

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).

Si nce four of the subjects participating under Concept A had been

previously tra i ned 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 ana l ysis of variance on the path utility data generated under

Concept A. The factors were groups--two groups of four subjects , one group

tra ined  in  Ske tch Mode l ing ,  the other na i ve ; problem difficulty-- four levels

—7-
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corresponding to intell igence reliability levels;  and repl icat ions--two levels.

This analysis was required to determine whether data from Concepts A , B, and
C could be validly compared ; i.e., I t was necessary to determine whether prior

training in Sketch Modeling biased subjects ’ performance when Ske tch Mode l i n g
was not a factor. The results indicated no biasing effect; in fact , the un-

trained group slightly outperformed the tra i ned group.

The second analysis was a four-way analysis of varia nce performed

to compare path utilities generated by the four experienced subjects under

each of Concepts A , B, and C. Resul ts showed that performance increased

from Concept A to Concep t C , bu t that only A and C showed a statistically
si gni ficant difference . Further , when utilities from each method were corn-

pa red to the “true” u t i l i t i e s  gotten under Concept D , it was apparent that

Concep ts A , B, and C prod uced very si m i l a r  performanc e, and tha t performa nce
under any of those methods was In the vicinity of 9O~ 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 individua l subject ’s performance , but also
prov i ded informa t ion on how wel l  Ske tch Mode ls cou ld adjus t for i ncreas in g

levels of uncertainty (represented in the problems by decreasing in t e l l i gence - -

reliabili ty). The second treatment relied on measurements of the percent

vol ume 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 sli gh t ly by incr easing levels of uncertainty . The goodness of

fi t data suggested that Sketch Model error is largely attributable to quanti—

zatlon error i nherent in the present method and scalar subjective judgment

error (from the peak detection rate estimation task). Consequently, the

subjec ts ’ ability to generate accurate contours was not a substantial source

of Sketch Model error.
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3. The Findin gs

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 i nsuff icient da ta, due to a severe attrition in the pool of subjects

tra i ned i n Sketch Model i ng during a lengthy hiatus brought on by a series of

hardware malfunc tions. The second p rob l em surfaced as soon as w~~t da ta had
been gathered were analyzed : it appears that the problems were too easy for
the subjects. Despite cons i derable effort to ensure otherwise , i t appears
that the interaction between the utility function and the scenario elements

produced problems in wh i ch the best air strike path was obvious . It is thus

d i f f i c u l t to ascer ta i n the us e f u l n ess of Ske tch Models as an a id  to the str i ke
path decision problems . Although the best paths resulted from Concept C,

wh i ch used Ske tch Models , good paths also res u l ted from Concep t A , wh i ch d i d
not. There was also some ind i cation 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. Th is possibility , however , requires further substantiation .

F ind ings as to Sketch Mode l accuracy , on the other hand, were not

af fected by the t r i vi a l i t y  of s t r ike  path solut ions and were generally pos i-

t ive. Based on data from the nearly two hundred Sketch Models generated ,

the findings relating to Ske tch Mode l accuracy are :

i. Humans can use the p resent Ske tch Model method to deve l op
accurate mode ls of multimodal , unsymetr ic , three—dimens ional
functions.

2. Cons iderable improvement over present l evels of accuracy
can be achieved since the major sources of error can be
reduced by refining the methodo l ogy.

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.

Sec t ion I I  describes more f u l l y  the way the basic  pa th op t i m i z a t io n problem
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was put together: it exp la ins  how the ONRODA Scenario was adapted, dist ing-

uishes at more length among the various ways of determining strike path solu-

t i ons , and explains the analytica l models for single sensor detection perfor-

mance and aircraft fuel consumption , and characterizes the utility function

developed to eva l uate strike paths. Section III  details system operation ;

I t comprises step—by—step explanations of how path solutions were obta i ned

by subjects, both with and without Sketch Models. Illustrations of the dis

p lay formats and the appearance of Sketch Models used in this study are coy—

ered In Section III .B. Sections IV and V outline the experiment and the data

analyses performe d , respect i vely. Section VI interp rets the results insofar

as the data warrant . The appendices are used primarily to document the

algori thms used to imp l ement aspects of the study ; they are provided for the

reader interested in seei ng how certain operations research techni ques were
adapted.

II

I- ~
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II. THE SKETCH MODEL APPLICATION

The tactica l 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 experimenta l vehicle. Each model descr ibed ref lects certain

assumptions made about the behavior of the scenario variable. These

ass ump t ions , in turn , were adop ted to keep the tes t veh ic l e  si mp le , ra ther
than to fai thfully model the variabl es ’ “real world” performance . The

utility criterion function , ultimately used as a performance measure , is

also describ ed here in terms of its supporting models.

A. AIR STRIKE SC ENARIO

The proble m selected , i m p l i c i t i n  the ONRODA scen a r i o , was tha t of
optimizing an air strike path between a strike launch point and a target.

The eva luation of the path depended on the probabil i ty of an a i r c ra f t’ s being
detected by the enemy and the amount of fuel consumed by the aircraft along

the strike path. Accord i ngly, cer tai n elemen ts of i nteres t , par t ic u lar ly
the scenario geog raphy, were ex trac ted f rom the ON RODA Warf are Scenar io
(Reference 4), and other de ta i l s , described below , were added. The scenario

developed here assumes that the decision has been made to conduct an air

strike against ONRODA , so that i nvestigating the Sketch Model approach in

this study means applying it to one aspect of the operational imp l ementation

of the decision to strike.

Fi gure 3 shows the 500 by-500 n.m . portion of the ONRODA warfare

scenario area map used to provide the geographica l context for this study.

The boundaries provide an area west of ONRODA for the selection of strike

la unch points and (it is assumed) enough room to p l an str i k e  pa ths tha t do

not violate the ORANGE sanctuary .
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The a i r  strike scenario used here incorporates some further assump-

tions. First , the str i k e  ta rge t is tak en to be the ONRODA a i r f ie ld comp lex
only. Second , the strike aircraft are supersonic , and they carry su itab le

stores and a predetermined fuel allotment.

The assumptions made about enemy defense have to do with the number ,

loca t io ns , and ran ges of the ORANGE sensors tha t are capabl e of de tect in g
the str ike a i rcraf t .  Own intelli gence repor ts tha t there are fo u r 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

pos i tioned west of ONRODA between the island and the task force. I nte lli-

gence reports that ORANGE has three types of sensors , with each type

characterized by a different nom i na l detection range . However, unlike

inte l l i gence informa t ion on a sensor ’s loca t ion , which is accurate , own

i nte l l i gence  regard in g a spec i f i c  sensor ’s type (and hence its nomina l range)

may or may no t be perfectly rel iable (see Section IV.A. ’4 ) .

The p roble m is  to p la n a str i k e  pa th agai nst the a i r f ie ld on ONRODA
that (1) minimizes the probability of a strike craft be i ng detected , given

the loca t ions and types of enemy sensors , and (2) does not i mpose 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

def ense nor a i rborne enemy a i rcraf t are to be considered exp licitly as strike

factors. Implicitly, enemy defense capability is one reason to minimize the

probability of bei ng detected along the strike path , tantamount to consider-

ing surprise as a strike factor. In a similar manner , attempting to postpone

de tec ti on also affords  l ess time for ORANGE a i r c r a f t on ONRODA or on the
mainland to react, while attempting to conserve fue l enables the strike air—

craf t to maneuver if  chal lenged by ORANGE a i r c r a f t af ter reachin g the s tr i k e
target.
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B. DESCRIPT I ON OF SYST EM CONCE PTS

Solving the strike path selection problem consists of two major func-

tions : (1) modeling the compos i te detectIon field set up by the enemy ’s sen-

sors , and (2) optimizin g the strike path through that field. There are numerous

ways to reach a sol ut ion , dependin g on how these two f un ct io ns a re a l loca ted
between man and mach i ne and the methods used to perform each function once it

is alloca ted.

For th i s  study,  four different allocation schemes were defined , each

represen ting a man-machine system concept. Figure 1+ categorizes these four

system concepts according to their functional allocations . For the two system

concepts (C and D) that al locate the opt imizat ion function to the machine ,

a dynam ic programing algorithm was chosen as the appropriate opt imizat ion
method. This choice was suggested by certain a pri ori assumptions about

the nature of the solu t ions to the prob l em se t, particularly that the detec-

tion surface might be multi-moda l , a situation that dynamic p rogramming

methods could handle more easily than could other candidate methods.

The choice of dynamic p rograming to imp l ement the machine-allocated

optimization accounts for the empty cell at the top , right in Figure 4.

Since System Concept A generates no explicit compos i te detection model , and

since dynamic programm i ng methods must optimize with respect to something

(in this case , an explicit compos i te detection rate model), there was no
way to imp lement a system concept according to the functional allocation

represented by the empty c e l l ’ s position. The allocation represented by the

second emp ty cel l , i. e., modelin g performed by machine and optimization per-

formed by a h uma n opera tor , was no t considered , partly to keep the stud y

mana geable , and par t ly beca use the s tudy foc used on the ope ra tor ’ s modeling

performance and how that affected optimization performance rather than on

optimization techniques themselves.

The four sys tem concep ts def ined by the f unc t ional  a l loca t ions in

Fi gure 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

th i s  case , the opera tor ’s model is not made exp l i c i t , i.e., there is no
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OPTIMIZAT I ON ALLOCATED TO :
• MODELING a~LLOCATE D TO : MA C H I N EOPERATOR via Dynamic Programming

OPERATOR
1 S YS TEM CONCEPT

OPERATOR 2 SYSTEM CONCEPT SYSTEM CONCEPT

MACHINE 
SVSTE PI

0
CO NCE PT

1 Model implicit (i.e., no compos i te detection contours)

2Mode 1 explicit (i .e., Sketch Mode l applied in the form of compos i te
detection rate contours)

FIgure 4~ System Concepts in Terms of Functional Allocat ions.

sketch-inputted representation of the operator ’ s menta l construct of the
compos i te detection rate surface. Since there is no explici t mode ling and

si nce no perfo rmance feedback i s  p rovided , this system concep t 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 currentl y

ap p roached in the opera t io nal env i ron men t .

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

p modeling and optimization functions to the operator. In this case , howeve r,
the operator represents his model explicitly through the Sketch Model input

procedure (Section 111.8) 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 exp lo res by exer-

cisin g the path against the Sketch Model.

3. System Concept C. Under this concept , the modeling function I’
is all ocated to the operator , and the optimization is allocated to the computer ,
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where it is performed by a dynamic programing routine. The operator pro-

vides the computer with his model , which he makes explicit through the same

Sketch Model i nput 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 II .C.l) and perfect information as to location and type of

each sensor, the computer determines a “true” set of composite detection

contours . The dynamic p rograming routine then optimizes a strike path with

respec t to th i s  “true” model. In the context of this study , Concept D pro-

vides wha t amoun ts to “answers” for both the modeling and optimization por-

tions of the problem. The “answers ” genera ted by th i s  sys tem concep t are
simply benchmarks against which to compare aspec ts of performa nce under the
other three system concepts; such “answers ,” of course , are unobta i nable

in the rea l world.

Comparin g the results of each of these concepts when applied to the

str i ke  pa th p roblem prov i des ins i ghts i nto the effec ti veness of the Sketch
Model techni que. Since the functional allocation represented by Concept A ,

for instance , resembles that of current operational procedures , the results

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

performance increment over present procedures can be ach i eved by using Sketch

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

to isolate the operator ’s performance on the m o d e l i n g  function from his

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

applyi ng System Concept D prov ide 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 in tended to ind i ca te which , if either , of the two functions per-

formed by the operator under B is more appropriate to man or computer.
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C. SIMULAT ION MODELS

The “goodness” of a path generated unde r any of the four system con-
cepts depends on two factors : fuel consumed along the path and the cumula-

tive p robability of be i ng 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 functiona l relationship.

The cumulative probability of be i ng detected , howeve r, 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 comb i ne to create a com-

pos i te detection field , In other words, modeling the composite detection

f ie ld  either w i th  or w it hout Sketch Mode ls requi res other , more basic , under-

lyin g models.

The set of models developed for the study inc l udes :

I. Single Sensor Detection Rate Model
2. Cumulative Probability of Being Detected Algorithm
3. Fue l Consumption Model
4. Utility Criterion Function
5. Dynamic Programming Algorithm
6. “Where-Am-I” Algorithm
7. True Detection Rate Contour-Draw i ng Algorithm

Numbers 1 — 
5 were basic to the imp l ementation of each of the system con-

cepts and are described in this section. The use of numbers 5 - 7 depended
on wh i ch system concept was being exercised ; they are documented in the

appendices.

1. Overv i ew

Figure 5 depicts an example of how the models are interrelated . The

fi gure i s based on Sys tem Concep t B s i nce that concept uses a l l  the mode ls
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 l ocations , repor ted ty pes , strike launch point , and intelli-

gence rel iability) defining the problem are shown to the operator (
~~). The
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operator then uses the Single Sensor Detection Rate model (®) to formulate

his im plicit model of the composite detection field. He then enters his

Ske tch Mode l of i t v i a  the d i s p lay (®). Next the opera tor generates his
p roposed pa th C®) . Va l ues from the Sketch Model and the path are processed

by the “Where—Am—I ” algorithm and the 
~d 

model to provide the utility func-

tion with the cumulative detection va l ue it needs (®). In add ition , path

da ta is  used by the fue l consumpt ion model, wh i ch then provides to the uti l-

ity function a va l ue for the total fuel used (~

‘

~~~). The utility function

comb i nes these two va l ues and returns a single numerica l va l ue for the path’s

“~oodness” (®). The operator rei terates ® (i.e., draws another path which
is evaluated by®  and ®) until he is satisfied that he has defined the best

possible path.

T I ® ~ S l n g l e  Sensor
I Graphics j~U~— IDetection Ratel

L I [ Model ]

IC!) ~~~~~ion •1•,
__1LcQ~

~~~~~~~~ ~~~~~~~ \~4ro~
osed

(j) - 

Ske tch Model

r”where-~m-l” 
*- Consumption

Algorithm Model

© 
_ _

rcumui:tivel utu~~ 1j~tilni~Model Function J

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 de tect io n ra te , wh i ch 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 quan t i f i e d  according to :

y / 2
/ ~ max i -R

K R .e x p l 2 
(1)

max ~ 2R
\ max

where

Y(R) = the value of detection rate at radial distance R from sensor

• I = maximum detection rate for the sensormax
R = range from sensor at wh i ch I occursmax max

The genera l 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

maxi mum detection rate I at range R from the sensor. From the sensor
max max

location (where the detection rate Is zero) detection rate increases mono-

tonically until it reaches Its peak va l ue at range Rmax~ From this range,

Rma~~ 
the detection rate drops off monoton i call y moving away f rom sensor un ti l

it reaches zero at some range beyond Rmax~ Hence, i f  we v isua l i ze  1(R) as

a three-dimensiona l surface it wou ld look l ike a volcano wi th a hole at the

cen ter , 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
s i des of the “volcano” slope downwards until “ground l evel” is reached .

For the experiment three types of sensors were defined , cor res pondin g

to Rmax = 37.5, 50, and 62.5 nau tica l miles and called small , med i um , and
large sensors, respectively. (Note that these va l ues of Rmax were selec ted
for their suitability to the study, and tha t they were not in tended to be
the performance va l ues for any “real wor l d” sensor.) The maximum detection

*For ~t small enough , we can assume the detection rate I to be con-
stant within ~t. Then Tht Is the probabIli ty of detection during time inter-
val ,~t. For appropriate choice of A t, TAt < 1.
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rate ;ax ’ was 0.1 for each sensor type.* The performance curve for each

sensor type is shown in Figure 7.

Tmax - — —

z I
0
I.-L)
LU

LU
0

I ~ I

Rmax RANGE

Figu re 6. Single Sensor Detection Rate as a Function of Range.

Recall that the scenario specified four enemy sensors dep l oyed , so

that if two (or more) detection ranges overlap, we are really concerned

about our strike craft be i ng detected by either rather than be i ng detected

by both. In other words , we are concerned about the total detection rate

at any point that any given comb i nation of sensor l ocations and types wil l

produce. This compos i te detection rate is easil y computed. The composite

detection rate at a point (x,y) is the sum of detection rates at (x,y)

due to each sensor. Hence, if Y i (x,y) is the detection rate due to sensor i ,

the compos i te detection rate at (x,y) is

Y c (x ,y) = 
~ 

Y i (x ,y) (2)

Each term Yi (x,y) on the righ t hand side of Eq. (2) is obtained by t rans-

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

k In the experiment the subjects were told to assume Tmax to be 0.2
because during a series of previous trainings they were accustomed to this
particular va l ue, and it would be less confusing if the va l ue of 0.2 con-
tinued to be used. The computer softwa re for the experiment then scaled

to 0.1 in a manne r that did not affect the performance of the subjects.

-20-

4



---—~ - -~ - - -
~

--—
~

--

0
• •

0

0
0
c—I

L
L 0 t.
0 0
~fl C 1l~C C

In I)
In In

C —— —

-J Z Lf l

N N ii
0

o o U 1 . 0.
‘ 0

LA

(I,
I-
0
C

0 In
0

LA
c--I
—

-D

E 4-
0

0 C
0 -

~~~- .
0 LU
0 c.~— z

U
C

0 E
0 L

- . 0
LA 9-

La)

I..-

0
~~0

0
LA

0
0

LA
c—4

I I
0 LA 0
— 0

31V~
I NO I ID3i3O

• —2 1—

~ 

~•. .•1~i 1_ _ • __ _i~_ 
~~~~~~~~~~ •~~~~~~~ . ~ - _ .  



r ‘ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- •

The attentive reader may question the validity of the additive opera-

tion in Eq. (2), since probabilities are not additive In general. After al l ,
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 tha t

if we choose A t (see footnote on page 19) small enough such that within At

the probability of detection by two or more sensors is neg li gible ,* a l l  the
higher order terms in the exact expansion for the left hand side of Eq. (2)

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

3. Probabi lIty Approximations

For an aircraft flying an air strike path through the enemy ’s multi-

sensor detec t ion f ie ld , it is necessary to approximate the cumulat i ve proba-

bility of its being detected by the sensors. Recall that if a time interva l

At is s m a l l  enough the detect ion ra te wi thi n At ca n be approxima ted by a con-
stant i and the probability of detection during At is approx i mately TAt.

Since At is sma l l , the aircraf t ’s veloc i ty throughout At is approximated by

a constant v. Hence

Probabili ty (detection within At) ‘rAt Y~~- (3)
where

As is the d istance traveled by the aircraft within At.

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

such tha t on each l eg the p robabi l it y of be in g detected can be approximated
by Eq. (3). For the 1 th le g , let Y~ be the detection rate , As

~ the length

of the leg , and v~ the aircraft ’s ve l oc i ty ; then the cumulative probability

of the aircraft ’s being detected on the. entire air strike path is approximatel y

P(detect i on) 1 — II (1 — y 1_~ i) (4)

The a rea of i n teres t in the experiment (with in wh i ch the sensors ,
target and air  str ike launch point are located) is overlaid wi th a rectangu-

lar grid. I t 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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poin ts (see Section III), hence the g r i d  poin ts actua l l y serve as “way
points” that define a path as a series of path legs. By selecting an appro-

p r i a t e  g r id  s ize , the approximations in Eq. (3) , hence Eq. (1k), hold.

There are two basic approaches to deter m i n in g the de tect ion ra te Y j

along each path leg in Eq. (4) . The first is to samp le the detection rate

at the mid poin t of a le g , and use I t as the y~ for the i th l eg. The second

is to samp le the de tec t ion ra tes at the two end poi nts of a l eg , and use the
average of these two val ues as the I i. When operating with a true detection

ra te f i e l d , where Eq. (2) in Section II .C.2 is used to calculate detection

ra te, we used the first method to sample ‘ri . When operating on a Sketch-

Model ed detect ion ra te f i eld we chose the second samp l i ng method for ‘ri.
This is because a Sketch Model is discrete in the detection rate dimension

so that us i ng the firs t 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—I” algor i thm has to be exercised (See Appendix A).

4. Fuel Consumption Model

The fuel consumption model used was discrete. Three allowable velo-

ci t ies and th e i r  corres pond i ng fue l 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

in tended as performance data of any actua l aircraft.) The second and third

col umns 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 fue l per second , or 14.8 lbs. of fuel for each

nautical mile covered. In the experiment the three ve l ocities were labe l ed

as low , med i um , and h igh , and these were , the only allowable ve l ocities.

Table 2. Fuel Consumption Rates.

Fue l Consumption Rates
Veloc i ty (knots) lbs /sec lbs/n.m.

195 •5714 10.6
715 2,93 14.8
1430 17.60 44.3
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The amount of fuel that the aircraft carrie’~ on each mission is pro—

portlona l to the range from the strike launch point to the target. Thus, if

the range is doubled , the fue l allowance for the mission also doubles , Forty

pounds of fue l were allowed for each nautica l mile between the air strike

start position and target. This permits the aircraft to do some high—speed

maneuvering , but sustained high—speed trave l is discouraged by the fact that

allotted fuel would run out before the aircraft could accomplish the mission

or return to the carrier.

5. U t i l i ty Cri ter i on Func t ion

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 sel ect an opt imal a i r  s trike path, so an appropriate utility cri-

terion function is one wh i ch measures the “goodness” of such an a i r  st r ike
path. The two variables selected to determine the goodness of an air strike

path were fuel consumption along the path and probability of be i ng detected

by the enemy sensors (Sections 3 and 4, preced i ng). Since the ut ility func-

tion was prespecified to measure the goodness of any proposed path , no inputs

were elic ited from operators as to des i rable va l ues of the two variables.

The followin g 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 fue l remaining upon arriva l at the

target on the other.

( b) F (.ol÷2.475P)
U(F ,P) =[ (a — 

, if (a — b) D — F~ (5)

0 if (a - b ) D — F c O

where

F = total amount of fuel consumed upon arriva l at target

P = cumulative probability of being detected by enemy sensors

D = d i stance be tween s tr ike  launch poi nt and tar get
a — fuel allowance/n.m.

b = fuel consumption/n.m . at an ach i evable speed resulting in the
lowes t fue l cons ump t ion per uni t d i s tance t raveled

a.—
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For each mission the fue l allowance is proportional to the shortest
distance between the air strike launch point and the target (a. D). The

absolute minimum fue l 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

fue l before re tu r n i n g to the ca r r i e r , the resulting utility is zero, For

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

velocity of 195 n.m./hr.

The utility function takes on any va l ue between 0 and 1 , with higher

ut i l i ty val ues corres pondin g to “better” paths. A family of parameterized

curves from the utility function is shown in Figure 8. The figure shows

that as the probabili ty of bei ng detec ted by enemy sensors decreases, the
utility va l ue goes up. Also , if the probability remains constant , the util-

i ty va l ue increases as fue l consumption drops. It is obvious why it is

des i rable 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 arriva l at the target , there sho u ld be as much f ue l lef t

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

In genera l the two goals of minimizing fuel consumption and m in imiz-

ing the probability of being detected are incompatible. A nontrivial optima l

air strike path thus requires a reasonable comp romise between the two goals.

The utility f unc t ion was desi gned as rep resen ta t ive of the class of f unc ti ons
useful in designing an air strike path through a multi—sensor field , and Eq.

(5) embodIes trade—off between remaining fuel and cumulative p robability of

being detected.
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Fi gure 8. Family of Parameterized Utility Function Curves .
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I I I .  SYSTEM OPERATION

System Concepts A and B, both of wh i ch al loca ted the modeling and
optimization function s to the human operator , were imp l emented using a computer-

driven , in terac ti ve, color dis play . This section documents the step—by-step

operation of both system concepts and describes certain features of their

respect ive user in terfaces , wi th emphas i s  on the d i s p lay formats used.

The descrip tions overlap at certain points. As imp l emented , both

system concepts used the same hardware elements, These were, in addition to

the display , a light pen , a trackbal l , a f unct ion key board , and (under B) an

al phanumeric keyboard. On the basis of a prior study (Reference 2), the

trackball served as the primary in put dev i ce. As will be seen below the

t rackba l l  was used to inp ut pa th solu t io ns and , under System Concept B, to
inpu t the opera tor ’s Sketch Model. The light pen and alphanumeric keyboard

were used for aux iliary contro l and i nput tasks; the function keyboard was

used to con t rol both the f low of sys tem opera t ion and cer tai n of the d i s p la y
format features. Display forma ts, inc l ud in g the use of color , wer e also
s i m i l a r  at cer ta i n  stages of the opera t ior~ 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 (I) form an imp l i c i t

estimate of the compos i te detection rate field of a given combination ~f

sensor locations and reported (though not necessarily reliably) sizes ; and

then (2) speci fy an air strike path tha t he judged optima l with reference

to his implicit composite detection rate model. A disp lay forma t feature ,

i n 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 i ncorporated in the operation of

this system concept.

For conve n ie nce, the disc ussion 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 I nvestigatIon

Althou gh System Concept A did not call for the operator to make expli-

ci t his model of the composi te detection rate surface , I t did allow him to

represent on the display screen his estimate of the sensor coverage configur—

atlon. “Sensor coverage configuration ” under this system concept refers to

any comb i nation of four “sensor templates ,” one cen tered over each sensor
location , A “sensor template ,” In turn , refers to a circle that shows the

dis tance from the sensor loca t ion a t wh i ch the sensor ’s detec t ion ra te is lO~
of i ts maximum (refer to Section I~~.C.2). This portion of the system opera-

tion description exp laIns the procedure followed to arrive at an estimate of

the sensor coverage configuration and Illustrates the results.

a. Display Format. At the beg i nning of each trial , the display pre—

sents the information as shown in FIgure 9. The situation geography (the

screen area within the frame bounda ry) Includes the location on ONRODA Island

of DA Ci ty,  an airstrip on the island (coded as a red , slan ted cross), and

one sensor installed on the island (coded as a green cross). In the “ocean”
area below ONRODA Island appear the l ocations of three additional ocean—

pla tform—mounted sensors , also coded as green crosses. Assoc i a ted w it h each
sensor location is a letter code designating the intelligence estimate of

tha t sensor ’s type in terms of detection range: S corresponds to smal l , M

to med i um , and L to large.

Two types of information are displayed outside the frame boundary .

First , the r e l i a b i l i ty of the in te l l i gence info rma t ion about the sensor

coverage sizes is given . Recall from Section II .A tha t intelligence may

not be perfectly reliable. There were four qualitative descriptors cha r-

acterizing various levels of confidence in the intelligence information :

perfect , ve ry conf iden t , con f iden t , and not confident. The intelligence

reliabil ity estimate given for the prob l em illustrated in Figure 9, for
instance , is g i v en as “confiden t.” To the operator , this means that the

l etter code for coverage size tha t appears with each sensor has some prob—

abi l It y of be i ng Incorrect. Although the operators were not briefed on the

actua l details of the intell igence re l i ab i l i t y  model (described in Section

IV.A.4), they did  receiv e feedback on “true” sensor coverage sizes during
their training (Section IV.B.l) from wh i ch they were encouraged to infer
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FI gure 9. Display at Prob l em Initialization , System Concept A.
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patterns of Intelligence reliability. (The way i n wh i ch the in te l l i g ence
rel iability assessment might be used during system operation is described

la ter.)

— S The second i tem of i nforma t i on , displayed at the bottom ri ght of the

f rame boundary , is the valu e equa l to 10% of the peak value (0.2) of the

si ngle 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 l evel occurs , depend i ng on whether that sen-

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

b. Procedure. The third i tem displayed outside the frame boundary
in Figure 9 is a light pen menu , used by the operator to cal l up sensor

coverage templates on the display. The procedure specified for this function

was as follows. Usin g the li ght pen , the operator first activates one

sensor l ocation cross on the screen ; this causes the selected sensor cross

to b l i n k , cuing the operator as to which sensor he is working on. Still

us in g the l i g h t pen , the operator selects from the menu at the ri gh t of the
le tter (5, M, or L) correspond i ng to the size of sensor coverage template he

wishes to overlay on the blinking sensor location . For exdniple , if the oper-

ator starts with the rightmost sensor l ocated in the “ocean” a rea of the
si tuat ion geography dis p lay , he F irst dec i des whether to accept the inte lli-

gence information about its range. If he does, he activates the correspond i ng

letter in the menu; i-f not , he selects from the menu wIiicht~ver coverage

s ize  he has dec i ded is “correct.” In any event , the genera l procedure of

ac t iva t ing a senso r cross , then selecting a sensor coverage size from the
menu causes a template of tha t size (i.e., range from the sensor to i ts  10%

detection rate va l ue) 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 tha t in this example he has disre-

garded the intelligence estimate of that sensor ’s coverage (given as med i um),

and has ins tead called up a large template for tha t sensor. Templates are

called up in turn until all four sensor locations are overlaid. If 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

men u or us ing  the “Off” op t ion on the men u to erase a temp l a te , then maki ng

-30- 

1 : -  *
~~

— .11•



O 

I N T E L L I G E N C E :
CONFIDENT

ONRODA S
DAC I TY M

~~S 

~~~~~~~~~~~~~~~~~~~~~÷
M 

~FF

.2000E-Ol

Figure ~0. Display with One Sensor Coverage Template Selected ,
System Concept A.
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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. Str ike  Pa th Speci f ica t ion

The operator initiates this phase of the trial by pressing the active

(i.e. , li t) function button marked “Define Path.” (The function button

assi gnments for this System Concept A operation are shown in Figure 12.) The

dis play screen then appears as in Figure 13. One change from Figure II Is

that the light pen menu no longer appears. (The sensor coverage templates

designa ted by the operator are preserved. The operator will attemp t to

op t i m i z e a str i ke path wi th respec t to wha tever im p l i ci t detect ion mode l he
has formulated from them.) In addition , the start and end points for the

pa th are now d i s p l ayed , with the start point coded as a green , s lan ted cross ,
and the end po in t as a red , slan ted cross. A cursor symbol also appears , wh i ch
moves on the screen in response to operator manipulation of the trackball.

To star t “drawin g” the path the opera tor ro tates the trackball to move *

• the cursor to the specified path start point. When the cursor reaches the

start point , the dis play screen is updated to appear as in Figure 14. In

addi t ion , the function buttons necessary to draw the path are activated. The

gr i d  tha t now appears on the screen is  used by the operator to define the “way r
points” of h is strike path. The strike path , then , is def i ned by a series of

legs of specified speed and direction between the start and end points.
.1

To begin draw ing the path the operator f i rs t  dec ides the speed and
d i rection of the first leg. He designates speed by selecting the appropriate

func t ion bu tton , marked L , M , or H for low , med i um , 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 ind icates 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

—32—

* -. • - -- * - * ‘ ‘ - 4 - - -
- 

- •. -~~~. I 4~ . - *- _ - . .- -•_ _ _ _ •
_ —

~

-- _.*4•_ . _ _ _ _ _ _ _ _ •
_

~

*____4 -~~~~~~~ -- --- - - - - - —-- ---.- •-•——-•---- ---•—--• —•—.-- ~ - •— •- •-•  .____ .~~~__ _ *__ • _ _ _ _



S —

,
#l r\ 

S 
I NTELLIGENCE:

/ CONFIDENT
I / YTJONRODA I s

~~~~~~~~~~~~~~~~~~~~~~~~ 

DACITY (J I
,

—
- =1

~ 
OFF

/ \ “,— I
,

I
I / % j L

S / ~1~+ 1  /

‘ / it

I
I
/
/ /

/Lv +
M /

~~~~~~~~~~~ \ 
/

.5’.S 4,

__5•
/

/

— — — ~~~ 
.
~

———— .Z000E-O1

Figure 1!. DIsplay wi th All Sensor Coverage Templates Selected ,
System Concept A.

S.

-33-

TT•

~ 

~Ir •~•:.~ :i~~L:: ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



r ~~~~~

- - - . ----—-— 

~~~~~~~~~~~~~~~~~~

-

~~~

--
~~~~~~

- - - 

~~~~

- - - -

_ _ _  _ _ _  [~~~~~~~~~~~1 
r o l

_ _ _  1~~ I t a \ I t 1 ~~ I

L~~~~1 1~~ 1 __ L~~~~~ 1

[~~~~ ___ 
~~~: I r ~

1
~~~ 

-

~~

.

C.) 0.0
0

4.J
U
C

I~~
] Hi 1~1 zru~1

[ g ]  I~ 1 ~iHi ~Lo 1
_ _ _  I~ I I~ ~J I r ~Iw
_ _ _ _  ____ ____ _ _ _ _

-34—

- -— - - - - —_5- .. - * 4 - - a a * -L.. - & ~~* I 
--- -----• — — -----• -~------- - —~~~~~ •- -  —-—- --- 

~~~~~~~~~~~ 
______________



~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

St

I —

I I NTEL L I GEN CE:

I + ONRODA 
.5% 

CONFIDENT

DAC ITY i

4. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~.— / .5

: ~~~~~~~~ 

~~~~~~~ ## 

4, 
~~~~~

,
/ % 

+
1.

t ,
/ 

I I ’
‘ I  /
‘

‘

I /

‘S /
/

1~~~
’ 

~i~
M

/
I /

-.5 /V 4,,-‘ 
~ 4,

I

—~~

/
/
/5, 4,

.5%U ‘S —
‘-

a-— — —

MOVE CURSOR .2000E—Ol

Fi gure 13. Display at Start of Strike Path Specification Phase ,
System Concept A.

— 3 5—

Irs.IIIt - *-  ---.~~ - - -..~~~~.. — .. .. •. - - . - * - - . • - . . -. i-a,. - - 

- 



-
~~~~~~~~
----

~~
•

‘ ~~~-..
/ . . . . .\ . .5,

,. . INTELLI GEN CE:
I I CONFIDENT. . . . I 

• / , , i’: f0NR0DA . . I . . , .
‘ 

/ DAC I TY I
- /. . ‘ I •~~. . . . _.

_ 
— 

. . .
5, _ a- ~

/ ~_ / ‘SI. . . . / .\ . \. ,
~~ 

. ., . . . 5,. .
I ,4,

‘S. . . I L 
‘ 

S I

/ 1 +
. . . ~1. . ,. .J . . . . . . . .

t / I
. . . a 

~ 
• I . . . . . . . . I

/
• . . ‘f~ • / . • . • . . • ‘ f

• . . . . ~~~. . a

S€LECT SPEED ~~ 
.
~ 

. ‘

~~‘S.

__ . . . 
,

a-. . . . . . . _ _ _ _ _ _  . . . .
/~ . • •\ . • • 
/

5,
a-

a,

-4 - 4
. . . . • . .• • . . .

a

.2000E—Ol

Figure 14. DIsplay wi th Path Way Point GrId , System Concept A.

- -36- 

~~~~~i:~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 



r ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

_ _ _ _ _ _ _ _ _

~ —S.

/ ‘S
• . . . . .‘

~ 
. .“~~~. . INTELLIGENCE:

I CONFIDENT
I 

• / , • ~~ ON1WDA . . I . . 
-

. \ .

a- 
- 

~~~~ ~~~~ :~
I 

• • • . . .
,

,q_.
~~

_.._ _j ..... __ _. . . . • ~~. I
/

• , I , ( . ,. •J . . . . . . . .

t / I
. •. . . %~ ./ . / • . . . . • . . . /

‘I /
• . . . / . . . . . • . . /

5% I

\, /
‘

;/
5’. /

SELECT SPEED )(~ .~ • ‘.

__ 
. . . . . ., . .

—
a--

• . . I ‘ . , ••, — — — ~-r . . . •

• 
5%

• . • • • 4% 
I • • a .

5%
5.. -4

I ~ . . . . W_S •~p_ , I • — ~ .a-

— —— — •2000E-O1

Figure 15. DIsplay with One Path Leg Completed , System Concept A.

—37-

~~~~~~~~~~~~~~~~~~~~~~ ~~~~- - 
• .. •.4.~~~~ - .  ~ - - - . . .. - .~~~~~~.. - -5 -- - - - S . - - *~

1VL ~~~~~ - _ - -—-~~- ~~- --  ~~~~~~~~~~~~~~~~~~~~~~~~~ 
- - A



- -  —----—-—.----— - — - .5 - - — -- ----— - ---—----- .- --- - -—-- --5 - - 5-— —--- - -- -

screen wi th 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 “med i um” speed leg as
orange , and a h i gh—speed leg as red. Note, for Ins tance, 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— l eg In this manner

until the completion of the final leg (I.e., when the operator moves the cur-

sor to the path end point), Figur e 16 depIcts the display when a path has

been completed.

When the first path has been comp l eted the operator can signal his

completion of system operation by depressing the function button marked “Exit.”

I f , 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 opera tor depresses the
function button marked “Update Last Path ,” The grid reappears on the screen

and the operator can draw a second path, us i ng the same leg—by— l eg procedure

as for the firs t path. When the operator chooses to draw a second path , his
first path is also preserved and displayed on the screen , but slightly offset

‘S.
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 comp l eted path that is

recorded as his solution to the problem.

B. SYSTEM CONCEPT B

- 

System Concept B Incorporates the Sketch Model i nput feature and cer—

tam feedback features. Under this concept, the operator analyzes the prob-

1cm as It appears on the dIsplay and formulates a model of the composi te

detection rate field. He then makes his model explic it by entering It , via
the Sketch Model procedure, on the dIsplay. He next solves for an optima l

afr strike path with respect to his Inputted Sketch Model. Feedback Is pro-

vided in two forms. One, the operator Is shown the utili ty 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 prov i ded a set of feedback histograms

— 
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that show the effects of each path leg chosen on the utility va l ue components,

which are fuel consumption and p robability 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”
compos i te de tect ion ra te f i eld , w h i c h  he can compar e to h i s  Sketch Model of
that field.

In the course of system operation the operator uses the following

equ i pmen t:
1, Dis play screen

2. Dis play keyboard (alphanumeric)

3. Function button keyboard

4. Light pen

5. Trackball

As the result of a prior study (Reference 2) the trackball is used as the

primary input dev i ce; the display keyboard is used for numerical input; and

the funct i on 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 a l l  f unc t ion bu ttons a re “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 , sys tem opera t ion for
Concept B Is considered as consisting of four phases:

1. Si tuation Analysis

2. Sketch Model Input

3, Str ike  Pa th Opt im iza t ion
4. Performance Feedback

1. Si tuation Ana lysis 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.
I--
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a. D i s p lay Format. At the beginning of system operation the display

screen appears as in Figure 18. The area within the boundary l i nes  dep icts
the airstr lke geography , con s is t i ng of ONRODA I s l a nd , DA Ci ty on ONRODA , an

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 loca t ion is  ma rked by a cross and each cross i s l abel ed to show the

estimate of each sensor ’s type (in terms of detection range) reported by

in telligence . These types are coded by letters : S for “Small ,” M for “Med i um ,”

and L for “Large.” The operator does not associate numerica l va l ues 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 va l ue 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

l evels of confidence regarding intelligen ce information : perfect , very con-

fident , confident , and not confident (Section II .A.4) . Again , the operator

does no t assoc i a te these charac ter i za t ions with numerica l va l ues. He i s also
free to disregard the designated sensor ranges if he chooses. Sensor loca-

tions , on the othe r hand , are assumed to be known pe rfec t ly and are modeled
as static for the duration of system operation . Below the intelflgence

reliability estimate is a light pen menu used by the operator to select the

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

The bottom of the screen initiall y shows the si ngle  sensor detect ion
ra te va lu es for each of f ive  perce ntages of s in g le sensor peak de tecti on ra te
val ue (0.2 for all sensors ; see Section Ii .C .2). The percentage values are

90, 70, 50, 30, and 10. I n addition he l evels 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— 3

ica l va l ue representing his scalar subjective estimate of the peak compos i te

detection rate, The procedure used to estimate this va l ue Is described below.
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b. Procedure. During this f i r s t , s ituation analys is  phase , the
operator man i pulates the sensor templates for two purposes: (1) as an aid

to estimate the peak value of the compos i te detection rate function; and

(2) as an aid to vIsual Ize the configuration of the compos i te detection rate

surface to be drawn on the display in the Sketch Modeling phase. During

th is phase , the operator uses the Ilghtpen , two active (lit) function buttons

(marked “Single Sensor Off” and “Map On/Off”), and th e d i s p la y keyboard.

*

30%

Figure 19. Single Sensor Coverage Template , System Concept B.
(Circles show distance from sensor l ocation , center ,
at which  percen tage v a l u es of the peak de tecti on
rate occur.)

Fi gure 19 shows the appearance of a template selected by the operator.

A template consists of concentric circles , each represen t i ng a percentage
value of the single sensor peak detection rate value . Each circle is color-

coded accordi ng to the key for single sensor values displayed at the bottom

of the screen. As noted above, the colors (red , oran ge , y e l l ow, green , and
broken red) correspond to 90, 70, 50, 30, and 10 percent respectively of the

single sensor peak value of 0.2. The numerica l 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 s i n g le sensor detection rate function (Section I I .C. l) each

temp late has ten concen t r i c  c i rcles : the i nner f i v e  rep resent in creasi ng
percentages (the center is zero) and the outer five , decreasing percentages.

There wer e thre e sizes of temp la tes, s m a l l  ( s ) ,  mediu m (H), ar1d large (L),

representing different sensor types,

The operator uses the lig ht pen to call up a template. Selecting

any of the four sensor l ocations (coded as a cross), he points the light

pen a t the cross and depresses a button mounted on the l i ght 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 l ocation .

As noted above , each sensor location has associated with it an intelligence—

derived es t ima te of tha t sensor ’s coverage ; the opera tor is free , however ,

to disregard the intelligence information , For instance , if intelli gence

suggests that a sensor had “medium ” coverage (coded as “H” 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

m i gh t decide i nstead to over lay  a “Large” sensor coverage template on the

sensor l ocation. 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 righ t edge of the screen and presses the light pen

button. This sequence of first activating (causing to blink) a sensor pos i-

tion , then selecting a template size from the menu , causes the template to

appear on the screen centered about the sensor. Fi gure 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-

in g sensors. If he does proceed in this fashion , the d i s p la y wou ld appear
as in F igure  21, The operator has several options , however, to a l l o w  h i m
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

the screen , the operator activates a sensor cross with the light pen , caus ing

the cross to bli nk , then with the lig ht pen selects the “Off” option from

the men u at the ri ght of the screen, To change a temp la te s ize , he ac t iva tes
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

opera tor can elec t to remove ONRO DA I s l a nd f rom the screen by p ress ing the
li t function button marked “Map On/Off.” The operator might choose this

option to better study temp la te overlaps in the area of the island. If he

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

There was no t ime l i m i t p laced on ma n i p u l a t i ng the sensor coverage
templates , nor were there any rules for the operator to rely on to arrive at

a “correc t” combina tion of templates. At some point , however, he wou ld be

satisfied with his arrangement of templates. The display mi ght then appear

as in Figure 2l.* At this point the operator stud i es the patterns of tem-

pla te 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 numerica l value of the peak compos i te

detection rate. Knowing that the composite surface results from simp le

addition of single sensor models , the operator can use the nature of temp late

overlap in various regions to estimate the peak detection rate va l ue.

When the operator decides that he has visualized the compos i te detec-

tion rate function and arrived at a reasonable estimate of the peak va l ue of

the compos i te function , he depresses the lit function button marked “Si ng le

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 tern—

pla tes available to him as an aid; and (3) the word “Guess” in the box at the

- - top of the screen bl i nks , cu ing  the opera tor to en ter the sca l a r  va l ue of h i s

subjective estimate of the peak compos i te detection rate. At this point , the

operator has no options : he is unable to call up the templates again , and he

cannot continue with the tria l until he enters his estimate. To do so, he

uses the display keyboard to enter the decimal va l ue of his estimate. Figure

22 shows the display as it appears after the subject cancels the templates

and enters his peak va l ue estimate. To move into the next phase of the trial ,

the operator activates the “Carriage Return” on the display keyboard.

“We have reproduced this figure in color to more fully represent the
display format. Note that our color reproduction med ium was insensitive to
the color orange , so that blue was substituted .
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- 2. Sketch Mode l Input Phase

In this phase of system operation , the operator ’s task is to “draw ,”
on the scree n, a representation of his mode l of the compos i te multi—sensor

detection rate function. He does this by drawing five i so—detection rate

F 
“con tou rs ,” one for each “altitude ” or percentage leve l of the multi—sensor

compos i te function .* The detailed procedure follows .

a. Disp lay Format. When the operator enters his numerica l estimate

of the peak compos i te detection rate and activates the “Carriage Return” of
the display keyboard , the display screen format is i mmediatel y changed to

that shown in Figure 23. The situation geography displayed within the frame

rema i n s , showing ONRODA Island and the sensor locations. The operator ’s

estimate of the composite peak value remains visib le at the top of the screen.

The menu at the ri gh t no longer appears , but the intelligence reliability

assessment remains. At the bottom right of the screen , the numerica l va l ues

dis played now represent the percentages (90, 70, 50, 30, and 10%) of the peak

composi te va l ue estimated by the operator. There is now a cursor that appears
on the screen; during this phase, the operator manipulates the trackba ll to

move the cursor producing the lines on the screen that represent the iso—

“altitude ” 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% va l ue of the estimated peak composite detection rate

also bli nk. At th i s  poin t in  the t r i a l , the trackba ll is the only active

display input device. The active (lighted) function buttons at the start of

this phase of the tr ial are those marked “Map On/Off” and “Start/End Contour.”

b. Procedure. By examining the overlaps of the sensor coverage

templa tes i n  the precedin g phase , the operator develops his estimate of the

appearance of the compos i te detection rate function . His task during this

phase is to transfer his mental image of it onto the screen. He does this

by draw ing color—coded contours representing the location s and shapes of the

90, 70, 50, 30, and 10% val ues (“al t i tudes”) of his peak compos i te detection

rate va l ues.

*IIA ltl tude I I  will be used throughout to mean the magnitude of the
detection rate.
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There were a few rules established for this phase. Firs t, all con-

tours had to be drawn in the correct order. All contours for the 90% alti-

tude were to be d rawn f i r s t, followed by all contours for the 70% altitude ,

and so on through the 50, 30, and 10% altitudes , Second, at leas t one con-

tour had to be d rawn for each altitude. Th i rd , each con tour was required to
be closed. Contours were not to be drawn outside the frame around the air—

strike geography. I n those cases where the templates showed that part of the

composite function lay outside the frame boundary (as in Figure 21), only that

portion in side the frame was to be drawn by the operator. Closure in this

case was defined as both endpoints of the contour touching the frame, F i n a l l y ,  -

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
ru les were reinforced by havi ng only those function buttons active at a time

that led to allowable actions by the operator.

To perform th i s phase of the t r i a l , the operator—-cued by the blinking
legend “Move Cursor”——uses the trackball to move the cursor to the des i red

starting point for the firs t contour at the 90% altitude. When he is satis—

f i ed  w i t h  the cu rsor pos i t ion , the operator presses the active function button

marked “Start/End Contour.” This legend blinks , as do th e red l i n e  code and -

the 90% altitude value at the right . These cue the operator that he is now

able  to draw one con tour , and that that contour is to represent the 90% alti—

tude. St ill using the trackba ll , the opera tor draws a contour i n the sha pe
and size he has dec i ded represents a “peak” of the compos i te detection func-

t ion . F i gure 21ê shows the drawing of the first contour in progress. The

operator continues to close the contour. When the cursor is withi n a soft—

ware specified minimum distance of the contour starting point , the con tour is
automatically closed,

Figure 25 dep ic ts the display after the first contour has been drawn.

The legend (bottom left) has returned to blinking “Move Cursor,” and three

add i tional function buttons have been activated. These are the ones marked

“Erase Al titude ,” “Erase Last Contour,” and “End Alt itude.” The four active

func t ion but tons , i nc lud i ng “Start/End Contour ,” provide the opera tor w i t h

some options for his next action . If he thinks the compos i te surface is not

un moda l , he can move the cursor and draw another contour at the 90% altitude
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to represen t the s ize , shape, and location of a second peak by engaging the

“Start/End Contou r” function button.

I f , 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, if the operator

has completed and has displayed on the screen two contours at the current

altitude (90% in this case) and he dec i des that the second one he has drawn

is un s a t i s f a c tory , he can remove that one by using the “Erase Last Contour”

button , caus i ng the second-drawn contour to disappea r, 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 dec i ded 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 appea r 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 cance l 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

accu ra tely d i sp l ayed 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%, leve l blinking and the operator then repeats the drawing sequence

for tha t level , using the trackba ll and the same function buttons . Fi gure

26 shows the display with contours for the firs t two altitudes completed.

Note that in this case, the operator has dec i ded that the compos i te function

is best represented by one “peak” at 90% and anothe r at 70%. Fi gure 27

shows a l l  f i ve  al titu des of the opera tor ’s estimate of the compos i te 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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System Concept B.
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Once the operator is satisfied with his contours for the fifth (10%)

al t i tude , he aga i n uses the “End Al titude ” button. Activating this button

at the 10% altitude (and after at least one contour has been drawn at that

al titude) automatically sends the system into the next phase of operation .

3. Strike Path Optimizatio n 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 ut ility 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 eva l uates each leg of his path and dec i des whether to draw

another path in an attempt to improve utility. The operator can complete as

many paths as he wants until he dec i des that he cannot improve upon the util-

i ty of his best path.

a. Disp l ay 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 d i s p l a y  the calc u la ted va l ues of the opera tor ’s mos t
recently drawn path and of the operator ’s “best” (highest utility) path. The

in telligence reliability estima te rema ins  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 l oca t ions J
and their coverage estimates. In addition , the Sketch Model con tours drawn
in the previous phase are displayed . Finally, the specified start and end J
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 star ted and ended a t these
same po in ts d u r i n g 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 visua l cues to the operator regarding his allowable actions at

any point during this phase.

b. Procedure. When the display for th i s  phase appears , i mmedia tely
after the completion of the Sketch Model contours In Phase Two, the legend - 

-
~
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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 automaticafly superimposed on the situat lor 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 drawi r,g a path Is to connect a series of these

dots, one at a t ime , between the specified start and end points. The frame

boundary also contains eli gible path drawing points. To begin a path , the

operator moves the cursor to the start point , wh ich brings up the grid. This

action also causes the blinking legend “Select Speed” to appear  nex t to the

cursor , cuing the operator to use one of the active function buttons. These
are the ones marked “L,” “H,” and “H,” representing cho i ces the operator car,

make for aircraf t speed (slow, med i um, or high) for each leg (distance between

two connected dots) of his path. The operator is not provided with the numer-

ica l va l ues for these speeds, To draw the first leg of this path the operator

selec ts one of the thr ee speeds and act iva tes the corres pond i ng func t ion
but ton. This causes the blinking l egend “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 i mmediately

adjacent points . The operator can move the cursor in any d rection , bu t he
can not draw a line segment that bypasses a point. If he attempts this , the

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 med i um speed ;

and green stands for slow. When the cursor reaches a g r i d  poin t, the legend

“Select Speed” appears again , the operator dec i des 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 ,connectlng 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 Figu re 31.
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Completing the path automatically removes the dot matrix and calls up

a feedback routi ne on the display. Figure 32 shows the elements displayed to

the operator. The utility of the path he Jus t 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:

1. ONRODA Island /airstrip

2. Sensor locations

3. Operator ’s Sketch Model contou rs

- 4. Operator-drawn strike path

5. Three color-coded feedback his tograms

6. Dynamically pa i red path-follower cursor and vertica l cursor

Elements 1 — 4  remain unchanged from Figure 31. Elements 5 and 6 are, In

effec t, 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

cu rsor ,” and the set of three histog rams. 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 vertica l cursor is coded as a green vertica l

line extending from a tracking circle at the bottom of the frame to the top

of the frame. Finally, there are three color—coded histog rams. The red his—

togram rep-resents probability of be i ng detected ; the orange histogram repre-

sents fuel consumption; and the green histogram represents path utility . The
operator Is p rovided with this code at the l ower left of the screen, The

his tograms are partitioned equally, wi th each interval corresponding to one I’]

leg of the operator—drawn path , I.e., the firs t or leftmost interva l of each

histogram is associated with the first leg of the path , the second his togram
in terva l 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 nin th leg of the path. The vertica l

cursor has been automatically positioned at the corresponding histogram Inter-

val. The operator can then examine the level of each histog ram 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 bei ng detected, and thus the path utility to

that poin t.

Because the screen at this stage of the trial contains a great dea l

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

specif ic features . The active function buttons are :

I. Utility histogram on/off 
-

2. Fuel his togram on/off

3. Probabili ty histogram on/off

4. Curren t path on/off

5. Best path on/off

6. SubJect contours on/off

7. Pa th follower on/off
8. Update best path

9. Exi t

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 cal ls 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 ut i l i ty w i l l  be the greatest one to date.) The
dot grid reappears and the operator ’s bes t path is  pr ese rved so that he can

refer to it If necessary ; it Is displayed slightl y offset from the grid so
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Figure 34, DIsplay at Start of Second (optional) Path, 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 poin ts) according 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 ut i l i t y  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 wi th this phase until he deci des he can not

improve upon his best path utility. At that point he signals his completion

of this phase by us i ng the “EXIT” function button .

4. Compos I te Detection Rate Function Feedback Phase

The fina l phase of the trial was prov i ded to enable the operator to

compare his composite detection rate function (represented by the Sketch
Mode! 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-

t ion phase, the Sketch Model contours he has drawn start to blink and the

“true” contours are automat icall y drawn on the screen, one al titude at a
t ime, starting with the 90% l evel , and with each altitude l evel color coded.

The best (highest utility) path from the preceding phase is updated and

remains on the display ; I ts path utility is displayed at the top of the

screen. In addi t ion , the true peak compos i te detection rate for the trial

is automatically entered next to the operator ’s estimate at the top of the

screen. Figure 35 shows the disp l ay format for this phase, after all the

true contours have appeared.

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

for feedback 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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1 . Best path on/off

2. Subject contour blink on/off

3. Subject contour on/off

4. True contour on/off

5. Map on/off -

6. Exit

Selective use of these function buttons (except for the “Exi t” button) allows

the operator to see various combina t ions of the d i splay format elements. If

he wishes to see only the true contou rs, for instance , he can turn off h i s
path , h i s  con tours , and the map, ca usin g the display to appear as in F i gure
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 h i s contours wi th the true contours , he mi ght -turn his path off

again and turn on his contours (Figure 38). When the operator has examined

the combinations of display elements meaning fu l  to h i m , he presses the “Exit”

function button , ending system operation .

S
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Fig ure 35. Display with True Feedback Contours (shown here in ~‘- ack)
Superi mposed on Subject ’s Sketch Model Contours (cot ~r
coded), System Concept B.
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Figure 3~~~, Dis p lay wi th True Con tours Onl y, System Concept B.
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FIgure 37. Display with True Contours and Subject ’s Best Path,
System Concept B.
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IV. DESCRIPT I ON 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 , wi th one group experienced and the other I nexperienced in the

Sketch Model technique. Although the Sketch Mode! approach was not Imple-

mented under System Concept A , It was necessary to determ i ne whether the

performance of the group experienced in Sketch Modeling differed from that

of the naive group. Accordingl y, 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 , repIicatio~ts,
or their i nteractions .

Implicit In this hypothesis is the question of whether the group experienced

in Sketch Modelin g performed better than the na i ve group. In other words ,

I t was necessary to determine whether prior experience with Sketch Models

biased perfo rmance when the same task was done, but witho ut 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 us i ng

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

des i gned 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 i ndependent random variables . Therefore, two experimental null hypotheses

are needed:

1. Path utilities for Concepts A , B, and C are not s ’ 
- - ~, f  1—

cantly different as a function of concepts, operators ,
problem diffic ulties , replications , or their Interactions.

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

1. Is there a difference between performance unde r Concepts
A and B? That is , does the use of Ske tch Model contou rs
(Concept B) help the operator to dev i se paths with uti li-
t ies si gnificantly better than those generated without
the use of Sketch Model contours (Concept A)?

2. Is the re a difference between performance under Concepts
B and C? That is , does the use of the dynamic programming
opt imization method to select strike paths based on Sketch
Mode l contours help to achieve paths with significantly
bet ter uti li t ies than those genera ted by operato rs usin g
the same contours?

3. Is there a difference between Concepts A and C? Tha t is ,
does the use of the dynamic programm i ng optimization method
to select strike paths based on Sketch Mode l contours yield
paths with significant l y better utilities than those gener-
a ted by operators who do not use Ske tch Model contours?

1+. Is there a difference between Concepts C and 0? That i s ,
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 contou rs?

A third experi ment , i nvolving collection of Sketch Model accuracy

data , was performed. The experimental null hypothesis is:

Errors in Sketch Model accuracy are not significantly
d i ffere nt as a func t ion of opera tors , prob l em difficul-
ties , rep lications , or their i nteractions.

Acceptance or rejection of this hypothesis sheds ligh t on the source of

var iations in the errors. In order to evaluate the accuracy of the contours

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

i nferences could be made about the adequacy of Sketch Model contours for

applications other than deve l opment of strike paths as investigated in the

experiment.

2. I ndependent Variab l es

The independent variabl es fo r the experiments were :

a. Subjects/Subject Groups

b. Sys tem Concepts
C. Repiica t ions
d. Prob l em Diff iculty
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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

des i gns (Section IV.A.5, below), four Individuals were used In conjunction

wi th the experiment that compared System Concepts A, B, C, and D, and wi th
the experiment on Sketch Model accuracy . In the third experiment , subjec t

groups were the variables . There were two groups of four subjects each.

One group had recei ved 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 unde r System Concept A. Each of the eight subjects was a

U.C.L.A. undergraduate. Each had a technical major field (eng i neering, corn—

puter science, and psychology majors were used), and hence some analytical

background. None had mili tary experience.

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

Section II .B. was used in the experimental des i gn. To review , the system

concepts differed primarily in  the way the two major functions , modeling

and opt imiza t ion, were allocated . Concepts A and B both allocated the two

functions to the operator; under Concept A , the operator ’s mental model
remai ned im p licit , 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. ReplIca tions. I deally, the learning effect is tested by giving

each subject two or more identica l sets of problems and by giving each sub—

ject the identica l sets of problems . In the experiment reported here, each
subject solved the same set of 48 probl ems. However, there we re not ide nti cal
sets of problems within the 48 probl ems solved by a subject. The reason was

the concern that a subject’s response to the second occurrence of a problem

might be influenced by his memory of the solution chosen at the first occur-

rence.

The procedure adopted was to formulate 12 problems within each of the

four difficu l ty levels. Each of the 12 prob l ems withIn each of the difficulty

-81.
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levels that Included uncertainty of intel ligence info rmation was selected at

random. Each subject ’s trials were arranged so that he had six prob l ems

from each difficu l ty level in each half of the 48 trials. A rep l i c a t i o n ,

then, consisted of 24 problems with 6 in each di fficulty level. Since the

prob l ems in a difficulty leve l were not i dentica l for each replication , the

replications factor Is not the ideal measure of the learning effect. How—

ever, by selecting the prob lems within each difficulty leve l at random and

usin g equal numbers of problems within each difficulty leve l in each repli-

catIon , we have as good measure of the learning effec t as cou ld be obtai ned
wi thin the constraint of 48 trials per subject.

d. Prob l em Diffic ulty . As an experimental variable , problem diffi-

culty pertains only to the intelli gence reliability assessment. There were

four l evels of confidence i n the reliability of intel ligence information :

perfect, very con fident, confident, and not confident. The least difficult

prob lems with respect to this variable , therefore , we re those wi th perfec t

Intelligence information ; the most difficult were those for wh i ch inte lli-

gence was assessed as “not conf ident.”

Other factors were varied from problem to prob l em in an effort to

assure non—trivial problems , thus, in a sense contributing to prob lem dif—

ficu l ty. These factors, however , were not treated as variables in the

experimental des i gn. Rather , they were cons i dered “scenario variables ”
and are discussed as such in Sections IV.A.4 and VI.B.

3. Dependent Variables

a. Sketch Model Accuracy. This section describes an algorithm

that provides a quantitative measure of similarity between the detection

rate surfaces represented by Sketch Models under System Concept B and the

true surfaces generated by Concept 0. The procedure devised i nvolves j
sampling both surfaces and combining the measurements to form a single

measure of Sketch Mode l accuracy. The procedure below was carried out for

each operator ’s Sketch Model for each problem.

Both surfaces are three di mens i ona l , wi th the z—direction being the

detection rate and the x- and y-direct i ons specifying the geograph i ca l position.
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The true surface is continuous in the z-direction while the Sketch Model

surface is discrete. Figure 39 shows the true compos i te function superIm-

posed over a sampli ng grid; Figure 40 shows the Sketch Model , or discre te ,
detection surface over the same grid.

By sampling each surface at the grid points , the he i ght of each can
be determined . We can then determine the difference in the altitudes of the

two surfaces at each grid point. Figure 41 shows the result of taking one

cross-section through each of Figures 39 and 40 at the indicated x
~
. At

each yj (represented by tic marks) along this Ith slice we can determine the

difference in altitude between the two surfaces. Slices can be taken at

each XI, and treated as above to produce a complete sampling of both surfaces.

We thus obtain a set of data representing the error of the Sketch Model esti-

mate at each grid point. The error at a single point is given by:

Errori ,~ = F(x~, yj) — G(x1, Yj) (6)

where
I & j = parameters of the sampling grid (i ,j = 1,17)

F(xj- ,y~) = altit ude of the true compos i te function at the

~Jth grid point

G(x~ ,y~) = altitude of the Sketch Model estimate at the ij th
grid point

The accuracy measure is a comb i nation of the errors at the individual

grid points. It is formed by summing the squares of the error as defined by

Eq. (6) and normalizing by the true compos i te function. This is shown below

in Eq. (7).

1—1 j=l [F(x I, y)~~ - 
G(x,

~~ yj )]2
Accuracy Measu re — 17 17

~ F(xj, y.) 
2

1=1 j=l

This measure is similar to a relative mean square error. The measure is

insensitive to the sign of the error; It also emphasizes large errors , due

to the fact that they are squared.
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Figure 39. Three—Dimensional Representation of True Detection Surface.
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Figure 40. Three-Dimensional Representation of Sketch Model Surface.
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Figure 41 . Superimposed Cross Sections of True and
Sketch Mode l Detection Surfaces .

b. Path Utility . Recall that under the system concepts , an opt i ma l

strike path solution was generated for each problem either by each subject

operator or by the computer. Path utilit y was chosen as the quantitative

performance measure ; in order to arrive at va l ues of the solution path util-

ities usable in the ANOVA , data were col l ected and processed in the following

manner.

First , the strike path pa rameters for the optima l path for each prob—

Iem run under each system concept were recorded as raw data. The parameters ,

wh i ch full y specified each path solution , were

1. The x—y coord i nates of the strike path launch and target
po i nts ,

2. The x—y coord i nates of the strike path “way points ” (i.e.,
the grid points defining each path leg), and

3. TIle speed of each leg of the path .

For each prob l em run under System Concept A , the strike path solution was

taken to be the last path that the operator completed. Under System Concept

B, the da ta were collec ted for the ope ra tor ’s best path solution to a given

prob lem. System Concepts C and D each generated one path solution per sub-

ject per problem.

Second , these strike path parameter data were used as input for a

separa te data reduc t ion  rou ti ne. In this routine the utility for each path
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recorded was calcula ted , based on the path parameters and the “true” compos—

i te detection rate surface. The calculations were performed accord i ng to

the utility criterion function (Equation 5, p. 24).

The procedure to this point yielded a direct measure of each solu-

tion path’s utility. It rema i ned to trans form each path utility into a form

suitable for use In the ANOVA . This was accomplished by normalizing each

solution path utility to the utility of the “answer” path according to:

UN ijk 
= (lJ iJk x 100) (8)

where
= normalized path utility of the 1 th problem of the jth

~ subject of the kth system concept

0ijk = “direct” path utility

U0 = optima ! (or “answer”) path utility

4. Scenario Variables

The elements that defined a given problem within the experimental

set were the adaptation of the ONRODA airstrike scenario area map (Section

II .A) , the i ndependen t variable of problem difficulty (i.e., intelligence

reliability level), and three addi t ional variables , not experimentally con—

t rolled , which were: (1) sensor l ocations , (2) reported sensor size , and

(3) strike path start point.

a. Sensor Locations. Fou r sensor locations were defined for each

trial: one location was fixed on ONRODA Island and the remaining three

were loca ted in the ocean area wes t of ONRODA , be tween the i s l a nd and the

task force. Accord i ngly, a pseudo— randomization scheme was devised to

establish candidate configurations for the locations of each of the three

ocean—platform—mounted sensors. Firs t , each sensor was assi gned to a
speci f ic  regi on of the “ocean” area. Fi gure 42 depicts the size and loca-

tion of each region with respect to the boundaries of our scenario adapta-

tion . The fi gure s hows , for Instance , that one of the three ocean—located
sensors will always be located in the 200 x 200 n.m .2 reg io n wes t and nor th

of ONRODA Island. I t was assumed that the possible locations of a sensor
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Figure 42. Sensor Location Randomization Boundaries.

within its region belonged to a uniform distribution . Accordingly, a ra ndom

x—y pair was i ndependently generated for each region , then each pair was

normalized to the “window” of its reg ion to give the coord i nates of the sen-

sor ’s location in that region.

b. Reported Sensor Size. For each trial , a single intelli gence

r e l i a b i l i ty l eve l and the true size of each sensor were pseudo— randomly

selected. Determining what sensor sizes to report to the operator was done

by entering a conditional probability table (Tables 3-5) set up to corres-

pond to the chosen reliability level . Table 3 prov i des an example of how
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this worked. When the intelligence reliability level is reported as “Very

Confiden t ,” for i nstance , the table s hows tha t a “Small” sensor has an 80*
probability of being reported correctly as small , but that there is also a

15% chance that it is incorrectly reported as “Med i um.” Note that the sub-

jec t operators were not briefed on these condition al probabilities but had

to learn subjective estimations of them via the training and early experi-

mental trials.

Table 3. Intelligence Data Confusion Matrix
for “Very Confident ” Intelligence .

REPORTED SENSOR TYPE
SMALL MEDIUM LARGE

SMALL .8 .15 .05

— z>- MEDIUM .1 . .1
<U,

LARGE .05 .15 .8

Table 4. I ntelligence Data Confus i on Matrix
for “Confident ” Intelligence.

REPORTED SENSOR TYPE
SMALL MEDIUM LARGE

SMALL .6 .25 .15

<ow
~~~~ MEDIUM .2 .6 .2

LARGE .15 .25 .6
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Table 5. I ntelligence Data Confusion Matrix
for “Not Confident ” Intelligence .

REPORTED SENSOR TYPE
SMALL MEDIUM LARGE

SMALL • 14 .35 .25
_J ~~ _______  _______  _______  _______

<ow
— z>- MEDIUM .3 .11 .3(- ‘WI  

-

_ _ _ _ _ _  _ _ _ _ _ _  _ _ _ _ _ _  _ _ _ _ _ _

LARGE .25 .35 .~e

c. Strike Path Start Point. For each comb i nation of four sensor

locations (one sensor location from each of the three regions plus the

“fixed” location ) generated , the “true” compos i te detection rate contours

were ca l culated according to the model (Section II.C.2) and printed out.

The resulting set of detection rate contours was then examined to select

those for wh i ch an optimum strike path was not necessarily obvious. Forty-

eigh t combination s of sensor locations were chosen in this manner (repro-

duced in Appendix C). Finally a strike path start point was subjectively

se lec ted , specific to each set of contours . The ~i8 comb i nations of sensor

locations , resulting “true” detection rate contours, and the selected start

point were thus chosen in an attemp t to assure that the problems would be

non-trivial.

5. ANOVA Des igns

a. Comparison of Operator Groups Unde r System Concept A. The pur-

pose of this experiment was to dete rmine if prior experience at Sketch

Modeli ng biased operator performance on the same task done without Sketch

Models. The design was a th ree-factor , fully replicated , randomized block

factorial. The factors were:

1. Operator Groups—-Two levels
(Experienced and naive : four subjects each)

2. Prob l em Difficulty——Four levels
(Denoted by intelligence rel iabi 1 i ty)

3. Replicat Ions-—Two levels
(Fi rst half of trials versus second half)

-89-

‘S

~~~~~~~ 

S. ~~~~~~~~~~~~~~~~~~ .~_ . . ‘ ~~~ . .. .. ~ “V 4 ~~~~~~~~~ .~
.. .‘



- V ~~~~~~~~~~~~~~ ~~~~~~~~~~~~ .- ~~~~--~~~ 
.-.-

~~~
-

~~~~
-

The observed variable was strike path utility. Data were collected from 48

problems performed by each of eigh t subjects. There were six probl ems per

diff Icul ty leve l per replication .

b. Comparison of Path Utilities Generated Under System Concepts A,

B, and C. The purpose of this experIment was to I nvestigate the usefulness

of Sketch Models by comparing the effect of possible differences in system

concepts on path utiUtles . The desi gn was a four— factor, fully replicated ,

random i zed block factorial. The factors were:

1. Operators--Four l evels ~
(Four U.C.L.A. unde rgraduates , tra i ned in Sketch Modeling)

2. System Concepts—-Three levels
(System Concepts A , B, and C)

3. Problem Difficulty—-Four l evels

4. Replica tions——Two levels

The observed variable was path ut ility . Data were collected from 48 prob-

lems performed by each of the four subjects. There were six problems per

difficul ty level per replication.

c. Comparison of Variat ions in Errors Between Sketch Model Contours

and True Contours. The purpose of this experiment was to determine if dif-

ferences in the experimental factors were a significant source of Sketch

Model error. The des i gn was a three—factor , full y replicated , randomized

block factorial . The factors were:

1. Operators——Four l evels
(Four U.C.L.A. undergraduates , tra i ned in Sketch Modeling)

L 2. Prob l em Difficulty-—Fou r l evels

3. Replications--Two levels

The observed variable was the relative mean square error (Section IV.A .3.a)

between the Sketch Model and true contours. Data were collected from 48

prob lems performed by each of the four subjects. There were six sets of

Sketch Model contours drawn by each subject per difficulty leve l per repli-

cat ion.

11
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B. TRA INING OF SUBJECTS

I. System Concept A

Subject operator training for System Concept A was conducted in

three phases: orientation , introduction to the equipment , and training for

system operation. Orientation was conducted lecture—sty le to the full group

of subject operators. At this t ime they were introduced to the scenario

problem of optimizing an air strike path through a detection field , and they

were given expl anations , without reference to the underlying ana ytica l

models , of the following aspects of the problem:

1. Single sensor detection rate model

2. Addi tive effect of sensor detection rate overlaps

3. Intelligence reliability

4. Path utility score components

The subjects were then familiarized with the use of the equipment necessary

for system operation . Each recei ved individua l “hands—on” training until he

was comfortable with equipment use.

The system operation training entailed each operator completing a

set of training tr als , using the same equipment and following the same

experimental procedure as for the data—gathering sessions. System operation

during the training trials was the same as that described in Section II I.A ,

but with two important exceptions. One , of course, was that training prob-

lems were differen t from those to be run under test conditions . Secondly,

two forms of feedback, not implemented in the subsequent data gathering

trials , were supplied to each subject during each of his training trials.

Feedback was provided on (1) the operator ’s choice of the 10% detection

range for each sensor, and (2) the utility of each strike path he completed.

The firs t feedback feature was provided so that the operator could

develop a feel for the relationship between reported sensor types and the

specified reliability of intelli gence info rmation . When the operator fina l-
i zed his choi ce of sensor templates (as in Section III .A) , wh i ch were repre—

sented as broken red circles on the display , an additiona l set of sensor
• templates , coded in green , was automatically displayed. Each green template

represented the “true” 10% detection rate level of its associated sensor.
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Figure 43 depicts an example of the display format for this feature. The

figure is s i mp l i f i ed  in that it shows templates for only two of the sensors.

Subjects were instructed to draw their strike paths on the basis of

the true (green—coded) sensor templates . When each path was finished , its

utility was displayed to the subject. Each utility shown was based on the

true compos i te detection funct i on; subjects however were not told this , nor
• were they shown a complete set of the true detection rate contours.

The performance data collec ted from the trai ning t r ials was used to
determ i ne whether any subject required additional training before undertaking

• data trials. All subjects, however , performe d well on the t rai n ing tr i als ,
so that further training was riot conducted .

2. System Concept B

Tra ining for System Concept B operation differed from that for Con-
cept A in the fol lowing ways. First , subjec ts rece ived more thorough
instruction on the deta i ls of the single-sensor detection mode l, inc luding
the “volca no” effect and its i mpact on the configuration of a composi te

detect ion f ield. Second , they rece ived extens ive paper—and—pencil training
in Sketch Modeling. The task was ana logous to the Sketch Modeling they were

to do on the display screen. Each subjec) recei ved a set of problems , each
consisting of four “sensor” locations and types. Using transparent sensor

coverage templates , a subjec t inves t iga ted the areas of sensor coverage
overlap . Removing the transpa rencies , he ske tched contours rep rese nting

the 90 , 70, 50, 30, and 10% al t i tudes of the composi te detection function.

He was then given the “answer ” contours on transparenc ies to compa re wi th
his own. When the Ske tch Model training was comp lete, training trials were

begun on the display . At this point , system opera t ion was identica l to
that described in Section III .B , except that different prob l ems were run.

C. EXPERIMENTAL PROCEDURE

The experimental procedure described below pertains to those data—

gatherIng sessions that i nvo lved subject operators , i.e., those under Sys—

tem Concepts A and B.
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Figure 43. Display with Sensor Template Feedback ,
System Concept A (Train ing).
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Each data gathering session was scheduled for two hours. The experl-

- ‘  mental team for each session included the test director and two subject oper-

ators. At the beg i nning of each session , the test director assigned one

operator to the dis p lay and the other to a separate “ready” area, so that
when an operator was not performing trials he could not observe the prob lem(s)

be i ng worked by the active operator. Each operator was previously assigned

a uni que ident i f i cat ion code, and the problem set corresponding to each code

had been previo usly randomized and stored in the computer. The test direc—

tor scheduled the software and entered the act ive operator ’s code. That

procedure “brought up” the active operator ’s next (uncompleted) probl em on

the display . The operator proceeded with that prob lem. Prob l em completion

was determined by the operator; there were no time limits i mposed , but

trial duration averaged less than ten minutes. The test director remai ned

on hand to mon i tor the tri als , troubleshoot any equipment malfunctions that

migh t occur , and to bring up the next trial once the previous trial in the

session was completed.

The test director also alternated operators at the display , so that

each operator had roughly twenty minutes on and twenty minutes off. When

operators changed , the test director entered the now—active operator ’s code
to bring up that operator ’s next-to-be—completed problem , and the sessio n

proceeded as above.
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V. RESULTS

The analyses i nvestiga ting the usefulness of Sketch Models hinged on

firs t determining whether prior experience with Sketch Models biased sub-

sequent operator performance on the same task done without the Sketch Model

feature. The results (Section A , below) i ndicated that there was no such -
•

effect. This result meant that the usefulness of Sketch Models could be

i nvestiga ted by first comparing System Concepts A , B, and C and then compar-

ing these to Concept D (Section B). Two additional analyses were performed

(Section C) to i nvestigate Sketch Model accuracy : (1) analysis of variance

was used to iden tify sources of variation from among the experimenta l factors,

and (2) percent volume errors were analyzed to assess Sketch Model accuracy

and to i dentify sources of error i nherent in the method i tself.

A. ANALYSIS OF OPERATOR GROUPS UNDER SYSTEM CONCEPT A

A three-way analysis of variance was performed on the path utility

data generated by the two operator groups, one na i ve and the other experienced

wi th Sketch Models. After pooling procedures (Reference 6) were applied , the

ANOVA results were as shown in Table 6. The critica l result of this analysis

was that the na i ve group performed significantly better than the experienced

group. This result allowed data generated by the experienced subjects under

System Concept A to be included in the following analysis (Section B). This

was des i red since Concept A , by not i ncorporating the Sketch Model aid , was

in tended to represent current operationa l practices .

B. ANALYSIS OF VARIAT I ONS IN PATH UTILITIES ACROSS SYSTEM CONCEPTS

This analysis was in tended to i nvestigate the usefulness of Sketch

Models. Al though the numbe r of observations was large , the number of sub-

jects was small , so that the resul ts obtained were of l i mi ted use for th i s

aspect of the i nvestigation . The analysis began with a four—way anal ysis

of variance performed on the utility data generated by the experienced sub-

jects for each of System Concepts A , B, and C. The resul ts (after pool i ng)

are displayed in Table 7.
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Table 6 . Analysis of Variance for Comparing Groups Under
Concept A (After PoolIng).

Source of Degrees of Sum of Mean Fobs
Varia tion Freedom Squares Square

Groups 1 7,134 7,134 22.25*

Problem Difficul ties 3 1 ,949 649.7 2.03

Groups x Problems 3 1 ,190 396.7 1.24

Replica tions 1 10 10 0.03

Error 375 120,223 320.6

Totals 383 130 ,500

*a = 0.10

Table 7 . Analysis of Variance for Comparing
Concepts A , B , and C (After Pool i ng).

Source of Degrees of Sum of Mean F
Varia tion Freedom Squares Square obs

Concepts (C) 2 1 ,427 713.5 2.99*

Problem Difficulties (P) 3 1 ,659 553 2.31*

C x P 6 2 ,001 333.5 1.40

Operators (0) 3 28,220 9,406.7 39.4

C x 0 6 6,863 1 ,143.8 2.94”

P x 0 9 3,251 361.2 1.51

C x P x 0 18 3,553 197.4 0.51

Replications (R) 1 13 13 0.05

C x 0 x R 6 2 ,335 389. 2 1.63
P x 0 x R 9 3,060 340 1.42

C x P x 0 x R 18 6,935 385.3 1.61 *

Error 494 118 ,054 239

Totals 575 177,400

*a _ O l O
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Si nce the effect of the system concepts was significant , cont rasts

between pairs of system concepts were calculated and tested by Scheff~ ’s

method. Concepts A and C were found to be significantl y differen t , but the

other pa i rs (A and B, B and C) were not.

Data from Concept D were used as follows . Since , of the three con-

cepts (A, B , and C), Concept C yielded the h i ghest total uti l i ty , i t was

possible to compare D with the other concepts by simply comparing it with C.

This was done by applying the Kolmogorov-Smirnov test to cumulative frequency

dis tributions of utility va l ues from Concepts C and 0. This test showed tha t

Concept D was si gni f ica nt ly better. An additiona l comparison of the four

system concepts was made by dividing the tota l utilities ach i eved under Con-

cepts A , B, and C by the total utility under Concept D to arrive at a per-

centage of optimum score. The results were :

Concept Percent of D’s Ut i l i ty

A 89.3~
B 92.1%

C 92.9%

The overall resul ts of comparing the system concepts were that ,

numerically, Concept A < B < C < 0, with significant differences observed

only between A and C and between D and the other three. This , in effect ,

ind i cates that for our scenario it takes the combination of computer-optimized

path solutions and subjects ’ Sketch Models (Concept C) to achieve significantl y

better paths than were gotten without aids (Concept A); Sketch Models alone

produce no significant improvement in path utilities.

The lack of sig nificant difference between System Concepts A and B

was surprising , but an investigation of a higher-ordered effect provided a

clue to a probable underlying cause. Figure 44 shows the interaction between

operators and system concepts. Tests indicated that the performance differ-

ence withi n Concepts A and B was mainly due to Operator 1 and that Operator

1 was the only one whose performance was significantly improved by Concept

C (dynamic programming optimization). This , combi ned with the fact (see

Figure 1+4) that Operator 1 was the worst subject under all three concepts ,

leads to the suspicion that the experimental problems were not difficult

enough to prov i de a valid test of the usefulness of Sketch Models.
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Figure 44. Plot of the Interaction Between Operators and System Concepts.
• (The lines do not ind i cate that the data are samp led from a

continuum but are provided to aid the reader in perceiving the
statistica l interaction between the factors.)

C. ANALYSIS OF ACCURACY OF SKETCH MODEL CONTOURS

I. Ana l ysis of Variations in Accuracy

The operator-drawn contours from Concept B were compared with the 
I

:

true contours from Concept D by a three-way analysis of variance of the

relative mean square error. Table 8 shows that the significant sources of

variation in Sketch Model accuracy were the main effects of operators and

replications , and the i nteract ion of problem difficulties with replications.
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Table 8. Analysis of Variance for Contour Sketch i ng
Accuracy Data (After Pooling).

Source of Degrees of Sum of Mean Fobs
Variation Freedom Squares Square

Operators 3 .5210 .1737 16.62”

Problem Difficult ies 3 .1342 .0447 1.84

Operators x Problems 9 .1014 .01127 1.08

Replications 1 .03827 .03827 3.67

Probl ems x Replications 3 .07283 .021428 2.3”

Error 172 1.7980 .0l0~45

Tota ls 191

= 0.10

By applying Scheff~ ’s method it was found that the variation due to

operators was attributable to Operator I , who was previousl y found to be the

cause of the si gnificance of the operator effect on path utilities. Of

greater interest is the problem difficulties x rep Ucation interaction ,

p lotted in Figure 1+5. The figure clearly shows that the significance of this

interaction was due to the subjects getting substantiall y better at producing

Sketch Models for the more difficult problems (Problems 1 , 2, and 3 in the

fi gure) in the second replication. Furthermore , the figure illustrates (and

Scheff~ ’s method confirms) tha t for the second rep lication there was no si g-

nificant difference across problem difficulty levels. In other words , the

subjects not only improved on the harder problems (i.e. , those with greater

uncertainty) , but also did about as well with those as with the easiest

problems , where there was no uncertainty.

2. Analysis of the Percent Vo l ume Error of Sketch Models

One measure of the similarity between a true detection rate function

and its corresponding Sketch Model is the volume of the difference between

the r two surfaces. If this absolute error is normalized by dividing by the

vo l ume under the true detection rate function , the resulting measure can be

called “percent vo l ume error.”

VI
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F igure 45. Plot of the Problem Difficulty x Replication
Interaction for the Contour Sketching Accuracy Data.

The percent volume error was calculated for each of the 192 Sketch

Models developed by the subjects. Figure 46 shows the frequency-of-occurrence

his togram of the percent volume error measures for all of the trials. It

is unimoda l but skewed to the low error side and therefore not Gaussian.

The bulk of percen t volume error values fall between 20 and 50 percent. A

median value of the histograms would fall around 36 percent volume error.

These percen t vol ume error val ues are difficul t to vie w from a pragmati c

perspective without a meaningful frame of reference. Are they good? Did

the subjects do well? Before these questions can be answered others must

be answered . How good is good? What percent vo l ume errors would have
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resu lted if the subjects had been comple tel y Inept , i.e. , tota l l y  ignored

the intent of the task?

50

1: 
_ _

10. ______
I I I I I 1 i I I I
10 20 30 40 50 60 70 80 90 100 110 120

Percent Volume Error

Figure 146. Frequency of Percent Volume Erro r for All
Prob lem D i f f i cu l t y  Levels.

A good handle can be gotten on the answers to these questions by

identify i ng and isolating the various sources of the percent vo l ume error.

The three primary sources of error are :

1. Detection Rate Peak Va l ue Estimate. As described in Section

III .B , one s tep i n fully specifying a Sketch Model was to use scalar subjec-

tive judgmen t to estimate the det~~ tion rate va l ue of the maximum point

(peak) of the true detection rate surface. Since the subjects were not per-

fect in this task , this was the first source of percent volume error.

2. Contour Drawing . Even If the subjects had been perfect in

their estimation of the peak detect ion rate val ue, there still would have

been percent volume error due to their not drawing the contours perfectly.

3. Discrete versus Continuous. The fact that the Sketch Model

is discrete in the detection rate (z) dimension and is be i ng compared to a

continuous detection rate function is a source of error. Therefore , even
If the subjects had been perfect in both their estimate of the peak detection

rate va lue and their contour drawing , there st ill would have been some fi n i te

percent vol ume error.
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• The percent vol ume error values measured from the Sketch Models thus

• fall on a metric with the best (highest) and worst (lowest) possible va l ues

defIning the scale. These values must be determined before the Sketch Model

accuracy performance (as measured by percent volume error) can be put into

perspect ive. The best possible percent volume error would have resulted if

the subjects had been perfect on their estimate of the peak detection rate

va l ue and had drawn perfect contours. The percent volume error va l ues were

cal cula ted under these assumptions for all trials. The resulting median

error value falls at 14 percen t volume error. Thus , half of the time the sub-

Jects have at least 14 percent vo l ume error before they start.

The worst reasonable (i.e., larges t, non-capricious) percent volume

error would resul t If the detection rate va l ues of the Sketch Model were to-

tall y random from cel l to cell. The highest possible peak detection rate

va l ue was 0.8 under the assumption used in the experiment. The percent vol-

ume error was calcula ted for each trial with the detection rate va l ue from

the Sketch Model be ng substituted by a random number drawn from a uniform

densi ty function between 0 and 0.8. The median percent volume error under

these conditions is 11+2 percent.

Figure 47 gives a thermometer scale (on the left) showing the best

and the worst possible percent volume errors (median va l ues). Between them

Is the median val ue of the percent volume error for the Sketch Models aver-

aged over all problem difficu l ty levels. Also shown is the median va l ue of

the percent volume error for the “perfect information ” problem difficulty

level. I t is obvious from Figure 147 that the subjects performed quite well

on the Sketch Modeling task. Note that on the accuracy scale (on the right),

the subjec ts ’ Sketch Models scored 81+ over all problem d i f f i cu l t y  levels.

Also of interes t were any systematic biases operating in the Sketch

Model behavior . Were certain detection rate values systematically estimated

low or high? The poin ts from each contour of each trial were aggregated by

true detection rate interval. The mean and standard deviation were deter-

mined for all the Sketch Mode l detection rate estimate points falling in

each in terval. The results are plotted in Figure 48. The mean values of

Sketch Model estima tes are shown as dots while the dispersion (±1~ ) of each
• estimate is shown as a vertica l line extending from the dot.
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Fi gure 47. Scales for Percent Volume Error (5O thl Percentile) .

• A number of features are immediately obvious. First , the mean va l ue

dots fall almost perfectly on a straight line (correlation coefficient of

.993) indica tIng that the contours were d rawn in a very consistent manner.

Secondly, the line of mean va l ue dots shows the classica l central tendency

effects of scalar subjective judgment. The central tendency effect results

from high true detectIon rate va l ues being consistently underestimated while

low values are overestimated . FInally, the small dispersion (±l y) range ,

relative to the total allowable scale, is another indication of the good

~ 

.~~. estimation performance achieved by the subjects using the Sketch Model technique.
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Figure 1+8. DIspers i on of Sketch Mode l Estimates with Respect
to True Detection Rate Va l ues.

r The central tendency effect could have resulted from either a central

tendency effect on the scalar subjective judgment estimation of the peak

detection rate va l ue or by how the contours were drawn or both. A p lo t of

t he mean sca lar subjective judgment values for each true peak detection rate

interva l Is shown in Figure 49. Once again the mean value dots fall almos t

on a stra~ght line (correlation coefficient of ,972) and there is a general

central tendency effect. The central tendency effect is as expected since

these are resul ts from a scalar subjective judgment procedure.
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Figure 49. Mean and Dispersion of Scalar Subjective Jud gment
Estimates of Peak Detection Rates.

The crucial fact concerning Figure 1+9 is tha t the result of a linea r

regression fit is very close to the linear regression fit to the data in

Figure 48. In other words , the central tendency effect seen in the Sketch

Là 
‘ Models ’ detection rate estimates is due almost completely to a central ten-

dency bias originating in the scalar subjective judgment process used to

estimate the peak va l ue of the composite detection rate function . It is

also clear from examining Figures 1+8 and 1+9 that most of the errors result
from the scalar subjective judgment process. This means that a very small

amount of additional error was introduced by the contour drawing portion of

the Sketch Mode l development. Thus , the subjects did an excellent job of

draw ing the Sketch Model contours accurately.
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F ina l ly ,  the three sourc es of error can be eva l uated wi th respect to

their contribution to the experimental median percent volume error (36%). We

know that 14% of the 36% median percent volume error is due to the fact tha~
the present Sketch Model method is completely discrete in the vertica l dimen-

sion (no interpolation used). The remaining 22% must be due to errors in

scalar subjective judgment of the peak detection rate value and drawing of the

con tours. The two previously discussed regression curves have established

that there is no substantial difference between mean estimation accuracy of

the peak estimation task and the contour-drawing task.

Thus , any d i f ferent ia l  source of error must be due to consistency
effects wh i ch would be reflected in the standard deviation va l ues depicted in

Fi gures 1+8 and 49. Thus , the rat io of average standard deviations can be used

as a crude but effective indicator of relative contribution to the remaining

median percent vo l ume error. The average standard deviation for the peak

est imat ion  task was .0591+ whi le that of the contour sketching was .0936.
Their rat io (.0594/ .0936 = .631+3) indicates that roughly 11+ of the remaining

22 percent vo lume error was due to peak estimation error. Thus , the percent

vo l ume error due to contour-drawing was roughl y ~~

In conclusion, the two major sources of error are the discreteness of

Sketch Models in the vertica l dimens i on and the peak estimation task , and

they are roughly equa l (14%). The third identifiable source , the contour-

drawing task , is substantiall y smaller than the other two (8%). This is

important since the other two sources of error are much more amenable to

improvement by transformation and interpolation procedures.
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V I. CONCLUS I ONS AND RECOMMENDAT I ONS

A. UNDERLYING CAUSES

The results of Section V and any interpretations thereof painfully

point out the comp l exities and paradoxes of aided decision mak i ng research.

If the purpose of aided decision making research is to develop techniques

to hel p make better decisio ns, the research effort is only meaningfu l when

applied towards problems wh i ch presently defy solution or at least p revent

acceptable good decisions . On the other hand , if one is to do val i d

research, one should test operator performance on problems to wh i ch a true

answer can be found. Otherwise the researcher is hard pressed to measure

decision performance and thus is in a weak position to determ i ne whether the

decision aid he eva l uated significantly imp roved decision performance or not.

Therei n lies the key paradox: If the researcher evaluates a proposed deci-

sion aid on a real prob l em he can ’t validate performance imp rovement , and

If he eval uates the aid on a l aboratory prob l em with a known true answer he

can ’t completely know how the results would extrapolate to the rea l world.

As in the case with other paradoxes, the researcher forges ahead ,

seekin g to make do with compromises . In this case the researcher mus t

select a prob l em of sufficient comp l exity to be representative of reality

whi le  not consuming all his resources In an effort to solve for the true

answer. A substantial attempt was made in this study to deve l op problems

which would be complex enough to truly challenge the subjects while not

requ iring an inord inate amount of effort on the part of the researche r to
solve for the correct answer.

It was or iginal ly des ired , for instance , to include aircraft alti-

tude in the air strike path solution vector. When it was determined that

this would increase the dimensional ity of the problem such that the t ime

required for the dynamic programming algorithm to solve for the “best” air

str ike path (“true” answer) was unacceptable , the aircraft altitude dimen-

s ion was sacr i f iced.
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One of the original purposes in selecting the vol cano model for the

sing le sensor detection rate function was that high detection rate deriva-
tives occurring between the rim and hole of the volcano would produce com-

plex interactions when combi ned wi th other sensors , resulting in irregu lar

compos i te surfaces on which to test the Sketch Mode l techni que. While p ro-

duci ng a detect ion ra te surface of suf f ic ient comp lex it y, the volca no model

also leads to the dIsconcerting feature that many of the “true” path solu-
tions p roduced by the dynamic p rogramn~in g al gorithm fly directly over at

l east one sensor, thus calling the realism Into qu~~tion. This prob l em could

have been solved by using simple cone-shaped models of single sensor detec-

ti on rate functi ons, but then the resulting compos i te multi—sensor surfaces

would have been too easy to warrant the use of Sketch Models.

The ori gina l sensor random placement algorithm led to the sensors

bei ng bunched i n the middle of the CRT screen. This encouraged the trivial

sol ut ion of always goin g around the sensors, circumventing the probability

of detection problem. Consequently the problems were redefined by spreading

the sensor placements so as to prevent a circumventing path from be i ng the

trivial solution . This forced portions of the composite detection rate sur-

face contours off the rectangular screen coord i nates. Thus , an additional

software effort was requ i red i n order for the subjects to be able to ~‘sketch”

a contour righ t up to and along the edge of the addressable screen coordi nate

frame.

The air strike path utility funct ion was specif i call y designed with

hi gh derivatives (sharp “elbows”) in order to increase sensitivity to small

changes in an air strike path. As a result of the interaction between the

compos ite detec t ion rate sur faces , the fuel consumpti on mode l , and the shape

of the utility funct ion , most of the prob l ems could be solved with very high

(>85) utility . Basically all the answers were so high that the subjects

spent all their time refining their answers in a utility function region to

one side of the elbows , a reg i on wh i ch was essentially linear. This meant

that all of the effort expended to deve l op a meani ngful yet highly nonlinea r

utility function was wasted .

* 
Further time was spent to i nvestigate the sensitivity of the dynamic

prog raming solution to the location of the air strike path launch point.
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Part icular attent ion was paid to si tuat ions in which a smal l  change in the
launch point resulted in a substantial change in the solution (e.g., from a

slow , circ umventing path to a fast , “up the middle ” and strai ght—in path).

With a feel for where the ambiguity regions of starting points lay, each

starting point of each experimental prob l em was specificall y selected to

maximize amb i gu i ty and thus p rob l em difficulty. The result , however , appears

to have been that too many of the solut ion pa ths were s t rai ght-in and tha t

this became the trivially obvious solution .

The fue l consumption rates were selected to be nonlinearly related

with aircraft velocity in order to be realistic. This resulted in so high

a fue l utility price being paid for the hi ghest speed that it was never used

once in any of the dynamic p rogramming solutions. The subjects quickl y

caught on and never used it either. This had the effect of sinip lif y ing all

the prob lems, once again defeating the goa l of problem complexity .

All of these prob l ems were potentially avo i dable had there been time

to explore the consequences of each decision. Designin o the trial p roblems

was a much more complex and highly dimensioned task than was solving those

p rob l ems. This is always the case; the experimenter by definition , in t ry-

ing to define appropriate problems, is struggling wi th a greater problem of

higher ordered complexity than the ones on wh i ch he purports to i nvestigate

decision aids. Since schedule realities i nvariabl y demand that such prob-

l em design decisions be made in parallel , the risk of p roducing a set of

prob l ems either all—too—easy or all—too-difficult is ever present. Such was

the case in this experiment with the result be i ng that the prob l ems were too

easy. This i5 apparently the case in spite of all the concern for , and

effort direc ted at , produc i ng sufficient p rob l em difficulty .

B. CONCLUS I ONS

The statistica l analysis alone is not sufficient for draw i ng conclu-

sions , interpreting results , and identify i ng poss ible causal phenomena that

explain the patterns of statistica l results. A thorough understand i ng of

the assumptions i nherent in the operating characteristics of the models used

in the scenario (e.g., detec t ion ra te model , utility funct ion , fuel ra te

data , in telli gence reliabili ty model , etc.) is required . Many of these
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features have been discussed in Section VI.A. Also required is a thorough

familiari ty with the subjects ’ training , their operat ional rules of thumb ,
and their leve l of unders tand i ng of the prob l em. The follow ing conclusions

and supportive interpretations have been made from such a background .

Conc lusion 1: Only partial evidence is available to support the

hypothesis that the Sketch Model technique aided path selection decision

maki ng as measured by ai r strike path ut ili ty, and this is likely due pri-

marily to the fact that the air strike path selection prob l ems were too easy.

Interpretation: In comparing path utili ty performance for System

Concepts A , B, and C, the only significan t differe nce was that C was better

than A. Thus it was only when the Sketch Model was combined with the dynamic
programming algorithm that it contributed to a performance imp rovement over

System Concept A , the experimentai representative for present methods.

The expected performance superiority of System Concept B over System

Concept A failed to materialize. This may be the case either because Sketch

Models do not (in the air strike scenario) help that much by themselves or

because the air strike path selection prob l ems were so easy that the solutions

were even obvious without Sketch Models as a guide . Appendix C illustrates

the true multi—sensor compos i te detection rate contours with the optima l air

strike path as selected by the dynamic programming algorithm . It is ev i dent

that a considerable portion of the optima l paths consist of relatively

strai ght lines between the starti ng and endin g poin ts wit h much of the path

transited at medium aircraft speed. This solution archetype is something a

subject could pick up on very quickly. Also , such a sol uti on i s rela ti vely

insensitive to Sketch Model accuracy since the use of the medium ve l oc i ty

overcomes most p robability of detection penalties regardless of what detec-

tio n rate regions the path passes through.

Consequently, i t is highly likely that the ease with wh i ch the opti—

mal path solutions were identified by the subjects Is an appropriate explana-

tion for two unexpected results. First , the lack of si gnificant difference

between System Concepts A and B suffers a loss of credibility because of path

problem si mpl icity. It should not be interp reted as a strong indication that
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the Sketch Model doesn ’ t rea lly hel p in an air s t r ike path application.

Second ly, the lack of si gni fican t difference between System Concepts B and

C should not be Interpreted as supporting the conclusion that subjects can

do as well as dynamic programing at air strike path selection. The rela-

tively easy prob l ems used in the experiment were not a true test.

Actually, simplicity of a problem is a relative matter. It is a

combination of p rob l em difficulty and the decision power of the person tack—

ling the prob l em. This match—up resulted in easy problems for three subjects.

However , these three subjects (2, 3, 4) were significantly superior to all

performances measured from Subject I. Thus , the problems were difficult for

Subject 1 , and those results provide a truer test of performance improvement

attributable to the Sketch Model. In Subject l’ s data alon e, System Concept

C is si gnifica nt ly superior to System Concept B , which is significantly

super i or to System Concept A.

The interp retation is that for persons of lesser decision making

capability , the Sketch Model sign ifica nt ly aids performance as does the

dynamic programm i ng algorithm. This in conjunction with the superiority of

System Concept C over System Concept A for all subjects can be interpreted

as a partial ind i cation that Sketch Models do aid air strike path selection

decision performance. This in turn is a partial ind i cation that humans can

use the Sketch Model technique well enough on irregular functions (multi-

moda l , unsymmetric , etc.) that it s useful as a decision aid.

Conclusion 2: There is very strong ind i cation that the subjects

were abl e to p roduce accurate (as measured by percent volume error) Sketch

Models for the highly irregular (multi—moda l and unsymmetric) multi-sensor

detection rate surface.

Interpretat ion: On a percent volume error scale normalized by the

best and wors t possib le va l ues to 100 points , the median value of the sub—

jec ts ’ Sketch Mode l percent volume error scored 84 points. A p lot of the

mean and standard deviations of the Sketch Models ’ detection rate estimates

versus intervals of the true detect i on rate va l ues (Figure 48) provides

add i tiona l support to Conclus i on 2. The mean points fell almost exactly on
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a stra i ght line (correlation coefficient of .993) indicating a very system-

atic process. The stra i ght li ne was onl y slightly tilted (0=36°) from the

perfect estimate (450) line ind i cating high accuracy with a slight central

tendency bias. The standa rd deviations were all roughly equa l regardless of

the mean estima te value , Ind i cati ng a consistent process.

Conclusion 3: The present Sketch Model procedure (described in Sec-

tion III .B) can be si gnificantly improved upon (with respect to percen t vol-

ume erro r performance) by transformation and interpolation functions.

Interpretation: Of the three sources of percent volume error the

larges t two were discrete-versus-continuous mismatch and peak detection rate

val ue estimate by scalar subjective judgment. Errors from these sources

were much larger than errors resulting from the subjec ts drawin g imperfec t

contours for their Sketch Models. Much can be done on the basic contour data

by way of in terpolation to create a smoother Sketch Model , less discrete in

the vertica l dimension . This would serve to greatly reduce the percent vol-

ume error resulting from comparing the discrete Sketch Model with the contin-

uous tr ue surface .

The cen t ra l tendency bias on the scalar subjective judgment estimate

of the detection rate peak va l ue is a classica l and very predictable one.

Th is allows it to be corrected for with in the Sketch Mode l procedure by a

simple transformation that compensates for underestimation of large va l ues

and overestimation of small detection rate peak va l ues.

Concl usion 1+: There is evidence of Bayesian behavior taking place

in the multi—sensor detection rate surface Sketch Model task.

Interpretation: There was a si gnificant interaction between prob l em

diff icu l ty and replicat i ons with respect to the Sketch Model accuracy measure.

This was shown to result from significant improvement in Sketch Model accur—

acy on the more difficult problems (intelligence reliab ility—-not confident)

between replicat ion I and replication 2. Th is suggests a learning effect

whereby the subjects learned how to adjust their Sketch Models to account

for likely intelligence errors. In order to do this with any effectiveness
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they must have had some appreciation of the a priori probabilities of Intel-

l i gence error. In considering these a pr iori probabilities the subjects

inserted some Bayesian aspect into their Sketch Model development decisio n

rnak i ng.

For the second replication , there was no significant difference in

the accuracy measure between levels of problem di fficulty. Thus , the sub-

jects learn to comp l etely neutralize any impact of intelli gence reliability

on Sketch Model accuracy . This was not the result of a centra l tendency

effect where the subjects learn to produce some “average” Sketch Model each

t ime . This would have been the case had the measure put into the ANOVA

resulted from comparing the Sketch Models from different problem difficulty

levels against each other. However, since the ANOVA operated on accuracy

measures comparing each Sketch Model versus the true detection rate surface ,

the statistica l results are strongly indicative of Bayesian behavior and are

not indicative of a centra l tendency effect.

C. RECOMMENDATIONS

The following recomendations are made with respect to Sketch Mode l

research in general and with respect to the Operationa l Decision Aids pro-

gram specifically:

1. Repeat the air strike path experiment reported herein and

correc t f o r  the two major weak po i nts :  s ubj ec ts a nd tr i a l problems . Train

and test at least 20 subjects of appropriate rank and experience in the U.S.

Navy. Redefine the prob l em set to ensure adequate difficulty for testing

the impact of the Sketch Mode l on air strike utility performance.

2. Develop and imp l ement Sketch Model smoothing by interpola-

tion algorithms and measure the reduction in percent vo l ume error.

3. Develop and imp l ement the scalar subjective judgment anti—

centra l tendency transformation and measure the reduction in percent vo l ume

error. Recommendations 2 and 3 can be carried out on the present data base

without requiring another experiment.
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4. Carry out a dedicated search for meaningfu l applications

of the Sketch Model technique to naval task force commander decision prob l ems.

Iden t ify the most promis ing of these and attempt to use the present data on
percent volume error to predict decision performance in the candidat ’ appii-

cat i ons.

5. Develop the theory required to integrate the Sketch Model

technique with the classica l decision theoretic techniques which assume dis-

crete states and discrete action/decision alternatives .

6. Inv estigate the use of three dimensiona l perspective (with

and without h idden line capability) feedback in the development and use of

Sketch Piocels. This may serve to reduce the centra l tendency error in the

vertica l dimension in the Sketch Model specification phase and encourage more

intelligent use in the decision phase.

7. Deve l op and investigate methods that would allow the defi-

• n ition of time-vary i ng Sketch Models (e.g., reflec t impact of patro ling sen-

sors on time-va ry i ng detection rate contours).

8. The research reported he re foc used on only one of at leas t

two ways to deve l op continuous subjective functions . An alternative to the

Sketch Model approach is to prov i de the human with a limited set of functional

forms and allow him to vary parameter va lues and comb in e di f f erent f unct iona l ‘

forms to define a continuous subjective function (CSF). Conduct a study to

compare the Sketch Model technique to the parametric variation of a functiona l

fo rm.

9. Conduct a study to investigate the validity of the hypothe-

sized advantages (Table 1) of the Sketch Model approach wh i ch were not

addressed in the experiments reported in this document.
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APPENDIX A : THE “WHERE AM I” ALGORITHM

The “Where Am I” algori thm was developed to determi ne the detec t ion

rate at the end points of a strike path leg with respect to Sketch-Modeled

contours. Given that we have a set of closed contour curves , each repre-

senting points at a certain altitude leve l , and an arbitrary point in the

2—D p lane, we are to determine what altitude level the point is in .

The method used is to shoot out a ray in one direction from the

poin t of interest and record the contour cross i ngs encountered by the ray.

The contour crossings are arranged in ascending order according to their

dis tances from the point of interest. This list is to be checked for double

crossings for each al titude from the closest crossing to the furthest cross—

in g, and all doub l e crossings are deleted from the list , Upon completion ,

the altitude at the closest single crossing is the alt itude l evel the point

Is on. The rationale is that an odd number of crossings on a closed curve

will occur if any only if the point is enclosed by this curve.

Two examples are illustrated in Fi gure 50. From point A we shoot

Out a ray in the Y direction , and the contour cross ing s , in ascendin g order
according to their distances from A , are 4, 5, 5, 4, 3, 2, 1.

Deleting double crossings from the previous list , we have 3, 2, 1.

The closes t crossing in the rev i sed list tells us that point A is at

al t itude leve l 3.

As a second example , cons ider point B, Shooting out a ray from B in

the +Y direction yields the following list of contour crossings : 3, 3, 2, 1.

After deleting the double crossing from our list , we have 2 , 1.

-, Hence , we know poin t B is an altitude l evel 2.

~



I I

I I

FIgure 50. BoundarY Crossing Examp les.
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Not ice that the rays can be in any direction . The +Y direction is

chosen in our examples , but we could Jus t as wel l have chosen the -Y direc-

tion , or any othe r direction .

To extend the contour crossing method to situat ions where the con-

tour curves are not closed , we note that the on ly res tric t ion we have to
impose is that the domain bounda ry line in the path of the ray we shoot out

does not intersect any contour. Hence the situation depicted in Figu re 51

can be handled by our “Where Am I” contour crossing algorithm. As long as

the rays are in the +Y direc ti on, the algorithm gives correct results for

the example in Figure 51 .

Figure ~l. An Example of a Domain Boundary Line Clear of In te rsec t ions
w i t h  Contours.

I nheren t in our algorithm is the requirement to detect contour cross-

ings for the ray we shoot out from the point of interest. Since each contou r

is defined by a string of adjacent points on the curve , we can examine two

adjacent points on the contour at a time . If there is a crossing, it mus t 
—

occur between one of these pa i rs of points. By successively checking each
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pair of adjacent points on a contour,
’ 
we can thus detect all crossings. In

actua li ty it is not always possible to determine a crossing from a pair of

adjacent poin ts alone. Information about preceding or succeeding pa i rs of

poin ts on the contour may be needed. A detailed flowchart for the algorithm

Is given in Fi gure 52. There we have arbitrarily chosen the +Y direction for

shooting a ray out from the point of interest.

In the flowchart all the possible orientations (shown in Fi gure 53)

for a pair of adjacent contour points and the point of interes t are accounted

for.

S

I’

•4~
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4.
GET COORDINATE FOR

FIRST POINT ON

Q~~~~~~~~~~~~~ R~~T c0NT0UR~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

IFST = I
(FLAG STARTING POINT

OF CONTOUR)

Figure 52. Flowchart for Contour Crossing Algorithm . Case Numbers
-‘ Correspond to those in Figure 53.
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Figure 52. (Continued).

-124-

______ a a ’1W a - j  - ,. ~~~~~~~~~~~~ 
,.,..• ~ 

.. , -- 
‘ - -



3 
1~

IXC - IXII
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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*ISGN2 

N

CASE 8 
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IDX 0 Di = IX - IXL

CAS~ CASES 5,6,7 D2 = IXC - IXL
D3 = IYC - IYL

DA — IYC - IV VI = IYL

8 DB — IY - IYL

TEMP — Dl * D3

N DA * DB ~ 
/D2 +YL

CASES <0 CASE 5
6,7 -

9 Dl = TEMP - D2

<~~~ Dl 
>0

= 0
7 6

(lx , lv)
IS ON

ALT ITUDE
LEVEL I ALT

-
~~~~ STOP

Figure 52. (Continued).
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ICTR = I CTR + I
VD(ICTR) = TEMP

JALT( ICTR ) = IALT
(YD ARE DISTANCES FROM
(Ix , iv) TO CROSSING
POINTS , JALT ARE

ALTITUDES AT CROSS I NGS)

v I CTR

SORT ARRAYS YD

ASCENDING ORDER
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DISTANCE S IN YD

-Ii

_

N

~~~~~~~~~~~~~~~~~

[ I FST O III1

Fig ure 52. (Continued).
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V— I V
OR 

N

CASE 4 IV— IYC CASE 3

NY 1 1 = 0

V I FST N 
END N

—O CONTOUR
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N IDX
<0

TEMP — lvi V IDX N
V IDX N

<0

1 S A V — - l
IV EC = — l

7
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ISAV* N

IDX<0

TEMP — IYC

Figure 52. (Continued).
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F igure 52. (Continued).
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15 
- 1 = 1

17

JALT(I) 
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V N (IX , IV) IS
I — ICT AT ALT I TUDE

LEVEL JALT(I)

15

STOP
17

Figure 52. (Continued).

--4

¼

-129-



r fl——- — 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

.

~~~

(1) 
B )

~~~~_____
__j 

~~~~~~~~~~~~~~~~~~~~~~ C One Crossi ng

(2) B 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ C On Contour

(3)-a 
_~~~~~~~

X C One Cross in g

‘A

Figure 53. Enumerat ion of Possible Orientations for Points A , B and C.
A is the poin t at wh i ch we des i re to determ i ne the al t i tude.
B and C are adjacent po i nts on the contour , which is def i ned
by strai ght line segments connected between adjacent points.
The ray shot out from A is ind i cated by a dashed line .
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Figure 53. (Continued).
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APPENDIX B: TRUE CONTOUR DRAWIN G ALGORITHM

For the experiment, It was necessary to come up with a set of “true”
composite detection rate contours for each configuration of sensor locations

and sensor sizes used. Each set of true contours corresponds to a “Sketch

Model” the subjects were requIred to draw , and the true contours were dis—

played as feedback to the subjects at the end of each trial under System

Concept B. The development of the contour following algorithm wh i ch traces

out the contours required is described below.

A three-dimensional function f(x,y) defined In a region xo~x~xt,

Y~~Y~Yt 
can be represented in two—dimensiona l space as a series of iso-

altitude contours. In other words, the curve f(x,y) =h can be plotted for

every altitude h we have chosen, Each contour thus represents points at the

same specified altitude.

The contour following algorithm requires two major steps. In the

first step, ~olnts at each des i red altitude l evel are sampled and stored in

a list. Then each list of points is examined and the points connected so

that the result ng curves describe the true contours reasonably well , These

two steps are further explained below.

To simp lify the exposition , let us for the moment concern ourselves

wi th one altitude level only, The method is easily extended to more than

one alti tude.

Suppose we want to find the contours for an altitude h. Firs t we

search in the x-y domain for points at this altitude. We try to find a suff 1-
d ent number of points (x,y) such that f(x,y) h. This is done in two

passes.

In the firs t pass, a flowchart of wh ich is given in Fi gure 54, we
lay down grid lines ~ un i ts apart in the V direction. The value ~ is

selected such that the grId lines are close enough for the resulting contour

- 1 35—
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I V f(x,y-tS) N

bracket

N
> “t Use i nterva l 2 .5

ha lving to

x — x + ~5 
search in
in terva l (y-S ,y)
for y*

*
such that

and f(x,y) 2 
*

— 

f (x ,y )—hI<cf O

x > ~ 
N f Enter (x,y*) intot l i st of contou r

~ points
Go to
Pass 2 

2

I
Fi gure 54. Flowchart for First Step of Contour Following Algorithms , “ass 1.
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points not to be too sparse. At the same time the grid lines are not so
close that excessive time Is spent in the computations. Each grid line is

then divided into intervals of width 6 (see Figure 55). This leads to another

consideration for the value of 6 In that the finer the grid resolution the

easier it is to detect sharp ridges and peaks . The f unct ional va lues at
the end poInts of each interva l are checked to see if the des i red altitude

h is bracketed. In other words, we check to see if h is between the values

of the function at the two end points. If bracketing occurs we know we can

find a point within the Interval where the va l ue of f is sufficiently close

to h. We do this by successively halving the interval until we are close

enough to the desired point. Each point on the contour found is put into a

list for later use.

: 

,
,
,
,

grid

_

line

‘
~~~\—.—-- end points of

interval

—. 6 ~~~
—

Figure 55. Example of Grid Line Division , (Each grid line
is divided Into intervals , such as BC,)

At the completion of the first pass , we move to the second pass;

the corresponding flowchart is shown in Figure 56. Here we lay down a

second grid of the same grid size 6, but this time the grid lines run in the

X direc tion . Each grid line Is divided into intervals , each of length 6.

This second grid Is necessary because the first grid cannot “see” very well
those contours that are parallel to the gr id lines , as shown in Figure 57.
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Enter (x,y)
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6 

contour poi nt s 

~~~~~~~~~~~~~~~~~~~~~~~~~~~
halving to

N x>x V search in the
t interva l (x-6 ,x)for x* such that

V 
f
~x,y )—hI 

N 
y + ~ 

f(x*,y)_h~<~ j~O

5 
N Enter (x*,y)

into list of j
contour points

STOP __________________

Figure 56. Flowchart for Firs t Step of Contour Following Algor thm , Pass 2.
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Since the second grid s perpendicular to the fIrst , it can be used

to remedy prob lems such as that depicted in Figure 57. The second grid is

arbitrarily displaced from the first so that grid poin ts from the two w i l l
not overlap, but this is not necessary .

true contour

A 

1
..grid li ne

B

C

Fi gure 57. Er ror When Using a Single Grid , (With grid
lines in the shown direct ion , the ABC portion
of true contour is not detected by the grid
lines. The dots are contour points picked up
by grid.)

Wi th the secon d grid , each inte rva l on a gr i d line i s checked for
bracketing of the des i red altitu de h. Each occurrence signifies a contour

point within the Interval under consideration. Searching by interva l ha lving

yields a point on the contour , and this point is added to our list of contour

points.

At the completion of the second pass we have a list of points at the

altitude h. Obviously an empty list means that no contour at that altitude

could be found. The next step is to reconstruct contours with this non—empty

l ist of points.

_ _ _ _ _ _ _  __
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We generate the contours by connecting the points in a meaningful
manner. A simplified description of the algorithm used is given below.

1. To begin , a point is obta i ned from the previously generated

list as a starting point for a new contour. 
- 

-

2. Then this starting point is connected to the point in the

l is t which is geometrically closest to it in the two—dimensiona l plane , but

not exceeding a pre-set maximum distance . The reason that we consider onl y

those points within a maximum distance is that far away points most likely

belong to a differen t contour curve, though on the same altitude, (This

would be the case, for Ins tance, if the three—dimensional function is bi-

modal.) If we run out of points at this point , we are done, If we fail to

find a point sufficiently close to connect to, we revert to Step 1 to star t
a new contour.

3. After two points have been connected on the current contour,
we modify our cr iterion for selecting points to connect to. Let us pause for , 

-

a while and examine the situation in Figure 58. There we have jus t connected a

the contour from A to B. At point B we have to choose between C and D as the

next point to connect to. Point D is closer than poi nt C, but going f rom B
to D involves a grea ter direc t ional change, as measured by AD2 in the figure.

Assuming our contour to be a smooth curve with minima l zig—zagging , we may
want to connect to point C instead, In order to accomplish this aim , the

cri terion function for selecting the next point Is modified to be

~S+~~ ‘AD 1

where

AS Is distance to cand i date point (e.g., the leng th BC)

AO is the directional change (e.g., AD1)

8 is the we ighting factor to be selected by tr ial and error to
y ield acceptable results for types of curves under consideration

With this modified “distance” criterion , we always select a point

with the smallest criterion function. As before, only those poInts which

lie wi thin a sufficiently small distance will be cons i dered. Before

-11+0-
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connecting to the point selected , it Is compared with the starting point
(obtained In Step 1), if the s tar t ing point is close enough. Between the
two, the one with the smaller criterion function is the next point to connect
to. This provision allows us to close the contour curve when we reapproach
the starting point.

D

/~
I
\Ao 2 

çxtens ion of AS —

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

start ing point

Figure 58. Selection of Candidate Points for Next Point on Contour.

4. Whenever the contour Is closed by reconnecting to the

starting point , we reve rt to Step 1 to start a new contour.

5. If in Step 3 we could not find a point close enough to

connec t to, we have an open curve. (An open curve can occur , for instance ,

when part of the composi te detection field lies outside the frame represent-

ing the situation geography boundaries, Examples can be readily seen in

Appendix C.) In this case we return to the starting point for the current

contour and search for another point close to the starting point to connect

to, by reverting to Step 2. For each open contour this procedure of revert-

i ng to the starting point will be carried out only once. When nothing can

be done to close the contour , we assume it is an open curve , and we go back

to Step I.

6. Note that in any step a point already connected to will no

longer be consi dered. The algori thm s tops when we are out of poin ts.

FIgure 59 provIdes a more detailed representation of the algorithm.
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CSTARJD H
1

from lis t of points (stored in
arrays x,Y) on same a l t i tude ,
pick a point wit h pointer I FST
as starting point

se t IBACK = 0 to flag first
time (X ( IFST) , V( IFST) ) is used
as starting point

~ 

start starting point

ICNT 0 (initialize counter
for number of points already
connected to for current
contour)

ILST = IFST (get pointer to
last po int connected to)

of points
xhaus ted

V N
STOP ICNT = 0

— IFOUND — 0 (flag is X ”X ( IFST ) — x(ILST)

‘4 
zero If next point Ya~rY(IFST) - Y(ILST)
on curren t contour
not yet found)

5
6

c;-a
Fig ure 59. Flowchart for Contour Following Algorithm , Second Step.
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FIgure 59. (Continued).
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Fi gure 59. (Continued).
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F igure 59. (Continued).

-11+5-

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



- —-. ‘~‘-s -5.5~ _
__

~— _ ~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - — - — —-‘—--5— -— - 
— 5-’- -,-

11

V ICNT N
<2

_ _ _  _ _ _ _  V N
increme nt PNMIN

I CNT >PN 1
b y l

N V
- 

Dl
too large

10
dele te
(X(INxT) , V( I NXT) )
from l is t

Connec t con tour to
(x( INxT) , Y( I NxT) )

AX ‘- X (INXT)-X(ILST)
AV = V(INXT)-V (ILST)

lA x~~ N

V N
~X~0

ANGL = TAN 1 (~~) AX o
~ AX - - Ia~

ILST = INXT

-
~~~~~ 3

figure 59-. (Continued).

— 146-

- ‘~~~~~~~- - - . - - .. - .  - . -~~. a - ~ • ~~ - . , - ~~~~~~~~~~~~~~ - *.. - - .  ‘.~ 
. a 

~~~~~~~~~~~~~~~~~~~ 
_ - -- ---‘- .-~~~~ ..- -



~~~~~~

-5--5-. -,’ “

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

5- -‘5--- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ --

F 
‘ ‘- ‘ - ‘-‘

~~~~~ 

‘

APPENDIX C

TRUE COMPOS I TE DETECTION RATE CONTOURS

— 147—



Problem I Problem 2

Problem 3 Problem 1+

-149-

~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘ ‘,



r - -

~~~~~

1
4

_______________________________________________ 

.

( ~
/‘ ,(‘~~Th. \ / t~~~~-. 

- 
\

/~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

/j~~ -~~

/ 
~~~~~~~ / / ~ 

( t ~~~~
((

~~~~~~~~~
J ~ 

( 
~~ ~~ /

\\ 
\
\ ~~~~~~~~~~~~~~~~~~ ,/

/ 
j
/ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

/
‘

/
/

- / 

- . 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
. 
/ 

-

Prob l em 5 Problem 6

Problem 7 Problem 8
4

:

,

‘a4~

—1 50—
4, -

- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ - 

- —-- -~~~~~~~~~~---—---- m—*- 



r ‘ ~--5- -.5--- .5- -5—-

-

.

Problem 9 ~rob1em 10

Problem 11 Problem 12

-151- 

_i
_ 5

~~~i~~ ,~~~~



T 

_ _ _ _ _ _ _ _ _ _  

-

Problem 13 Problem 14

J

- 3

Problem 15 Problem 16

-152- 

—
5- — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — 

— — 

s. &L ~~~ —‘i- ~ -



Problem 17 Problem ~q

Problem 19 Problem 20

- 153-

- -
-

~

.
- - - -

~

-

~

-

~

. 

~~~~~~~~~~~~~ ~~~~~~~~~ ~‘ : ‘



_ _ _ _ _ _ _ _ _ _ _  /

Problem 21 Prob lem 22

a/

~~~~~~~ 
~~~~~~~~

-

.)L

Probl em 23 Probl em 24

-154-

-- - -

~

- -- - - -- - ---

~

‘

~

:

~

‘ ‘  - - -fl ~~ 5- _ t~~
- -:

~.1: ~~ ~~~~~~ ~~~~ - - 



- -‘-5-- -5----- --5- -.-- ’ 
- ---‘5- 

—1-,~-~~~ . -s_ — —— --5,- —

~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~

~kc~H -‘-‘~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ /
~ ~~~ / / 

~‘ I’ F
—.——-—.----

, \ / “T~ ”\ I (ç~ I ~~~~~ -
‘ ~~_—‘

1 ~~~~~~ / F\~/
/ ~~~~ L \ \ ~~~2 t \ ~~ \ / 

~~ 
(
~~ 

-

- / (
~~

) ~H~~’ ~~/
/

~~~~~~~~ S
\~~

~~~~~~ - -
- 

~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~

- 

‘

\~~~~~~~~~~~~~~~~~~~~~~

‘ ‘
~H

/

- Prob lem 25 Problem 26

Problem 27 Problem 28

.4

6”

-‘55-

A’

,~~ 
-
~,- •  .~~~ ~~~~~~~~~~~~~~~ .. . - ~~. , ,. -‘ — . . ~~. -- .-. a. - • - , -- . ,.  j &... - - ., .. - 

‘5~~~~~~--.- ,~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~



V. — ‘-- ---‘--.---- - 5- — - - .
~—

-.-
~~~~~ —‘---. 5- -

- 

- ‘

Problem 29 Prob l em 30

Probl em 31 Problem 32

-156-

I

t__ . —-- ----
5~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~T’~1 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



--

Problem 33 Problem 34

Problem 35 Prob lem 36

~~ 1

— 157-

1

~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



Problem 37 Problem 38

Problem 39 Problem 40

-158-

- - - - - - - - -
- --- 

~~~~- -~~~~~:~~ :.:-‘::~: 
z:-’’

~~~ :::‘::~~~~‘:~~~~
“ ‘  

- 4



Problem 41 Problem 1+2

Problem ‘43 Problem 1+4

-159-

~~~~~~ 
‘ .-s•~~~• ..—--- —5.’ . ,.4~~. .5~5 4 - - --  4’~~ a. •~I’ • 4 ’’ .  ~~~~~~~~~~~~~~~~~~ - s , . .~ - - - 

- -  — — --5-- — — ‘— 5- - - -- -5--- --- .- ‘— --- —- - - --—-5----—- - — —----- 5---—-- --4*- - - -‘



V - —-,-—--------5 ——-,—.5 
~~~~~~~~~~~~~~~~~ ‘5—-- ~~~~~~~~~~ - — - ---- - --

Problem 1~5 Problem h6

Problem 47 Problem 4R

- 1 60-

-‘ ‘ -~~ - - -.--—--—— - - , .- .  , , . . a. ~ ap a - - - , .~ -. -.. - ,,g~~., ,~ ,. .

— -- — ---5----- — - --



~ 

APPENDIX D

DVNAMIC PROGRAMMING OPTIMAL PATH SOLUT I ON

.4*
I

-161-

a

,~, a. 4 , a ..,..a,d.áaa.a~ .,. 

-—--~~~--~~~~~~---~~~~~~~~- ----- -- -- --— --5--— —~~~--- ‘-~~~~~---- —----5-- 5--p- ~~~~~~~~~ ~~~~~~~~~~~~~ -— -- ~~~
-

~
---



Fr ~r 
~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ 

- 
______

____ 
- _ “  

-~~~~~ .

APPENDIX D: DVNAM IC PROGRAMMING OFTIMA L PATH SOLUTION

The experiment required best (or “answer”) air strike paths (in the

sense of optimal with respect to the utility function) in order to eval uate

the operator estimates of optima l paths. Dynamic programing was selected

as a convenient tool for obtaining solutions to this optimization problem.

Specifically, a grid-oriented dynamic programing method was selected for

the opt ima l solutions ; its adaptation to the study is explained below.

1. Background

A detection rate field is generated by sensor performance models , and

the task is to transit this field arriving at a target from a given starting

point in such a way that the utility criterion function is maximized . Recall

that the utility criterion function is a function of fuel remaining upon

arriva l at the target and the probability of being detected along a path.

The following restrictions were used to simplify the optimization

problem .

I. The entire reg ion of interest is put on a 16 x 16 quadru l ed grid

so that all possible trajector i es go through the grid points. Each grid point

is also called a node.

2. Transitlons are allowed only from a grid point to one of its immed-

iately nei ghboring grid points. In other words , only card i na l and diagonal

transitions are al lowed , as shown in Figure 60. The “legal” transi t ions a re
numbered from 1 to 8.

3. For each transition , only one of three pre-selected velocities is

allowed .

4. The problem then is , given two nodes A and B, to find both a path

that transits through the grid poInts from A to B and its component velocities

such that tne utility crIterion function associated wIth the path is maximIzed .
For convenience call B the target and A the base.
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Fi gure 60. Allowable Air Strike Path Transitions .

This problem can be put In a form for solution by dynamic programing. -

Let us define a sequential decision making process by the following system:

The state of the system at stage k (k = 1 , 2, 3, ...) is given by -

Xk = (; , j, v , P~, F) (9)

where

(i , j) are the coordinates of the node we are currently at j
v is the velocity for the transition end i ng at node (I , j)

~c 
is the cumulative probability of not bei ng detected by the -

sensor field for opt ima l path starting at I , j) and end i ng
atB }

F is the total fuel consumption for optima l path starting at
(I , j) and end i ng at the target B

The decision D
k to be made at stage k is one of the eight allowable

transitions def i ned previously and the veloc i ty for the selected transition . 
- -

Let r(Xk, Dk) be the return (or uti lity) associated with the state Xk and
decision Dk at stage k. Also let g be the criterion function for the

returns from a sequence of stages.
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Since an optima l path going from A to B is an optima l path going

f rom B to A and vIce versa , we will formu l ate the problem in the following

manner :

Starting with the system at state X 1 correspond i ng to node B (target)

we want to find a sequence of decisions (paths and velocItIes Dj, D~ , ..., Dp,~
for some positive number N such that D1, 02, 

~~~~~~~~ 
D~ takes the system to some

state XN corresponding to node A (base). In addition , the criterion function

g [r(X N , DN) , r (Xp~— J , ON-i) , ..., r(X~, Dl)] is to be maximized over al l  possible

sequences of decisions (paths and velocities) going from B to A. This dccl-

sion sequence Dl, 02, ..., Dp~ defines an optima l path from B to A and Is an

opt ima l path from A to B.

If the criterion function g is sepa rable and monotonic , (Reference 3),

it can be decomposed into 
~l and g2 In the following manner.

a- max 
~
g[r(Xk, Ok), r(X k_ l, Dk l ), ... , r(X 1, Dl)]}

0k’ Dk_ l, ... , D~ - (10)

— max gl [r(X k, Ok), max g2
(r (X~.1 , Dk l ), ..., r(X1, Dl ))J

D
k 

Dk,.l , ..., D~

Using dynamic programing, we can solve the above recursive equation
by backward recursior~. We start at X 1 and select a decision sequence D1, D2,
•.., DN, one stage at a time , that maximizes g. At state XN the optimal path

is given by Dl, D2, 
~~

•
~~~~

‘

We would carry out as many stages as necessary in order to inc l ude

all grid points in our solution . What this means is that regardless of which

point we later choose as the base, we can retrieve from our solution an opti-

mal path going from base to target.

The return function r In Eq. (10) is related to the utility function by

r(Xm , Dm) — U(F
m a (I — Pcm )) (li)

where
Xm (I m, im, rm, Pcm, Fm) as defined In Eq. (9) and U is as defined

In Eq. (5) in Section II~ C.5.
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Since in Eq. (10) we are try i ng to maximize r(Xk, 0k) — U (F~, (‘ Pck))
at node (ik, 

~k~ ’ 
the criter i on function g is a 1st projection functlon .* It

follows that the function g
1 

Is also a l~ t projection function and we can arbi-

trarily define the function g2. However, the validity of the decomposition

in Eq. (10) hinges on g be i ng separable and monotonic. The crIterIon functIon

g being a ~~ projection function implies that It is separable. Unfortunately,

though it is not obv ious at first , a few sample calcula tions show that g is not

monotonic. in spite of this fact, by using Eq. (10) and applying dynamic pro-

graming , we still arrived at an optima l answer In most of the cases we tried .

When the solution was not optimal , it was very nearly optimal. We deci ded

to retain the utility function and the dynamic programming optimization pro-

cedure due to time limitations to get the experIment under way. The experi-

mental results support our belief that meaningful data could still be obta i ned ,

even though stric tly speaking , our utili ty funct ion may not (under certain
conditions) be optlmlzable by dynamic program i ng.

2. Description of the Algorithm

We have just discussed the mathematical description of our optimal

path problem. Now we desi re a procedure for arriving at a solution . Let us

go back to the grid we have laid over the entire region of interest. Picture

our target B (destination) as being located on a grid point. Our problem then
becomes, if we pick a starting point A (base) , how to find an opt ima l path
goi ng to B. Using the dynamic programming approach , we would solve for an

optima l path for each starting point on the grid.

- 
- Basically the method involves backward recursion , where we start at

the target B and solve for optimal paths for all the immediate neighboring
points of B that have allowable transitions into B. Then we go to the next

layer of neighboring points and find their optima l paths. We propagate in

this manner by going to successive layers of points untIl all points in the

region are covered. This is a multiple pass method because we will rei terate
until a solution is converged to. However, for practica l reasons we will

*In genera l, the Ith projection function f1 is def i ned as

f1 (y1, y2, y3, ... 
~~~~~~ 

...)
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stop after the tenth iteration even if convergence has not occurred. Our

experience shows us that after ten I terations the solution is near optimal.

A simplified flowchart describing this method Is given in Figure 61.

We start at the target B and define the first l ayer of points surround i ng

the target to be those points from wh i ch the target can be reached in one

transition (see Figure 62). For each point in thIs layer we find an optimal

path to the target by examinIng the neighbors of this point and selecting

a neighbor and a t ransition veloc i ty such that a transition thereto yields

an optimal path. When we are done we proceed to the second layer of points

surround i ng the target. This Is the set of outside points from wh ich the

first layer can be reached in one transition . For each point in the second

layer (for example , see point C In rlgure 63), we again select a neighbor

and a transition velocity such that the transItion tI’,ereto, plus the already
found optimal path for that nei ghbor , constitutes an optimal path for the

point. Then we go to the third layer of points around the target, and so

on until the entire region is covered by our layers. This is the completion

of a pass, and at this point we check to see if we have defined any new

optima l path during the pass. If so, we go back to the first l ayer of points

to start another pass. We would have converged to a solution if no change

was made to the optima l paths during a pass.

To retrieve an optima l path , we go to a grid point correspond i ng to

the start of the air strike , and obtain an optima l transition and veloc i ty.

ThIs information tells us which grid point is the next point on our optimal

path. Then we go to this next grid point and again obtain an optima l tran-

sltlon and velocity . By repeating this process, the successive transitions

and velocities so obtained define an optima l path and we stop when we have

arrived at the target.

— 167-

I-

~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~ 

a.
~~~~~ 

a r n , :  545 -~~~~~~ 

~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ,_ ,,4



_ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _  -- ‘~~ ‘~~~~~~~~~~~~~~~~~~~~~~~ ‘

‘ Start

Initialize data at each
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F gure 61. Flowchart for Dynamic Programm i ng Procedure.
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Fi gure 62. Layers of Points Around Target (B).

-_ _ _ _ _ _  _______ 0

p ~~ —o 0

B

- _ _  _

o 0 0 0 0 0
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which of the filled- in nodes is to be on its optima l path
to B. An arrow indicates a cand i date transition .)
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