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ABSTRACT

Current sonar equipments, as well as other sensor systems

employed in ASW, produce only probabilistic evidence of the target's

nature. That is, the classifier is always faced with some degree
of uncertainty even after all clues have been correlated and
evaluated properly. Traditionally the Navy has recognized this
fact by officially assigning targets to categorical classes such

as "probable submarine,”" "possible submarine'" and "nonsubmarine."

A small number of categorical classifications deprives the
decision maker of useful information available in the sonar clues
and eventually restricts his alternative courses of action. Theo-
retically, the number of correct decisions in a probabilistic
information system will be maximized if they are based on some
monotonic function of likelihood ratio.* It follows that the

number of appropriate actions will be maximized as well.

The present investigation was concerned with the comparative
meaningfulness of five alternative methods of displaying classifi-
cation information. Three displays were based on likelihood ratio,
a fourth was a display of 20 solution lights such as that used with
MITEC, and the fifth was based on the traditional Navy three-
category classification (trichotomy). Navy officers and senior

petty officers served as subjects.

The three displays based on likelihood ratio produced inter-—
pretations very similar to those of a theoretically ideal inter-
preter. There was some unwillingness to extract the appropriate
amount of certainty from very small or very large ratios, a ffhding

in line with those of other investigators.

*Likelihood ratio is here defined as the ratio of the probability
that a particular configuration of clues resulted from a submarine
target divided by the probability that it resulted from a non-
submarine target,

v
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The 20-Lights display was interpreted essentially as a linear,
equal-interval scale of probability, an interpretation not intended
by its designers. Overly conservative reactions, in relation to an
ideal interpreter, occurred both for moderately low and moderately

high probabilities.

The traditional Navy trichotomy produced severely limited
interpretations, the phrase "ﬁossible submarine" producing reactions
of nearly maximum uncertainty. There were substantial differences

in interpretation among the subjects.

The problem of intelligent design of probabilistic displays
is discussed along with the need of the designer of clue corre-

lating devices to match the output display with the interpretations

of potential users. The usefulness of expressions of certainty and

the amount of variance in these expressions as intermediate criteria

"of the meaningfulness of the displays is pointed out.
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THE DISPLAY OF PROBABILISTIC SOLUTIONS
IN SONAR TARGET CLASSIFICATION (U)

I. THE GENERAL PROBIEM

Short of visual sighting, and in some cases even with visual
sighting, the classification of a sonar contact invariably is made
with some degreevof uncertainty. None of the sensing mechanisms
currently available to the ASW forces provides sufficiently well-
defined information about thée characteristics of & target to
enable the classification to be made with complete certainty,
Different kinds of sensors; i.e., active sonar, passive sonar,
radar, MAD, ECM, differ in the degree to which they provide useful
classification information, Further, there are large differences

in the reliability with which they provide it.

The present investigation was concerned with the meanings
conveyed by several alternative ways of presenting uncertain, or
probabilistic target information to the decision maker.l The
investigation is germane to all types of ASW systems and their
respective sensoré. While the study was performed in the context
of the ASW surface ship employing active sonar, the problem is
common to all systems involving decision making in the face of

uncertain or incomplete information,

THE SPECIFIC SETTING

Correlation of Clues

No single display in an active sonar system provides an ade-

quate basis for target classification (1, 2). Consequently,

1

by a superior tactical commander.

CONFIDENTIAL

The ultimate classification of an underwater target 1s made by the
commanding officer of the investigating vehicle, or, in some cases,
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classification in these systems typically depends on the correlation

of clues from three basic types of display;iZ?

1. An audible presentation of each target echo
via headphones or loudspeaker;

2. A visual presentation of each target echo
on a scope; and

3. A time~range history of a series of target
echoes on a graphic recorder,

Although each of these displays is activated by the same basic
target signals, ihe information they provide to the observer is not
wholly redundant. Further, the degree to which the information in
a particular display ig uSeful‘varies considerably fromrﬁarget to
target and time to time depending upon a number of environmental
and operational variables: These variables are only partially under
the control of the operators and their effects are not always

predictable.

Vhile each display typically produces imperfect information,
it has been found that the proper correlation of clues from the
several displays significantly increases the likelihood of achieving
a correct target classification (2, 3, 4, 5). The correlation
process, while logical, creates heavy demands on memory and reason-
ing processes. Consequently, the need has been recognized for
providing the decision maker with a mechanical aid to .the correla-

tion and evaluation of clues.

After a number of early fallures, two devices potentially ful-
filling this need recently have been built, The firgt was the
HHIP3 currently in fleet use, and the only such device thus far to

enjoy substantial success in the fleet. The second was'the

2Additional sources of information, such as DRT plot, also affect
the clasgsification. The present discussion, however, 1is oriented
toward the information generated solely by sonar displays.

3Hand—He1d Information Processor.
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MITEC? currently in the process of technical and flieet evaluation (5),

The underlying mechanics of these devices is beyond the scope
of this report. It has been demonstrated that both have valid,
though somewhat different, classification logics. Neither device,
however, produces a completely certain solution. The question then
arises as to how to display the various levels of solution, or
relative certainty of the solutions produced. Unless the display
conveys the results in the most meaningful fashion, the most

appropriate tactical course of action may not follow.

Scale of Resemblance

It is convenient to think of the great number of various
possible combinations of target clues as falling on a scale that
reflects the extent to which the target possesses the physical
features and behavioral characteristics of the submarine. Theoreti-
cally, every configuration of clues from a submarine contact should
fall at a high point on this '"scale of resemblance." In practice,
many do not, the distribution being negatively skewed to a marked
degree, On a given occasion the submarine target may fall at any
point along this scale (see Figure 1). Further, the frequency with

which clue combinations from submarine targets fall very high on

this scale, e.g., values 19 or 20, may actually be smaller than the
frequency with which they occur at lower scale values, e.g., 16,
17 or 18. The reason, of course, is that the discriminative pro-

perties of the sensors (in this case the active sonar) are far

from perfect. The vagaries of sound transmission and severe energy
loss in the ocean often seriously degrade the quality of the infor-
mation in the target echo. The alignment and calibration of the

receiving ahd processing equipment also affect the displayed clues.

4Modular Integrated Target Echo Classifier.
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The displays are not ideally designed from a classification point
of view. And the human operator as a perceiver of the information

often performs unreliably.

Submarine
Clue
Cenfigurations

Nonsubmarine
Clue
Configurations$

Frequency of Contact
Occurrencea

(A

- Scale of Resemblance L
Low S/M High 8/M
Resemblance Resemblance

Figure 1., Overlapping frequency distributions of submarine
and nonsubmarine clue configurations on a
hypothetical resemblanci scale,

Configurations of clues from nonsubmarine targets algo fall
at various points along the scale of resemblance. While a detailed
analysis of many nonsubmarine contacts eventually indicates that
they are quite unlike a submarine, a substantial number display

many submarine characteristics, at least for a period of time.

There may be few clue configurations from nonsubmarine targets
that fall at ‘very high points on the scale of resemblance but there
will be substantial numbers that occupy mid-scale positions a=s
indicated by the overlap of the curvesnin Figure 1. It 48 in this

region where the classifier will be maximally uncertain as to the

4 .
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nature of his target. Further, complete certainty is not attainable,

even at the extreme ends of the scale.

It is clear, then, that the decision maker responsible for the
ultimate classification of a sonar contact is faced with a situation

having the following characteristics:

1. The contact will present a configuration of
clues which, when properly correlated, will
place it at some point along a scale of
submarine resemblance.

2. In general, high values on this scale imply
high likelihood that the target is a member
of the submarine population, and conversely,

3. In view of the limitations on present sensors,
signal processing techniques and displays, no
point on this scale can be regarded as re-~
vealing the target’s nature with certainty.

Thus, the decision maker is confronted with a probabilistic
solution whether he recognizes it or not. The question is, should
some attempt be made to display the relative probabilities to him

and, -if so, in what form?

The Traditional Navy Trichotomy

In a sense, the probabilistic nature of sonar classifications
has long been recognized. Official Navy doctrine as promulgated

in NWIP 24-1 provides for four levels of classification and sets

forth specific criteria for each. These classifications, and the

criteriabthat pertain to sonar, are as follows:

a. "Positive Submarine.”™ "This classification is
given only when a surfaced submarine, submerged
submarine, periscope, snorkel, or a torpedo
obviously fired by a submarine is sighted and
identified by personnel competent to positively
recognize such an object." (Note: This classi-
fication cannot be given on the basis of sonar
evidence.)

CONFIDENTIAL
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b. "Probable Submarine.”

(1) n"Sonar Contact. Sonar has picked up a

probable submarine when all of the
following are observed and reported by
competent personnel:

1.

"Tracking of a firm contact for a
total of at ieast 15 minutes with
courses, speeds, echo quality, and
doppler effect compatible with
submarine characteristics afd con-
firmed by appropriate change of
target aspect in chemical recorder
traces and by the target track as
plotted on the DRT or by other
means. Or, tracking of a medium
speed (in excess of 10 knots) firm
centact for any period of time with
courses, echo quality, turbine whine,
and doppler effect compatible with
nuclear submarine characteristics
and confirmed by appropriate change
of target aspect in chemical re-
corder traces and by the target
track as plotted on the DRT or by
other means.

"One or more of the following are
heard or detected--radar contact
confirming the sonar track, pro-
peller sounds, internal submarine
noises, sonar signals, sonar

jamming, starting and securing of
snorkel operations, or pronounced
wake effect if track indicates subma-
rine moving at sufficient speed."

c, "Pogsgible Submarine.'" "The possible submarine
classification may be given by competent personnel

under . . .

1.

CONFIDENTIAL

the following condition(s):

“Julie, sonar, radar, ECM, sono-
buoy, or MAD contacts are investi-
gated or tracked without confirming
all of the characteristics listed

for probable submarine, but are
suspected to be of submarine origin."”
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d. "Nonsubmarine." '"Classification of a contact
exhibits or later develops nonsubmarine
" characterigstics or due to other implausible
circumstances is adjudged by competent personnel
as nonsubmariag."

Insofar as sonar is concerned, only categories (b), (c) and
(d) above are legitimate classifications. This three-way grouping
is herein referred to as the Navy trichotomy, and while ordinarily
given verbally, can be thought of as the way in which sonar target
classifications traditionaily have been relayed (displayed) to the

decision maker.

The first two classifications are probabilistic answers stated
in unquantified form; Presumably the third '"Nonsubmarine' is a
statement of certainty. In practice, however, there undoubtedly
are elements of uncertainty about this conclusion and, as indicated
before, certainty of any kind is unlikely to be obtained on the

basis of sonar information alone. Further, the transition from

"Nonsubmarine" to "Possible Submarine,'" and from "Possible Submarine"

to "Probable Submarine,’ will rarely be abrupt since most targets
will meet some but not all of the criteria specified for each

category.

The practical meaning of the terms "Probable Submarine,"
"Possible Submarine" and "Nonsubmarine," in contrast to their
doctrinal meaning, has not been the subject of study and is conse-
quently unknown, The possibility exists that quite different mean-
ings are conveyed to different people. A part of the present study
therefore was aimed at trying to determine the meaning of these
terms in relation to the meanings conveyed by other display

alternatives.

The HHIP Dichotomy

The HHIP, based on the NEL system of clue correlations, essen-

tially provides the decision maker with a two-category or dichotomous

7
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output: submarine or nonsubmarine.

The device also occasionally displays the conclusion "condi~-
tional submarine” which occurs when the target displays certain
characteristics of the beam aspect subma}ine. Since it is often
difficult for sonar to discriminate the beam submarine from the
nonsubmarine domain, the term '"conditional submarine" is employed,
not as a definifive output, but rather as an instruction to the
decision maker to seek further information before a conclusion is

reached.

The HHIP has been programmed to maximize the number of correct
conclusions obtainable assuming that a dichotomous output is neces-
gsary or desirable, The decision to designate a contact as '"subma-
rine" or '"nonsubmarine' is based on the likelihood ratios resulting
from analyses of clue configurations produced by a substantial

number of recorded sonar contactso5

If the information sensed by the sonar and displayed to the
operator resulted in perfect discrimination, that is, 1f it
produced a 2~point distribution, or even two continuous distri-
butions with a minimum of overlap, the output of the HHIP would be
ideal. It effectively removes all possibility of subjective dif-

ferences in interpretation. Since configurations of submarine and

nonsubmarine clues fall into two overlapping frequency distributions,

however, instead of into a 2~point distribution, a question legiti-
mately can be raised concerning the failure of the HHIP to differ-
entiate among targets whose probabilities of being a submarine are
quite different. For example, it would not distinguish ambng three

targets whose clue configurations have, as shown in Figure 2, quite

5Likelihood ratio in this case is the ratio of the probability that
a particular observed configuration of clues resulted from a subma-
rine target divided by the probability that it resulted from a non-
submarine target.
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different likelihoods that they arose from the submarine population
of contacts, In terms of a dichotomous orientation such as that of
the HHIP, the best answer is the same in all three instances:
"Submarine." In terms of practicality, since there are distinctly
different levels of submarine probability associated with the three
cases, the decision maker is denied information that might have an
important effect both on his ultimate classification and on his

choice of tactical actions.

N/S s/M
e TN
‘ N—SS=15.6

/ >
S
e :sj"’ﬁ
/N—SS:]..Q \\
'—"‘i"'n“; TARE TN WO N N -I_KI_I?J | T
1 2 3 4 5 6 7 & ¢ 10 11 12 13 14 15 16 17 18 19 20
- Scale of Resemblance ——
Figure 2, Three observation points on resemblance scale

with different frequencies of occurrence for
submarine and nonsubmarine clue combinations,

The output of the HHIP is in the form desired by many decision
makers. To the extent that other intelligence bearing on the
classification decision is lacking, or to the extent that sonar
information is weighted more heavily than other sources, the output
of the HHIP eliminates the need for a reasoned decision, Naturally
the device was not intended to render this kind of service. Like

other devices of its kind, it was developed to serve as an aid to

9
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the classiflier~-not as a substitute for him. The fact remains,
however, that its output is in a form welcomed by some because it

relieves them of a burdensome decision-making task,

Whether or not this is a desirable state of affairs probably
cannot be decided in the absence of cost considerations such as
the mission of the ship, the number and types of weapons available,
the consequences of a submarine penetration and so forth., In the
terms of the decision theorist, the desirability of a simple
dichotomy, or any other format, cannot fully be determined in the
absence of a payoff matrix. ... _

R L

The MITEC 20 Final Lights

In the design of MITEC, it was decided that some attempt should
be made to display the differential submarine probabilities resulting
from the clue correlations although it was recognized that these
probablilities could not be established very precisely. Ag in the
cagse of HHIP, the programming of MITEC also was based on empirically
determined likelihood ratios derived from recorded sonar contacts,
Additionally it incorporated a logical analysis of the kinds of
clue configurations that should be expected from submarines in view
of their physical and behavioral characteristics. This latter 1is
necessary in any clue evaluation device at the present time be-
cause of the limited samples of recorded sonar contacts available

for enalysis.

It was decided to attempt to display the point at which each
clue configuration fell on the-hypothetical scale of submarine
resemblance. Although this scale was felt to be continuous,
engineering convenience and limited number of qualitatively dif-
ferent solutions discriminable by the MITEC program, suggested that
a series of 20 discrete 1lights would represent the scale adequately.
Remarkably little display design guidance was available on the

subject and there was little to recommend more elaborate alternatives.

10
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The 20 lights thus formed an ordinal scale of resemblance, with
high numbhers assigned to clue configurations having a high proba-
bility of having resulted froim a submarine and low numbers assigned
to configurations having a low probability of having resulted from
a submarine. Lights near the middle of the scale were descriptive
of targets that had some of the characteristics of both submarines
and nonsubmarines (i.e., likelihood ratios near 1.0). The arrange-—

ment of lights used in the MK, I Mod. 1 MITEC is shown in Figure 3.

2z
~
wn
w
~
=

PO O
®ROO®®®

ONONORD ONOROND

Figure 3. Format of 20-lights display used with
MITEC MK. I Mod. 1.

The lights were also color-coded in such a way as to be
reiatable to the traditional Navy Trichotomy: red lights (15
through 20) were meant to imply that the target was most likely
of submarine origin; orange or yellow lights (7 through 14) implied
"possible" submarine but with maximum uncertainty; green lights (i

through 6) implied that the target most probably was a nonsubmarine.

It i8 to be emphasized that the resulting scale was by no

means intended as a linear, equal-interval probability scale. Such

11
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a scale, while highly desirable, of necessity would have had to

have been based upon the results of very large samplings of sonar
contacts that were representative of the total univerae of sonar

returns, both submarine and nonsubmarine.

It was known, however, from studies performed during the
development of MITEC (5), that a monotonic relationship existed
between the value of the MITEC lights and the probability that the
corresponding clue configuration resulted from a submarine. It
wag also known that this relationship was non-linear. A distinct
possibility existed that there were better ways to display the
information for decision-making purposes. Since, according to
detection theory (6), the optimum decision criterion is based on
likelihood ratio, it could be hypothesized that a display of the
outcome in a form more closely related to likelihood ratio would

produce a more optimum set of decisions.

In the absence of large representative samples of target data,
objectively establishing the values of the likelihood ratios along
the resemblance scale was not feasible. But the meanings conveyed
by a likelihood display, in possible contrast to the 20-lights

display, could be studied by making some reasonable assumptions

about the shapes of the submarine and nonsubmarine frequency distri-

butions along the scale. The interpretation of the displays by the
decision maker then would become the qriterion for determining

whether one display or another was likely to lead to the more opti-
mum decisions. It was with this orientation that the present study

was conducted.

THE EXPERIMENTAL QUESTION

The present investigation was designed to answer the following

question: How do several alternative techniques for displaying the

probable nature of the target to the classifier (decision maker)

12
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l affect his level of certainty as to the nature of the target?
l Specifically, what meanings do the following types of infgormation
displays have to military personnel who typically make classification
I decisions?
- 1. A numerical display of relative frequency of
1 occurrence
"
- 2. A bar graph display of relative frequency of
i occurrence
T 3. A numerical display of relative odds
by 4, The traditional Navy classification trichotomy
| I 5. A 20-lights display similar to MITEC
T
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II., PROCEDURE

Hypothetical Digtributions of Submarine and Nonsubmarine Target;

As previously emphasized, there exists no adequate sample of
recorded sonar contacts that can be considered truly representative
of the universe of sonar targets. It seems reasonable to assume,
however, on the basis both of logic and the available evidence (5),
that clue configurations from representative samples of submarine
and nonsubmarine contacts would distribute themselves on a continuum
of resemblance in the overlapping manner depicted in Figures 1 and 2.
However, the empirical data suggest that a much greater degree of
overlap exists in the center of the scale than that shown in the

figure.

It should be recognized that the degree of overlap obtained
from any particular sample is a function both of the representative-
ness of that sample and the discriminability of the sensor/processor
system in use. Since the samples of contacts that have been re-
corded and analyzed are comparatively small, and since they were
purposely selected to emphasize the area of overlap (i.e., it was
known that they were not representative), it was considered that the
distributions assumed in Figure 1 were not unreasonable for the

purposes of the present study.

In examining the frequency curve of submarine clue configura-
tions on the resemblance scale, one might be struck by the apparent
logical inconsistency of having lower S/M frequency values for very
high points on the scale of resemblance (e.g., 19, 20) than for
points in the uppef mid-range (e.g., 16, 17). This inversion in
relationships is sensible, however, when it is remembered that
environmental conditions will often, if not usually, operate to de-
grade the signal characteristics when a submarine is in fact present.

Strong but imperfect resemblance is more likely to occur than near-

15
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perfect resemblance, This raises questions about.éﬁe applicability
of signal detection theory to the classification problem but the
basic concepts still appear useful. It also emphasizes the admitted
fact that the resemblance scale is complex and in the real world is
discrete rather than continuocus.

. )
Whatever the shortcomings of the curves in Figure 1, they did

provide a basis for the selection of observation points along the
gcale of resemblance that would be illustrative of solutions obtaina-
ble for a variety of sonar contacts. Further, the output could also

be displayed in a form directly related to likelihood ratio.

Selection of Observation Points on Scale of Resemblance

Fofﬁconvenience, a total of 12 observation points was selected
from the 20 depicted on the abscissa in Figure 1, Six of these
appeared on either side of a 1.0 likelihood ratio.® The 12 points
were chosen in such a way that both extremes of the scale were well
représented as were all adjacent points having substantially differ-
ent relative frequencies of occurrence for submarine and nonsubmarine
configurations. The values of the ordinates for the submarine and
nonsubmarine curves at each selected solution point next were esgti-
mated by simple measureﬁent. These, and the corresponding likeli-

hood ratios are given in Table I.

6To simplify correspondence with the 20 MITEC lights, the scale of
resemblance was divided into 20 equal-sized intervals.

16
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Table I. Estimated Frequencies (f) at 12 Observation Points
and Corresponding Likelihood Ratios (1) for Hypo-
thetical $8/M and N/S Contact Distributions

Observation fsM
Point tom Tys 1= Fxs |
1 1.0 10.0 0.10 |
3 1.2 15.0 0.08
5 1.9 17.2 0.11
6 2.5 17.3 0.14
8 1 5.4 16.3 0.33
10 11.5 14,0 0.82
12 15.6 10.6 | 1.47
14 18.3 6.5 2.82
16 20,2 3.0 6,73
17 19.5 1.8 10.82 i
19 14.0 0.9 15.55
20 9.0 0,8 11.23

Alternative Methods of Display

For each of the selected observation points along the scale of
regsemblance, five alternative methods of display were designed (see
Figures 4a through 4e). These displays have been depicted as they
would appear for observation point #8 in Table I.

Figures 4a through 4c were direct reflections of the likelihood
ratio information. Figure 4a indicates the Relative Frequency of

-occurrence for submarine and nonsubmarine clue configurations in

simple numerical form.

17
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Submarine 5
Nonsubmarine . 16
Figure 4a. Relative Frequency of occurrence
display.

Figure 4b, the Bar Graph, presented the same information con-
tained in the Relative Frequency display but in a familiar graphic

form,

S/M N/S

Figure 4b, Bar Graph display.

Figure 4c, Relative Odds, was a third presentation of the basic

information available in likelihood ratio. In this case the relative
frequency data were simply reduced so that the value 1 appeared
either in the numerator or denominator, depending on which class of
target was more frequently associated with the observation point in

question.

18

CONFIDENTIAL

— B




T e e rame o v ——

41 B i e e jees]  feeed P | ]

=

i e O e e

[

i

I

= =

IR el

CONFIDENTIAL

Submarine 1

Nonsubmarine 3.2

Figure 4c. Relative Odds display.

In Figure 4d, the solution is shown as it might have been
produced by a 20—Lights‘disp1ay such as that of MITEC MK I. Mod, 2.
The light values were assigned so that they bhore a one-~to-one
correspond;nce with the observation points on the scale of re- u'
semblance. Actually, the MITEC lights are programmed someéewhat
differently, a fact more fully discussed later, As indicated, the
color coding used with the MITEC as a basis for relating the solu-

tion to the traditional Navy trichotomy, also was preserved.

N/s S/%

ololololelolelolololltloliblolloole

Figure 4d. 20~Lights display.

Finally, a display was presented as it might occur in clasgify-

ing according to the Navy Trichotomy (see Figure 4e). The decision
as to which of the three categorical solutions to display for each
observation point was made on the basis of the 3-way division also
made for MITEC: points 1 through 6 were displayed as "Nonsubmarine";
7 through 14 were displayed as "Possible Submarine"; and 15 through
20 were displayed as "Probable Submarine." While there was no basis
for expecting an interpretive correspondence, this technique assured
that method of display would be encountered equally'often by the

subjects and provided a means of determining the meaning of the

19
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<:> Probable
Submarine

Possible

Submarine

<:> Nonsubmarine .

Figure 4e. Navy Trichotomy display.

Trichotomy reliably compared to the other displays.

This procedure was followed for all 12 stimulus conditions
(observation points) and each of the 5 alternative displays making
a total of 60 display conditions. Each of the 60 display conditions
was produced on a single sheet of paper, arranged into random order;

and assembled into a test booklet.

The Response Scale

Ideally, it would have beer desirable to learn whether the
several alternative methods of display differentially affected the
decision maker's choice of action., This would require a pay-off
matrix based on a number of hypothetical tactical situations re-
presenting several levels of threat. In digcussions with Naval
officers, it became evident that it was a practical impossibility
to specify many tactical situations in sufficient detail to evoke

reasonably uniform evaluations of the threat imposed.

Since this was not basically a study of the decision-making
process, but rather an investigation of the meaning conveyed by
several alternative displays of the same classification observation,
it was decided to avoid this complication by eliciting a relatively
simple statement of meaning rather than one concerning the more

involved criterion of action,
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Because all sonar target classifications are made with something
less than complete certainty, it seemed reasonable to ask the sub-
jects for a statement of their level of certainty or uncertainty for
each selected display condition. This was accomplished by use of the
simple graphic rating scale depicted in Figure 5. For each display-

observation condition, the subjects were asked to indicate how

TN I A I NN AN AN MO TR RN

t 2 -
Virtual . Maximum Virtual
Certainty Uncertainty Certainty
N/S ‘ S/M

Figure 5. Response scale for indicating
level of certainty.

certain they felt that the target was of submarine or nonsubmarine
origin by placing a check mark anywhere along the line that appropri-
ately described their level of certainty. The verbatim instructions

given to the subjects were as follows:

"It is well established that the nature of
a sonar contact (whether it is a submarine or
nonsubmarine) cannot be determined with cer=
tainty solely on the basis of the target infor-
mation generated by sonar., This fact is recog-
nized in the traditional manner in which sonar
reports the contact to command as ‘probable
submarine,’ 'possible submarine,’ or 'nonsubma-
rine.' All classification solutions from sonar
are probabilistic, that is, they involve some
degree of uncertainty.

"Now it is possible to report sonar's classi-
fication to command in a variety of ways in ad-
dition to the traditional one. Whether or not
some of these ways are desirable naturally depends
on whether they lead to appropriate and consistent
interpretations by command. The purpose of this
meeting i8 to test the meaningfulness of several
of these alternatives.

21
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"On the pages of the booklets that will be
passed out to you, will be found the results of
the analysis of a number of sonar contacts.
These results are displayed in several ways for
each contact. For example, you may find a dis-
play that looks like this:" (Figure below was
drawn on blackboard.)

S/M TN/S

"Underneath the display will be found a
'scale of certainty® which looks like this.”
(Figure 5 was drawn on board.) "We would like
you to interpret the results in each display by
placing a check W) anywhere along this scale
of certainty that appropriately expresses your
assessment of the contact. For example, in
this case you might place the theck here.," (A
check-mark was placed approximately half-way
between the left end and the mid-point of the
response scale., )

"Are there any questions?
"Please work as rapidly as you please,

We are most interested in your immediate
impression rather than in a calculated response."”

The Subjects

Eleven Naval officers ranging in rank from Lieutenant (j.g.)
through Captain, and 12 petty officers, First Class and Chief,
served as subjects. All were on the instructional staff or in
tactical courses at the Fleet ASW School, San Diego, at the time
of the study.
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Their responses on the scale of certainty were quantified by a

linear translation of the distance of the check-mark from the left-

"hand end of the scale (Virtual Certainty N/S). Since the numerical

values were arbitrary, the left end of the scale was taken as zero,
the right end as 20.0., This had the advantage of making the values
directly relatable to the 20-Lights display. The subjects, of
¢ourse, had no knowledge of the score values to be used although
they could have ascertained, if they had taken the trouble, that

the response scale had zo‘index points.

23

CONFIDENTIAL




e B B |

S e o B B B

{

i

Pl f-

Foord

—i

CONFIDENTIAL

III. RESULTS

Expressions of Certainty

Inspection of Figure 6 indicates that the three alternative
methods of display based on likelihood information (Relative
Frequencies, Relative Odds, and Bar Graph) produced essentially the
zgmne judgmental func¢tion. Moregover, all three functions fairly
closely approximated that which would be generated by the theoreti-
cal ideal observer, i.e., an individual whoseée level of certainty
(and presumably, decisions) corresponded directly with tﬁe relative
magnitude of the likelihood ratios. The behavior of the ide&iw

observer is represented in Figure 6 by the solid line.

There are some interesting departures from the ideal function,
however, particularly for the more extreme observation points, In
general, the level of certainty is lesss than that justified by the
likelihood ratios for points 1 through 6 and 14 through 20, This
conservative response may reflect a logical consideration on the
part of the subjects that "virtual certainty" is never achievable
on the basis of sonar data alone. Data from the 20-Lights display,
which do not show this effect, raise doubts as to the validity of
this explanation, however. Edwards (8, p. 16) presents evidence
that subjeéts are often unwilling to extract from information all
the certainty that is in it. Apparently the present finding supports

his observations.

Inspection of Table II reveals some additional interesting
comparisons., For examble, although the likelihood ratio for obser-
vation point 19 was substantially different from those for points
17 and 20, no uniform reflection of this difference is seen in the
certainty ratings. The Relative Odds display produced notably
uniform results for all three points. Similar departures from the

ideal can be seen for observation points 6 and 8. Al though the

25
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Virtual
Certainty SM

Maximum
Uncertainty

Virtual
Certainty SN

Figure 6.
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| .\\ J,! i 0——————o0ldeal Observer
SN e o—— —eRelative 0Odds
= — & ------ eBar Graph
o~ — — —Relative Freq.
| | | ] | | i i1 L
1 3 5 6 8 10 12 14 16 17 19 20

Observation Point

Certainty ratings produced by three displays
of relative likelihood. (Each point based on
23 ratings.?
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response curves generally approximated that of the ideal observer,
there were frequent departures at individual data points. There
appeared to be no systematic pattern to these departures. Possibly

sequential and contrast effects were operative.

Comparison of the three displays with each other is suggestive
of other possible differences in the meanings conveyed. A number
of statistically significant differences are apparent for parti-
cular data points. For example, at observation point 1, the Bar
Graph produced significantly less certainty (p <;01) than the
Relative Frequency display. At observation points 6 and 12, the

Relative Odds display produced significantly less certainty than the
Relative Frequency display (p <.,01) and it appears generally to have

produced less certainty than the other displays throughout the

middle observation points.

Figure 7 depicts the certainty levels elicited by the 20-Lights

display in comparison to the ideal observer, Not surprisingly,
perhaps, this display was interpreted by the observers as an
essentially linear, equal interval, probability scale. With the
exception of the two extreme observation points (pl and p20) and
the approximate mid-point (pl2), this display elicited uniformly
conservative responses. Ingpection of the dispersion of certainty
ratings in Figure 7 reveals that overly conservative responses were
obtained in general for points 3 through 10 and 14 through 19, In
comparison to the three likelihood displays, the 20-Lights display
also produced signifidantly more conservative responses, again

with.the notable exceptions at the two extreme observation points.

In view of the actual programming of MITEC, which employs a
20-1lights final display, it may be concluded from these results
that current models of MITEC are also likely to produce overly

conservative evaluations. While the shapes of the underlying

distributions of submarine and nonsubmarine target clue combimations
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Virtual
Certainty SM

Maximum
Uncertaintyl—

------ O Ideal Observer
® 20-Lights Display

Virtual
Certainty SN

L 1 1
12 14 16 17 19_20

=Hh
w
o —
-
©
(=)
(=

Light Number

Figure 7. Mean certainty and dispersion of ratings
produced by the 20-Lights display (23
observers).

in the real world are not fully known because of incomplete samples,
it is likely that they are somewhat similar to those assumed for
this study. There is some empirical evidence, moreover, that
extremely low probabilities of submarine obtain for clue combina-
tions resulting in Light 5 or lower, and extremely high probabili-
ties obtain for combinations resulting in Light 16 or higher (5).
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Figure 8 depicts the certainty function produced by the
traditional three-category Navy classification of sonar targets in
relation to the ideal observer. This dispiay was based on a cate-
gorical, rather than a continudbus function, and, with only three
data points, could not be related directly to the likelihood ratios
used for the other displays. However, it appeared meaningful to

use the color coding of the 20-Lights display as the basis for

h——‘—-—'

Virtual : -
Certainty SM[— -
L e
A7 TN
_ ' / ‘
"Probablle Slubmarfine'
| /
; ' / /
i - # /'
; 7/ /
L. 3 o , |1
L /ST
, / /
i "Possible Sy mari é”
Maximum 3 / //
Uncertainty — / /
-~ /
' - / /
. : 7
- ) /
! /
- F
- T - T/ /
| Iy
|3
.. |'Nonsjubmarfineé!
. O-===-=-= O Ideal Observer
e _l - ——©® Navy Trichotomy
c Virf“:l A T T ! | | ! L1 L
ertainty 1 3 5 6 8 10 12 14 16 17 19 20

Observation Point

Figure 8. Mean certainty and dispersion of ratings
produced by traditional Trichotomy dis-
play (23 observers).
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relating the output of the traditional classifjication system to

the observation‘points'uSed for this study. It will be recalled
that the 20~Light display preserved the suggestion of a trichotomous
output by employing green, amber, and red lights for clue combi~
nations showing little, some and much resemblance to the submarine.
Vhen this was done, the step-like function of Figure 8 was generated.
The numerical data that generated this function are reported in
Table II.

It will also be recalled that for the sake of balance each
stimulus condition for the Trichotomous display was presented four
times. The results are given as four separate estimates of the
mean certainty level for each categorical classification. It will‘
be noted that the group response to each presentation was essenti-

ally the same.

The average certainty rating for the statement "probable
submarine” was 79.9., This is most comparable to the certainty
ratings produced by observation point 16 for the likelihood dis-
playsg, corresponding to a likelihood ratio of about 6.7, It
compares with observation point 17 for the 20-Lights display. This

seemsg a reasonable result when it is remembered that the Trichoto-~-

-mous display, according to instructions, was to be considered as

reflecting tﬁe output of sonar alone. On the other hand, the
official criteria for the statement "probable submarine" are quite
stringent (see p. 5 ). If all were met, it could be argued that
it would be reasonable to expect a much higher level of certainty
than that obtained.

In contrast to the ideal observer, the level of certainty
elicited by "probable submarine" is highly conservative, It is
evident that much useful discriminative information would be lost
to the decision maker if it were necessary to collapse a number of

observation points (16 through 20 in this example) into one such
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qualitative conclusion. Further, for the target distributions

assumed, systematically overly conservative conclusions would

result.

The average level of certainty for the statement "possible
submarine" (56.7) was about ﬁidway between that elicited by
observation points 10 and 12 on the other displays. This is quite
close to a likelihooed ratio of 1.C and consequently to a maximally
uncertain response. This result suggests that a classification in
this category provides minimum information useful to the decision
maker and, in practice, probably serves mainly to stimulate con-
tinued investigation. Again, the lack of discrimination among
gquite different configurations of target clues that would occur

with this overly simplified categorical c¢onclusion is evident.

—r

The average level of uncertainty for the statement 'nonsubma-
rine" (14.3) was most comparable to the response elicited by obser-
vation point 5 for the likelihood displays and points 3 and 5 for
the 20-~-Lights display. The corresponding likelihood ratio would
be 0.11 or less. This classification thus appears more decisive
than "probable submarine’ although Zt still reflects less certainty

than the ideal observer for observation points 1 through 5.

Differences in Interpretation Between Subjects

The dispersion of certainty ratings about the average value at
each observation point reflects the level of agreement or similarit
of interpretation for each display. Obviously an effective display
will minimize individual differences in interpretation and the idea
observer will be perfectly relable. The data are reported in

»

Table III.
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It is evident in general that the 20-~Lights display produced
the greatest agreement. This was true particularly at the two
extreme observation points (1 and 20) and near the middle (point
10). These points probably were more effectively portrayed on the
20-~Lights display than on the others.

The average ¢ of the 20-Lights display was significantly lower
(p‘<.01)* than all other displays except the Bar Graph. The Bar
Graph in turn produced greater agreement (p<:.05) than the Relative
Frequencies and Relative Odds displays. Finally the Traditional
Trichotomy produced significantly more disagreement than all of the
other displays (p<,01)° It seems likely that this was a function
of the relative ambiguity of verbal as opposed to numerical or

graphic symbols.

For the most part the magnitude of the dispersions did not show
any systematic trends across the several observation points. The mean
dispersion was greatest at points 8 and 14 which, curiously, involve
similar likelihood ratios of about 1:3 (or 3:1). It may be that
moderate odds, as-opposed to extreme or nearly equal odds, produce the
greatest interpretive differences although the trends are not suf-

ficiently consistent in the present study to be more than suggestive,

A few of the unexpectedly large ¢'s were probably due to effects
of position in the stimulus series. For example, Bar Graph point 8
(g = 10.9) was the very first stimulus in the booklet. Relative Odds
point 14 (g = 14.4) possibly involved a contrast effect, the immedi-~
ate preceding stimulus by chance being Relative Odds point 16.

Differences in Interpretation Between Officers and Petty Officers

There were small but consistent differences between the

Officers’ and Petty Officers' expressions of certainty for the

*According to the sign-rank tests of Wilcoxon as described by
Guilford (9).
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several displays. These are summarized in Table 1V. The differ-
ential confidence is shown in relation to the point of maximum un-~
certainty since the Officers were consistently more certain of a
nonsubmarine likelihood and the Petty Officers were consistently
more certain of a submarine likelihood. As in&icated, these blases
were not symmetrical about the point of maximum uncertainty and

varied in magnitude for the several displays.

Table IV, Differential Confidence as to
Target’s Nature

Display Officers Petty Officers
1. Relative
o . M
Frequencies 3.7% NS 2.8% 8
2. Bar Graph 1.8% NS 2.7% SM
3. Relative
0dds 2.0% NS 0.6% SM
4, 20-Lights 1.0% NS 4.2% SM
5. Navy Prob.,
Trichotomy 1.4% NS 2.5% SM

It seems likely that these differences are attributable to a
somewhat greater skepticism among officers as to the ability of
sonar to resolve the nature of a target. Perhaps they were more
mindful of the several criteria that must be met hefore a target
can be considered likely to be of submarine origin according to

doctrine.
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IV, DISCUSSION

Displaijesign and the Evaluation Function

It is surprisingly difficult to obtain agreement from Naval
Officers concerning the quantity of information desired, or the
form -in which it is desired, for making a target classification
decisgion. There appear to be two‘schools of thought. One, whose
members apparently refuse to admit the probabilistic nature of
sonar evidence, desires a simple dichoilomous statement that the
target is, or is not, a submarine.* The second school recognizes .
that even if the statement is made in dichotomous (or trichotomous)‘
form, there are bound to be different levels of certainty associated
with the variety of target contacts so classified. Therefore, it
feels that some statement of certainty should be required and in
addition, may feel a need for supportive evidence in more or less
detail, possibly to the point of reporting the specific nature of
clues that are displayed.

Essentially, the output of the HHIP is of the dichotomous form ;
desired by the *black and white' school., Undoubtedly, its simple
format will result in considerable acceptance for the reasons dis-
cussed above.** There seems little doubt, however, that consider- ;
able information of value to a tactical commander is lost if no <
basis is provided for discriminating between a target that displays
most of the properties of a submarine and one that displays just

enough of them so that it cannot be dismissed.

¥Though these persons are "anti'" probability statements, it might
be conjectured that if they were contemplating a picnic, their
decision to go or not might be based upon whether the forecast was
"Probability of rain, 60%," or "Probability of rain, 90%."

**%¥0nly the display characteristics of the HHIP are under discussion
here,. Its considerable usefulness as a classification ald has been
demonstrated.
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In spite of this, it must be argued that a dichotomous subma~
rine-nonsubmarine display would be the i1deal one if the sensors
discriminated sufficiently, and reliably, between the two classes

of targets. In such a case, with essentially zero overlap between

‘targét classes on the scale of resemblance, the gonar evidence

would be conclusive and the tactical decision would He more or less
determined also. The difficulty, of course, is that present sensors

do not operate in this discriminating fashion.

In addition to sonar’s evaluation, the 'skeptics' school
wants as much detail as reasonably can be conveyed about the nature:
of a target. They should also be given an objective means of evalu-
ating the detailed evidence. With the present limited capability

of sonar sensors and signal processing techniques, the conclusion

Beems inescapable that this group, given some display of the likeli-

hood function, will produce the greater number of effective decisions.

In the MITEC, in addition to the 20 "final" lights, an attempt
was made to provide a kind of supportive evidence by employing an
"Intermediate Display'" that summarized the major characteristics of
the target as determined by clue correlation. The sensed size,
aspect, reflectivity, depth and motion of the target were reported.
Since these are the characteristics that determine the target's
degree of resemblance to a submarine, the decision maker was pro-
vided with a basis for analyzing in some detail why a particular

contact did or did not produce a relatively certain solution.

The greater the degree of overlap between the submarine and
nonsubmarine distribution functions on the scale of resemblance,
the more important it would seem to provide the decision maker not
only with a statement of the relative piobabilities involved but
wi h supportive evidence indicating how those values were deter-
mined. The less certain the several sources of critical evidence,
the more necessary 1t would seem that the decision maker be

appraised of the kind and &uality of information obtained.
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Display Design and Tactical Flexibility

The previous line of reasoning can be extended to the decision-
making problem faced by officers in tactical command of a number of
different types of ASW units. These officers shouid be apprised of
the relative quality and reliability of the information produced by
different classes of vehicles (aircraft, surface ships, submarines)
with their different sensors (radar, MAD, sonobuoys, active sonars,
passive sonars, ete.), Further, officers responsible for the
tactical control of vehicles such as the P3V, with its several
sensor systems (visual, radar, JULIE, JEZEBEL, ECM, etc.), each
having different capabilities and limitations as detection and
classification systems, must be apprised of these differential capa-
bilities if they are to make the greatest possible number of correct

decisions.

It is likely that many tactical decisions involving these

systems are made oh a very subjective basis at the present time,

Unfortunately, few objective performance figures are available for these

systems and comparative data for different systems operating against
a target under similar conditions are practically unknown, While
differences in detection capability are somewhat predictable, one
can only guess at the differential classification capabili&ieé

involved.

If it is agreed that the present state of the art.does not
warrant a dichotomous classification display, the argument for a
probabilistic display can be édvanced further on the basis of the
tactical flexibility it would afford. The question of whetheth,
10, 20, or more levels of likelihood should be displayed is moot.
It would seem reasonable, however, that the classification display
should provide as many levels of solution as the clue correlator
can reliably discriminate. If a given configuration of clues is

reliably associated more frequently with one class of target than
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another, then the implied differential probability should be con-
veyed to the decision maker. The only apparent difficulty is that
no sufficiently representative sample of target contacts exists
that would enable the differential probabilities to be established
empirically.

This problem was circumvented in the MITEC, apparently with
reasonable success, by supplementing the empirical target data
available with logical expectation. Since the limits of size,
motion, aspecf, depth and reflective pattern can be reasonably
specified for submarines, it was possible to adjust the solution
appropriately for various combinations of these attributes even
though many combinations actually had not been encountered. The
reasonableness of this process was subsequently demonstrated when
it was shown that submarine and nonsubmarine contacts did distribute
themselves toward opposite ends of the resemblance bontinuum in a
fashion similar to that expected from two overlapping but partially
differentiable target classes ( 5), Thus the several levels of
solution displayed by the MITEC 20-lights do provide a basis for
establishing differential probabilities that the target is a
submarine but there is no assurance (in fact it is highly unlikely)
that these probabilities increase in the linear, equal-interval
fashion that the subjects of this study expected.

Designing the Displays vs., Programming the Output

While it appears that decision makers will increasingly be
confronted with systems that produce probabilistic information, no
clear-cut design guidance for the display of such information,
either from the human engineering literature or elsewhere, has
proved to be readily available. The attempts of the present study
were admittedly limited and perhaps lacking in imaginativeness.

The problem is more readily solved, of course, if the underlying
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probability density distributions and the amount of thelr overlap

in the discrimination space is known. As one cdisplay possibility,
the actual overlapping distributions cculd be portrayed and the
appropriate observation point for any given clue configuration could
be indicated directly. This would be a most informative display
although its proper interpretation might require considerable
training. However, it seems unlikely that target information will
be available in the form required by this approach for most military
systems. It is not now available for ASW systems and present data
collection programs are far too limited to give hope of determining
the precise form of these distributions soon. Further, any marked
change ih system characteristics will result in changes in either

the shape, or degree . of overlap, of these distributions, or both.

In view of these problems, it would seem that the best design
guidance must come from investigations of the meaning of probabi-
listic displays of various designs to the decision makers, Ideally
such studies should provide the opportunity actually to choose be-
tween alternative tactical actions. This implies a specifiable
pay~off matrix which is not realistically attainable for many, 1f

not most, military problems.

In the absence of action criteria, a useful compromise would
seem to be the employment of intermediate criteria such as those
used in this study--measures of certainty and agreement. The
design problem then becomes one of achieving an interpretive match
between the meaning of the display and the discriminating capa-
bilities of the sensing and processing equipment., For example, had
it been known that the 20-lights display of‘MITEC produces an
essentially linear, equal-interval scale of certainty, a closer
match could have been achieved between the prograhmer's intent and
the observer's interpretation of the relative likelihoods involved.
Whatever the system of probabilistic information processing, con-

siderably more knowledge of thé”iﬁ%grpfétations placed by typical
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ohserversg on the display of such information is desirable if the

decision process 1s to be aided effectively.
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