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1. BACKGROUND

A model of the following situation is discussed. A large
number of young mern have been trained in the unaided visual search for
and detection of aircraft in fiight. Now they wilil spend a short time
searching at a small site in open terrain. Every now and then a single
aircraft will fly an arbitrary path passing near the site. Shortly
before each aircraft's appearance the group is assigned a certain azimuth
sector of sky to search and a time to begin searching. Each man searches
independently of the others. Wherever a man Jdetects an aircraft he
presses a button to record a detection time. After each aircraft has
passed, a record remains of the cumulative frequency of detection times
for that sortie. The cumulative frequency function associates each time
with a number between Q0 and 1 which may be thought of as the probability
that a man selected randomly from the group has detected the target by
that time (see Fig. 1). The model is to duplicate each recorded cumu-
lative frequency function when given:

1) the size ané location of the search sector

2) the time at which sea~ch is begun

3) the aircraft's dimensions and flight path, and
4) the local meteorological visibility,

More importantly, the model is to predict cumulative frequency functions
accurately for untested combinations of the above parameter:.

There is a2 certain amount of visual theory and laboratory data on
which to base such a model and a certain amount of actual field detec~
tion test data on which to register the model. But as yet, the theory
is loose, the number of collateral considerations (such as local sun
position and brightness, ground and target reflectivities, cuelng due to
smoke trails, sound, or glint, cte.) is large, the field test data is
sparse in relation to the parameter space, and the consequent lack of
success Iin building accurate predictive models is rotorious. This
author rfeels that improvement lies in the direction of more care-
ful modeling of the actual search process and available laboratory
data on threshold contrasts, and in the adoption of a framework which
predicts detection frequencies for a single well-defined set of parame-
ters rather than skipping directly to models which predict results for
average or randomly selected sets of parameters (a physical rather than
a statistical model). Herein we shall attempt to construct a new model,
reviewing pertinent findings of other researchers at critical points, and
to compare ex-post model predicticns with field test results.

2. THE SEARCH PROCESS
Consider a ground observer cearching for an aircraft suspected

of being in the area, but with an uniknown flight path. His searching
behavior will be influenced by:

3 Preceding page blank




LT A ST TR TN T A L S S PE AT R RS FNS " B . s

ﬁﬂ

*2AAND UOTIONIIP 0 LIFTFqeqoad dydmeg °T dan8fy

.
:
!
)
:
]
M< .
:
!
t
§
b
V

P Py

{o8) IWIL

oL

|
i
b

e T e i
8
&
(-]
o

|
o
c

* oW A
.

St

s,

YRR
1
<
<

196

NO1LD3130 40 ALITISVE0Yd 3ALLYTNNND

|
=

oL

PRIV I I AT



<

Ao

Atan ot e

1) the extent of the sector

~ A A #y

2) his mental picture of what he is looking for and where
he expects to fiad it, and oo

3) other eclements in the sector which might be confused with i %
the target - or morc gencrally, the background "structure." ]

In the situation modeled, the observer has been told to seavrch an
azimuth extent between two identifiable points probably on the horizon
and an elevation emtent large euough to include most appearing targsts.
If the surrounding terrain is flat, the observer will probably choose
the horizon as a lower boundary, but if the terrain is rugged and/er
the observer is stationed high, he may feel he should spead congiderable
time searching below the horizon. TIf the day is quite clear and high-
flying aircraft are not of interest, the observer may search only the
lowest 10° above the horizou and not expect to miss important targets.
On the other hand, if the visibility is poor or high targeta are impor-
tant, the upper boundary should be raised.
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At present the model provides only for 'rectangular" search sectors
of extent 10° in elevation and between 20° and 180° azimuth. The center
of the sector should not be more than 25° above or below the horizon.
The reason for che present restriction to sectors only 10° tall is
simplicity in modeling-it 1is natural to scan such a sector in linear
sweeps back and forth; sectors taller than 10° would invelve a mnre
complicated two-dimensional scan pattern. More will be said about this
later in this report.
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The flight path of the target past the observer may be straight
and level or may involve maneuvers. The straight and level path is
characterized by its altitude and offset (horizontal range at closest
approach). Maneuvers are gimple climbs, dives, horizontal turns or
combinations of these. In the model, the aircraft is moved along its
path and banked as specified by input cards. The model does not assume
that the aircraft is in the search sector. Indeed, with maneuvers as
well as some straight and level flights, the target may spend most of
the time outside the seaxrch sector, yet still be visible with peripheral
vision.
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3 Structure in the background consists ope' ationally of anything that :
€ causes the observer to alter nis scanning path or rate from that natural .
: in a featureless field. Some tyrical structures are:

1) The horizon itself, on which the observer finds it useful to
focus now and then and which provides a reference line for efficient
scanning of lurger horizontal sectors.

2) Sharply delineated boundaries to the sector, such as the edge
of a projection screen, which generally do rnat occur in the modeled
situation.

3) Flora, which, with its constant pattern of varying colors,

shades, and te:xtures, tends to hide the target, causing the natural scan
rate to decrease.




4) Cloud banks which are .urticulated enough to cause ecan rate
to decrease.

On the other hand, the cpen sky, uniform cloud covering, and distant
terrain can appear featureless. In a highkly structured background field,
the obez2rver may not be aware of the targ t's prezence except when view-
ing ft foveally (direction of target and gaze coinciding). But as the
background becomes more nearly featureless, the importance of peripheral
viston in detection increases. A smoke trail, glint (specular re- 3
flection of the sun), or even the target itself may catch the observar's !
attention when located as much as 80° off the foveal axis. Immediately
after gaining such a peripheral cue, the observer will shift his glance
toward the cue to confirm his suspicion. In a structured rectangle the
observer's pattern of glimpses will be broken by many apparently rardom
departures from the straightforward back and forth pattern, unless the
structure forces an extremely low scan rate (as in che case of the
printed page). However, even an unstr-ctured rectangle is not searched y
perfectly back and forth, mainly for physioclogical reasons over which
the observer nas no control. 3

¢ In the model, the background is assumed unstructured; the scan

’ pattern is perfectly systematic and the scan rate is chosen appropriate
to natural levels in unstructured fields. More will be saild about this |
later. For these reasons, applicability of the model to cases where the
background is structured or the scan pattern or rate is not nawural to
the observer is minimal.

It is widely believed that the observer's normal ocular activity
consists of a series of fixation periods and the short intervals or
jumps bLetween them. Of interest at this point are:

4w a ey

1) The duration of a fixation

2) The relative duration of the inter-fixation periods

3) The nature of the pattern traced out by a series of fixations
4) The angular distance between successive fixations.

A number of investigations into these phenomena have been reported in
the literature; the results vary with the nature of the visual task
being performed and conditions of observation. Cobb and Moss! found
that the distribution of minimum duration of a fixational pause was
adequately described as Gaussian with a range of 0.071 to 0.25 ¢ec and
a mean of 0.15 sec. Their procedure involved estimating the time spent
in a pause micway during a shift of gaze from point A to point B.
Leibowitz and Bourne? reported a skewed distribution of durations-with
a mode of 0.30 sec and a mean of 0.48 sec although it is not clear that
their measurement involved only onez fixation, rather it was the time
spent viewing a test object while making a shape judgment about it.
Ford, White, and Lichtenstein3 report results of a study of visual
activity in searching an empty 30° dizmeter screen. The mean fixation
duration was 0.23 gec (with a range of 0.04 to 0.60 sec). The typical
pattern of search was roughly circular concentrating in an annulus

!
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about midway from center to periphery. The mean distance between
fixations was 8.6° (range: 1° to 30°). About 15% of the search “ime

was spent jumping between fixations. White and Ford“ were ir:erested

in visual search of 1" and 30 diameter circular radar plon position
indicators. Such .. field is structured with a radial scan line rotating
with one end fix-4 in the c¢2nter of the screen. The spoke made a com-
plete revolution every 10 sec. They found a slightly skewed distribution
of fixation durations with mean 0.37 sec, median 0.36 sec, and range

0.11 to 0.79 sec, independent of size of screen. They found also that
the typical pattern »f fixations followed the scan line around the
screen, at an average radius of one-half the s¢creen's radius, with 6 or

7 very brief excursions per revolution toward center and edge. This
yields no clue to the pattern of successive fixations =xpected in the
search of an empty narrow horizontal rectangle, but indicates ow strongly
the natural search pattern can be influenced by structure. Finally,

they mentioned that very similar results were obtained by Baker® in an
independent investigation. White and Fo:d® summarize briefly the results
reported in references (3) and (4). White’ restates the above findings
and implies that for sectors larger than those studied, the angular
distance between fixations would be larger than 8.6° although the fixation
duraiion would not change much. Enoch® studied the average fixation
durations and intev-fixation distances involved in searching maps of
various sizes. The results are shown in Table 1.

TABLE 1. OCULAR BEHAVIOR DURING MAF READING

Average Average
Duration of Inter~Fixation
Map Diaueter Fixation Distance
(deg) (cec) (deg)
3 0.578 0.87
6 0.468 1.82
9 0.384 2,13
18 0.361 3.7
24 0.355 .33
51°,18" 0.207 6.30

It must be remembered that a map is highiy structured and so the inter-
fixation distances are probably smaller than those natural to a feature-
less fileld. Sugarman, Hammill, and Deutschman? measurcd detection rates
dvring search for several types of targets including circles of various
uniform contrasts and sizes superimposed on a large unstructured rec-
tangular screen. At the end of the experiment they measured eye move-
ments of one particular observer. They found that the observer shifted
his gaze 171 times in 57 seconds, giving an effective average glimpse
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time of 0.33 sec. They report also that the first four full-field scans
took a total of 4.5 sec, the next several 3 to 4 sec each, then followed
one of 14 sec. After the 14 sec scan, the pattern of 1 sec scans slow-
ing %> & sec scans was repeatel.

The present author, in a very rough attempt to determine typical
scan rares, looked recently at videotape recordings of tbe Marine Corps'
LADS-1 or AMTOC-1 visual acquisition and tracking field tests conducted
near Yuma, Arizona in 1970. In these tests ground observers searched
preassigned sectors of desert sky-for aircraft purported to be flying
by (just as in our situation to be modeled). The preassigned search
sectors were of 30°, 60°, and 120° extent in azimuth and all consisted
roughly of the 10° in elevation just above the horizon. The observers
carried portable tracking devices, some of which were equipped with a
videotape recorder aligned with the crosshairs of the tracking device.
The observer turned on his rzcorder, started search, and finally informed
his partner that detection had cccurred. The recordings indicate that scme
of the observers kept their trackers pointed toward the ground until
detection occurred, then swiftly aimed them at the target. During the
search phase (prior to deteciion) the tracker traced out a pattern on
the ground that was presumably highly correlated with the upper body
motion of the searcher. The typical search pattern that emerged was
a series of moderately rapid full field scans, right to left to right,
etc., broken now and then by excursions presumably to Investigate
suspect areas. Generally‘'there were only several full field scans
recorded prior to detection. In the few cases that involved as many as
ten, there was no clear cut evidence of the slowing down, then speeding
up, effect noted by Sugarman, et al. A stopwatch was used to determine
the duration of these full field scans. Assuming a glimpse rate of
3 per second, an estimate was made of the average distance between
adjacent glimpses. The results are tabled below and plotted in Fig. 2.

TP

TABLE 2. OCULAR ACTIVITY DURING SEARCH OF THE SKY

A NI T T

Azim:th extent of sector 30° ! 60° 120°
Total No. of full. field scans 96.5 94.2 72 §
Range of duratioms 1.75-4.50 sec | 2.00-4.75 sec | 2.50-6.00 sec é
Total duration 262 sez 282 sec 284 sec
Average Duration 2.72 sec 2.99 sec 3.94 sec
Average No. of glimpses per scan 8.16 8.97 11.82
Average distaace between
adjacent glimpses 3.68° 6.69° 10.15°

In order to plot these results with other interfixation distances,
an assumption had to be made as to the vertical extent of the AMTOC search
sectors. In Fig. 2, it was assumed that the vertical extent was 8° in
order that the White and Ford point (W) lay right on the curve. The Enoch
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findings for reading maps are shown for comparison and labeled E. 1In
view cf the Enoch findings, it would be unwise to extrapolate the un-
structured search results to sectors of extent below 0.07 sr or much
above 0.4 sr.

In summary, then a certain amount of experimental evidence' supports
the following conclusions regarding natural free search in an unstructur:d
field:

1) Average glimpse rate is in the nefghborhood of 3/sec.

2) TPerhaps 85% of the search time is spent actually glimpsing,
the rest in jumps between fixations. Actual average glimpse times are
on the order of 0.28 sec.

3) The shape of the field has an effect on the natural search
pattern, circular fields are searched with roughly circular scan patterns
and long low horizontal rectangles are searched witn = back and forth
—otion.

4) There is a definite tendency t¢ scan larger areas with larger
inter~-fixation distances than smaller areas, but not so rapidly as to
cover the larger area in the same time as the smaller. Fig. 2 may
serve as a tentative guide to this effect.

In the model, the search process is handled as follows: The sector
is assumed to be a rectangle of azimuth extent between 30° and 180° and
running in elevation from the horizon to 10° above the horizon. An
observer scans toward the right edge on a line 2%° above the horizon,
then back toward the left edge on a line 7%° high, then repeats the pro-
cess. The simulation frame time is 1/3 sec. Each 1/3 sec the scan
position i3 advanced a fixed angular distance depending on the sector

- gize as shown in Fig. 2. The 5° jump between lines is made instantane-

ously. It remains to discuss the initial position.

Cousider an aircraft approaching the cbserver radially along the
left sector boundary. If the observer is looking near the left edge te
will detect much more rapidly than if he were looking near the right
edge. It is desired that the result represent the frequency function
of an observer whose initial scan position is chosen at random. There-
fore the model averages results for a number of observers. For purposes
of initial position only, the search sector is partitioned intc 5°
squares (a 90° x 10° sector contains 36) and an observer is started in
the center of each square. The number of observers comprising the
average is thus also the number of 5° squares into which'the sector
can be partitioned.

Every 1/3 rc the model calculates a glimpse probabiiity, Pg, for
each cbserver. This glimpse probability is cumulated for each observer
according to the formula PCUM; = PCUM¢-3 + (1 - ECUM,_;) Pg. The resuit
is then PCUMt averaged over the observers. Before discussing glimpse
probabilities further, let us go into contrasts.
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3.  CONTRAST AND THRESHOLD CONTRAST

The signature of the target in the visual spectrum consists
of its presented area and its brightness contrast against the background.
The visual angle (apparent diameter) of the targets in the region of
most detection action s smwill, say one to 2C minutes of arc, so that
color contrast can reasonzbly be igncred. ' .at is detected is generally
a dark point against a lighter background - - vice versa. Middleton's
delightful book!® gives an excellent introductior to the topic of con-
trast and its transmission through the atmospnere. Here we shkall give
only a brief summary. Intrinsic brightness contrast is defined as

Bt-Bb,,

b

the absolute vaiue of the difference between target and background lumi-
nance divided by background luminance. Luminance is the pnotcmetric
analogue of the radiometric term radiance and is measured in lumens/

(St - m?) or foot-Lamberts.

An aivcraft in the daytime sky is 1lluminated by three sources:
direct sunlight, air light from the rest of the sky, and reflected light
from the ground. During most types of flight (except directly toward
or away from the observer, or circular horizontal turns with observer
at center) the portion of the aircrafi's surface visible to the observer
is constantly changing. Moreover, the luminance at any particular point
on the aircraft is changing constantly as 1t receives differing quanti-
ties of sunlight, airlight, and reflected ground light. Furthermore,
vhe background brightness is subject to certain variations from point
to point in the sky. Consequently, substantial variations in contrast
over a flight path lasting 20 sec are common. Common levels of aircraft
intrinsic contrasts are between 0.05 and 0.75.

There 1s very little systematic knowledge of the way in which
actual contrasts vary in flight. One may measure material reflectances
and lighting distributions and calculate contrasts that should occur,
but generally, the agreement is poor. Alternately one may remotely
measure contrasts in flight, to see how they behave and attempt to
build models which predict the observed behavior. Again, this author's
personal experience has been unsatisfying. The tcpic remains an area
for future research.

The weakest point in the model at present is that intrinsic con-
trast must be specified as an input (changes during a flight are allowed)
but the analyst has little information on which to base his choice.

The parameter is significant in that results can vary widely depending
on the choice made.

Atmospheric haze is the dominant cause of alteration of the contrast
in the visible spectrum. The apparent contrast of a target whose

11
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C= C° exp [} iﬂ;]

where Vp is the meteorological visibility and k is a dimensionless
constant such as 3.912 or 3.44, depending on the criterion used in
determining the visibility. This calculation of apparent contrast
holds exactly for horizontal lines of sight and is a good approximation
fcr nearly horizontal paths. The formula is firmly based in theory

and agreed on by most resesarchers,10»ils12

The calculation of glimpse probability P, depends on the ratio of
apparent contrast to threshold cont:ast. Calculation of threshold con-
tiast C¢ is neither firmly based in theory nor agreed on by independent
researchers. Let us define threshold contrast as that level at which
a normal pair of eyes, chcsen at random, has a 50%Z probability of seeing
the target. Threshold contrast is a function of four major parameters:

1) Size of target, a, in minutes of arc subtended.

2) Peripheral angle, A, in degrees from the target to the foveal
or fixation direction.

3) Level of brightness to which the eyes have been adapted.

4) Duration of target exposure.

The minor variables include: shape of tariet, whether vision is monoc- ?
ular or binocular, and whether target is brighter or darker than back- 3
ground (of vositive or negacive contrast). Zuntrast thresholds are
measured em, irically, generally in viewing rooms, and generally using
a small number of observers!3~2?., Differences ir test procedures and
data reduction methods strongly influence the results.

The number of variables influencing contrast thresholds h: ; been
a deterrent to complete mapping of the space. Various investigators
have fixed one or two of the major parameters and attempted to map out
subspaces. The present author has used references 17-20 to put together
a map of threshold contrast versus target size, a, and peripheral angle,
A, at the constant values of adaptation brightness level 75 to 100 ft-L
and exposure duration 1/3 sec. The procuss of putting this map together
has required months of data smoothing, cross-~plotting, correcting what
appear to te measurement errors, comparing results with other mappers
(notably Seyb?! and Davies 22123 ), making sure that the result is con-
sistent with Ricco's Law: as target size diminishes, Ct----k/a2 for
foveal vision, and many months of trying out results on the AMTOC
detection data.

R e T TSR R

A comparison of Taylor's!® data with Blackwell and Moldauer's'®
data suggests that Taylor had trouble controlling the accuracy of his
peripheral angle neasurement under 5°. So the present model uses foveal
data from Blackwell and Htheady”, near periphery data from Taylor"

12




(A = 5 to 12%°) and trends in the far periphery (A = 15 to 90) from
Sloan?%. Sloan's trends, rather than actual data, are used since her
adaptation brightness level (3.2 ft-L) ana exposure duration (1 sec)

are rather far removed from the present select.ons and since her viewing
was monocular.

The formulas used for threshold contrast, Ct, are as follows:

TABLE 3. FORMULAS FOR THRESHOLD CONTRAST

&
C, @ =—7 v, a = 0.260 , b =20 ,for 0<agl
o . {®, 0.240 1.982 1' <ag 2.5
0.155 1.507 2.5'< a < 3.5
0.108 1.220 3.5'< o < 4.5'
0.0524 0.736 4.5'<a g 6
$.0327 0.473 6' <ag 10
0.0214 0.289 10" <a < 20
0.0128 0.117 20' <¢
C (a) = , a, =0.525 , b, =2.0 ,for O0<agl'
& u(”li 1 o.s25 1 2.106 1'< a g 2
0.431 1.821 2'< o g4’
: 0.301 1,561 i< a g8
: 0.164 1.269 8'< a g 16"
: 0.0728 06.977 16'< o 3 40°
; C.0506 0.878 40'< «
i
§ Ct = Ct (a) for 0 g X § 0.6°
i [o]
i
’ C, @+ (A -0.6)cC () for 0.6° < X g 15°
: () 1
2_
[Ft (@ + 1.4 €, (a)] . [0-000663002-229)] 0 yse, 4 < 910
o 1
2
[ct @) + 14,4 C, (@) §29)[°-°°°1"86(x 20 2 > 15°, u > 9.1°
o 1 o

These formulas should be good for the rauges 0 < a g 120°, 0 g A < 90°,

as long as \is measured in the horizontal meridian. Slcan's data provides
for a further modification if A 1is in the vertical or on an obligue
meridian, but this provision has not yet been incorporated intc the model.
It is to be noted that C; 41s linear in A for A g 15°. TFigures 2

and 4 show Cp (@), C¢;(a), and the factor exp [0.000643 (A% ~ 225)].

The reader may well question the use of extreme accuracy in handling

threshold contrasts when their originators (e.g., John Taylor in a2 tele-
phone conversation) claim an accuracy only to a factor of 3 (% log ynit).
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Figure 3. Foveal contrast threshold and slope in the
near periphery.
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Further, they will find plausible excuses (e.g., forced choice versus
yes-no reaponses by the subjects in the experiment) to explain their
inability to duplicate the d4ata of others. Yet this authcr feels the
accuracy is much better than claimed and, moreover, it is significant:
a 207 reduction in threshold contrast in only a small portion of the
sample gpace can cause a five second reduction in detectior time pre-
dictions.

4, CALCULATION OF GLIMPSE PROBABILITY

. Fully as important to the model as the threshold contrast is
the procedure for transformation of C/Cy into glimpse probability.
Blackwell?® has extensively investigated this matter, summarizing data
on more than one million observaticns by 36 observers in 11 different
studies. He concludes that -~ontrast ratio at detextion (contrast at
detection divided by threshold contrast) may be repri:sented as a random
variable whose distribution is normal with mean (nec:ssarily) uvnity
and standard deviation ¢ (in Blackwell's notation, ¢/."). He further
argues that ¢ is quite constant, that is, fairly independent of the
level of the parameters mentioned in Section 3. Let us briefly examine
his data.

In each of the 11 studies one or more of the above-mentioned
parameters was varied, others remaining constant. In reference 24, for
each study, a 0 for each level of the parameter(s) varied and a "grand
mean"” o was reported. The following table shows the minimum and maxi-
mum o and the grand mean for each study.

TABLE 4. BLACKWELL'S REPORTED ¢'S

Minimum Maximum Grand Mean
Study g o ]
1 0.363 0.672 0.479
2 0.311 0.402 0.354
3 0.433 0.539 0.471
4 0.324 0.456 0.419
5 0.333 0.467 0.390
6 0.284 0.354 0.337
7 0.285 0.345 0.302
8 0.484 0.547 0.519
9 0.412 0.544 0.483
10 0.373 0.620 0.455
11 0.340 0.365 0.352
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A typical ¢ 1in Table 4 was found in the following manner: The
parameter levels were specified and a range of contrasts suspected to
bracket the threshold value was' identified. At various contrast levels
in this range the observations were carried out and resulted in pro-
portions of correct responses. On at least some of the data, xz tests
indicated that the hypothesis that the distribution of contrasts at
detection was normal could not be rejected. Tharefore, on the assumption
of normality, probit analysis was applied to the responses to estimate
mean and standard deviation of che distributioan. The tabled value is
the estimated standard deviation divided by the estimated mean.

Now, consider the random variable contrast at detection divided by
threshold contrast. It has mean unity and an absolute lower bound of
zero. A distribution of such a variable can be regarded as approximately
Gaussian fcr most practical purposes only as long as its standard devi-
ation i3 less tharn about 0.4. At higher ¢'s, the tails get severely
distorted. The standard deviation ~»f the triangular dastribution on
the range zevo to two is 0.408. A standard deviation greater than 0.55
is significant” v non-Gaussian. The standard deviation of the uniform
distribution on the range zero to two is 0.577. Certain sgkewed distri-
butions with the same 0©'s as the above two examples can be constracted
which look a little more Gaussian, but not much. Consequently, the
assumption of normality and also the argument for constancy of ¢ are
questionable. After all, what is the range of possible standard devi-
ations for a distribution with mean unity and lower bound of zero?
Nevertheiess, the frame work of the present model requires specification
of the distribution of contrast ratio at detection.

In Figure 5 sample Gaussian distributions with means unity and
standard deviations 0.3, 0.4, 0.5, and 0.6 are shown. At a C/Cy ratio
of 0.2, Pg is 0.0045 when ¢ = 0.3, but Pg is 0.09 when 0 = 0.6. After
30 glimpses (10 sec.) in such a way that C/Ct remains constantly 0.2,
cumulative probability has risea to 0.13 in the first case and 0.94
in the second case. If one case reprasented field detection data and
the other a model prediction, the match would be unacceptable. It
turns out that the preponderance of detections in the AMTOC tests and
in our situation to be modeled occur in the region where 0.005 < Pg < 0.10.
In the absence »f a moderately accurate specification of o for the
parameter levels of interest here, the author has experimented with
several constant ©'s and several ways of varying ¢ for different
target sizes and peripheral angles. At present, the test model pre-
dictions have resulted when ¢ = 0.32 (constant). During a discussion
with Blackwell, he indicated a preference for a higher ¢ and suggested
that the left tail be skewed (as for example the dotted line in Figure 5)
so that low Pg's could be reached with positive C/Ci¢'s. This has not
yvet been tried.

Neither Taylor" nor Sloan?® reported 0's for their experiments.
Both these investigators used yes-iao testing rather than Blackwell's
forced-choice method; reliable estimation of ¢ in the former instance
is difficult.
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Summarizing the model, then, at each instant the aircraft is
positioned on its path at range R(knm), presenting the desired aspect to
the viewers. Tne presented area (m?) 1is converted to visual angle
a = 3.88#5;7R (minutes of arc). e input iatrinsic contrast is con-~
verted to apparent coatrast based on the range R and the input meteoro-
logical visibility. Then, for each observer, threshold contrast C¢ is
calculated as in Section 3 using the visual angle a and that observer's
peripheral angle A. It is assumed that (C/C¢ - 1)/0 is a standard nommal
deviate and that o = 0.32. Pg for that observer is taken as the integral
up to that deviate under the standard normal curve. Finally, as explained
in Section 2, P, is cumulated over time for each observer and the cumu-
lative probabilgties are averaged over the field of observers.
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5.  COLLATERAL TOPICS

In this section will be discussed briefly a number of topics
which have some bearing on the detection of aircraft.

a. Terrzin Backgrounds

A AT A IS

On scme occasions terrain backgrounds may be considered
unstructured - e.g., distant mountaing, expanses of flat sand or dirt,
near terrain whose structure 1s obgcured by haze. Such cases are handled
in tYe model merely by a change of contrast. Writing C, = Bt/Bb -1
without the absolute value sign and noting that targets and terrain
hackgrounds are generally darker than the sky, it is seen that a switch
from sky to terrain background means that C, generally rises closer to
zero (megative) or beccmes slightly posltive. Generally ICOI s reduced
and the target is more difficult to sze. If the terrain is structured,
both the wode of search and the ability cf the brain to pick the target
out of the structure will be altered and the model is no longer applicable.

P e v i e RN e 41

b. Smoke Trails

If the aircraft is emitting a smoke trail, the latter
beconmes a cua to the aircraft's presence. In fact it is not unreason-
able to assume that the target has been d~-ce:ted as soon as the smoke
has been observed. The smoke trail has a ceitain size (as seen by the
observer) and a certain contrast against the background; only after
reasonable assumptions can be made concerning these quantities, treat-
ment of the smoke beccues straightforward. Each distinct alrcraft type
may be considered to have a smoke trail characterized by its (visible)
length, breadth (under various wind conditions), color, and opacity.

In the AMTOC field tests on the P8 aircraft (a iight smoker) it is the
opinion of the presern* author that smoke aided detection only when the
aircraft's direction of motion was within 10° or so of directly toward
the observer. However, observers at other field tests on other aircraft
insist that smoke trails are more visible when the target is crossing
at 90° than when it is approaching head on.

Seviir VIV UAY 3y I (4 A e Bt P s (o b

c. Sun Contrast Model

It is possible to construct a model of intrinsic contrast
under the assumptions that the target is a Lambertian reflectiag sphere,
that the ground is a horizontal Lambertian reflecting plane, that the

; sky is of uniform brightness (except for a small sun), and that the -/
H sun is shining with a given brightness (possibly reduced by thin haze !
{ or clouds). Let the reflectances of target and grournd be Py and Pg»

respectively. let the sun and sky brightnesses be Bg and B,, and assume
the sun is of solid angular size wg. Let ¢_ and 6_ be sun elevation
and azimuth (from a given reference direction) and let ¢, and St be
elevation and azimuth of the target from the observer. Then let KX

be the ratio of illuminances due to sun and sky reczived on a piaud
normal to the sun's rays: K = wgBg/mB,. Let G be the ratio of
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luminance reflected from the ground to sky iuminance: G = f,(1 + K Sin ¢g).
Let B be the angle between sun and observer as measured at tﬁe target:

B = cos'l[— sin ¢s sin ¢t -~ cos ¢8 cos ¢t cos (9t - es)].

Then
¢ Pr (1 +G) -Pt (1 ~G) sin ¢
= = - t
o 2 3
z 20
t (X) . - -3
+ 5 [sin B + (v ~ B) cos 8} i.

Simple modifications can be made ro the model under the assumptions
that the background is :

1) A gky,of varying brightness
2) A distant terrain plane at an inclination to the horizontal.

The author has experimented with this model on the AMTOC data but, due
mainly to the non-availability of Bs, results are poor. Often, the
contrast model predicts changes in contrast in apparently the wronz

} direction.

i d. Glint

Glint is specular reflection of the sun on a portion of
the surface of the target. It consists of a small region of extrenely
high contrast which is a definite aid to detectior when it occurs. The
main difficulty in predictinz glint is failure to accourt for the complex
shape of the aircraft's fuselage and wings.

e. The Two-Dimensional Nature of Peripheral ‘Angle

Data on the behavior of threshold coatrast with vertical
peripheral angle are available. The author hopes to iuclude this effect
in the model shecrtly. For one thing, the eyebrows limit the upper
periphery to 55° or so, depending on depth of eye socket, etc.

f. Target Angular lotion

In the opinion ¢f the present author, angula: motion does
n.t ald target detectabllity against an unstructured background (espe-
cially when the observer is scanning a search sector) until the motion
exceeds several degrees per second. A target crossing at a speed of
230 m/sec at a range of 5000m has an angular velocity of less than
3°/sec; such high angular rates are not common in the case of ground
search. This opinion is based largely on the negative results of regres- i
sion of residual derection in the AMTOC tests on the known angular
veiocities. Now, in a structured field, even with so simple 2 structure
as a horizon within 2 degree of the target, there is reason to suspect

T T
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that detectability increases. Consider the snake in the grass that is
almost invisible until it moves slightly. This effect should be modeled
but the author is unaware of any empirical investigations into the
question.

g. Several Aircraft in Formation

There is no question that the presence of more than one
aircraft in a small solid angle increases the probability of detection
of at least one. Again, there is a certain amount of laboratory and
field detection test data available that should help to quantify the
effect. The author has not yet considered the problem.

h. Variat;gp in C¢ With Adaptation 3Brightness Level

Daylignt brightnesses can vary from 10 to 10,000 ft-L,
and there are available moderately accurate estimates of the variability
of threshold contrast with this parameter. But there are several reasons
for nct including this effect in the model. The main reason is that the
model user is reluctant either to specify the parameter or to add this
as an extra variable to a study. The second reason is that contrast
threshold levels do not change much over the wide range of daylight
brightnesses. The present author is of the opinion that as long as the
model's use is limited to daylight of uns;ecified brightness, the thresh-
hold contrasts for the 75-190 ft-L leval should be adequate.

i.  Search in Two Dimensional Sectors

Laboratory data on the pattern of successive glimpses
in searching square and circular sectors are available but have not yet
been included in the model. 1t appears that, under coanditions of natural
search behavior, it is generally true that edges and center of sector
are visited less frequently than a region midway between the two. The
author hopes to incerperate this extension to the model but has not yet
dore so. If it appears that results of such a refinement are no dif-
ferent than the resulis of the assumption of random walk, the latter
will be adopted.

3. Multiple Searchers

When the observer is part of a crew of several and the
interest is in the first detection or probability that at least one
detects the target, two questions arise.

1) On the assumption that all observers search the same sector,
do they perform independently in a statistical sense? The author kuows
of no clear cut data which support sithezr answer.

2) On the assumption that searchers do perform independently,
should the searchers z11 take the entire field, or divide it up? The
author has used the model to answer this question. The aircraft were
of two sizes and flew a wide variety of straight and level paths.
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Search involved two obaservers, both searching the same 120° x 10° sector
in one case, and dividing the sector into two adjacent 60° x 10° sectors
in the other. The cumulative probability over time that at least one
detection occurs is almost the same using either technique.

6. MODEL REGISTRATION ON THE AMTOC-1 DAVA

During June 1970, the US Marine Corps, the US Army Missile
Command, and Braddock, Dumn and McDonald, Inc. participated in a field
detection and tracking test of the Redeye air defense weapon against
the F8 aircraft at Yuma, Arizona. This author is of the opinion that
the test plan was very well conceived and executed. Most of the data
needed for a detection model registration is available and apparently
accurate. The key item missing is in-flight measurement of contrast;
consequently that parameter has been fre2a in the present study. All
the necessary information is contained in references 25-29.

In all there were about 250 teest runs. Eacl run lasted several
minutes and involved 20-30 observers operating Independently for the
most part. The sequence of vertinent events is as described in Section 1.
The four main test variables were:

1) Maneuver type {(including straight and level at 500 aad 1000 £ft,
dive @ 5 km, dive @ 1J km, climb @ 5 km, climb @ 10 km, and climb/dive
combinations).

2} offsget range (norinzlly 0, 1.5, and 3 lm)
3) Unmask rangz (5, 10, and 15 km), and

4) Search sector size (30°, 60°, and 120° in azimuth by roughly
10° in elevation).

Approaches were from a variety of compass points, not known in advance

by the observers. but usually within the sector. On occasion, the pilot
erred in approach azimuth or the test director erred in assigning search
sector, with the result that the aircraft flew largely out of the assigned
sector, providing valuable data on detections in the far periphery.

In selecting a registration set, the author limited himself to
straight and level runs (in order to simplify inputs) and ruled out all
runs for which :

1) Either the detailed a/c path or “he individual detection time
data for each observer was absent,

2) The questionnaire data indicated that too many observers were
cued by sound, glint, or smoke .trail.

The result 1s a set of 42 runs. Of the 42, ten are selected for presen-
tation here. The inputs for the selected runs are shown in Table 5.

The underlined contrasts in Table 5 represent time periods when the
aircraft was verified to be viewed below the horizon against distant
mountains.
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¥ TABLE 5. MODEL REGYISTRATION 1NPUTS
>
ﬂ Sekrch Sector  Ummask
P~ Run Aziauth Extent Range Altitude Speed Visibility Initisl Contrast C, and Changes
2 Yo. () (n) QO (Msec) {lm) _(Scc After Unmask)
e 109 30 4.8 200 275 8.4 0.325
B 4 25 30 5.6 200 294 46.7 0.20, 0.39 @ 2.0
-3 ] 340 30 9.2 150 1 48.3 0.18, 0.13 @ 10, G.25 @ 19
- 345 30 9.9 200 324 8.3 0.65, 0.45 @6, 0.43 @ 10
-; 127 60 4.7 200 349 76.4 0.14, 0.12 @ 5.5, 0.10 ¢ 7.1
E 25% 60 8.0 175 3.0 56.3 0.081, 0.183 @ 5, 0.10 @ 9, 0.117 @ 16, 0.2V @ 17.3
3 271 60 10.3 380 282 56.3 0.05, 0.195 2 20, 0.18 @ 23.5, 0.30 @ 27
3 190 120 5.0 150 288 14.5 0.21, 0.30 @ 5.0
4 231 120 &£.8 328 303 56.3 0.39, 0.11 2 4.0
7.» 286 120 8.1 250 29. 5€.3 0.075, 0.15 @ 5, 0.095 &4 10, 0.0% & 16 }
LA - — o
R
;g In Figures 6 through 15 planview graphs of the search sector with
- aircraft path and direction superimposed are shown. Tne beginning of
. B the path segment shuwn {opposite end frem arrow) represents position at
53 ummask. The end of the segment shown reprecents position at last de-

tection.

Be ow the planview is seen a comparison of actual detection

o

frequencies versus time (sclid line) and model predictions (dashed line).

ey e ———— -

o
39

In general the agreement is quite good, but it must be remembered
N that the author was free to select contrast values and changes theretn
in order to fit the data best. The aircraft were painted mostly white
with some black areas. Over the 42 runs iun the registration set, the
average of the intrinsic contrasts chosen to fit the data best was 0.22
. during periods when the background was sky and 0.15 when the background
was known to be terraiu.

.

Poee avay

w

RIS

”y
J

{ittois

.

a0 g

A 23

e @ i WA A e

g



3
.

PPN S

i e dhid
T
Toma=

SE

T6

<
.

$1030W10413

o~
—t-

i X

-

TP wHGFTPOMT Y P TEN AR AT Y v v at e . R

_ | _

10

03

] < o~
o o P

ALITIGV80Hd NOILD3L3Q JAILYINWND

TIME (sec)

Figure 6. AMTOC Run 109.

24




kilometers
N

2
kilometers

LTy

o
(]

(4
(2]
il ...

o
'S

=

CUMULATIVE DETECTION PROBABILITY

©
N

]

(=]

° B

10

TIME (sec)
Figure 7. AMTOC Run 225.




DB

NIRRT RTD R

RACHIGC

|
T -
rc

Lo AR e N 2

-’

-

»
kilometers

T W N T A Vs Y ol de ST BRen T U e et -
= A =X ¥y iaioaiade Jieo N

Ya T g ek v

1.0

CUMULATIVE DETECTION PROBABILITY

0.2

10 20 30
TIME {sec)

Figure 8. AMIOC Run 340,

-~ X

Tae s A

e 4

"

200 4>

o hw g wde

~

(R A 23012 Y S AW

et

et e il




FETT IR .

PP < Lo
10

|
20

anr—r—
LY

B
TIME (sec)

]
10

herhy
~+
4
kilomaters

Figure 9. AMTOC Run 345.
27

1.0

I _ |

© @ 4. N °©

(= (=] (=] o
AL1118Y80Hd NOILD3L30 JAILYINWND

~N

!

-4

10100}y

~2

- - o e Pt

EYIOLAD

VTR RPIIW PETRNELIWP I, v



e T e+ -t O - ———

e & AYR G AT N BN

St nrted : L NS e WA, v e € c _

- ..

iy

now iy

——

2

‘ -

:
. X A A

[
'L
& s ey

1.0

—

o

LSS O

N

CUMULATIVS DETECTION PROBABILITY
>

e
[

i
20 30

TIME (sec)

Figure 10. AMTOC Run 127.




ot ber s th A BRI OB AU R "

"
["a]
~N
INM .m
w 3
> FE

- l.l.o
si9eLwoj = "
il o 9 e
/4 x @
5
] ] i l ° -

Q -] w0 L 4 o (-]

[ - o o

°© ) >
11718vE0Hd NOILD3L3Q FAILVINKWND

(]
>

- o




RIS R T teaae oot

BT Al s e T g R e pr i o4 S .

A T

R £ A

FowiEan

-

o

FLV Pt 124 £

.
!
v
k?

-

1.4
-n

-

je X,

TR

¥

-t

R

5

Vot + e 12 4

.

T‘IO

-

v

kilometers

a2 ¥F
#

o

} i 1

0.8

© < ~
o (-] Qo

AlIT18Y80Yd NO1LD313Q FALLYINWNND

= Y riaaty

TIME (sec)

10
Figure 12. AMTOC Run 271,




R ey 2 s R e e R N At .- o

o
- J p
@ !
‘o J= &
% -—
ﬁ‘ | lm [
SR $1010W041Y w «
o © < N -3
v} _ >} + T - (] Qu.
1 4 -~ 1
2 = -12
b= (]
] g
el
[20]

-
-
-

] ]
) o N °
-]

]

]

o L
ALITISVEO0Yd NOI1J.0313Q JAILYINWND

1.0
o6

t]
R

g e
3

-6

[

T

Y

¥

£
AR

GREM N IR
TR

sdctagny a2 Lhkai Sashandsra JBeaiieen,




5

aY

\J

™~
$1930W04)

|

|
Q
o

AL1718V80Yd NOILO3L

|
©
o

.2

-
o e
34 3AILVTINAND

10

TIME (sec)

AMTOC Run 231.

Figure 14.

P L, P




: T T SR e TR TR O BT e BT
AR A o T AT B A R SR IR T LT LA TOE F AR A eOS e TIOR3 TR S
LA A s i S N Ny TR -

RO

. - > -
R R et © B350 Tey E

3
N

<

/

bT
&

—d
)
b i el g >.)u..¢u,»;:g.«.u‘,ww‘ ¢

A
kilometers

|
N

"

\

kilomaeters

.

0.8

g
o
T

(=
-
]

CUMULATIVE DETECTION PROBABILITY
©
L
|

] I

] 10 2 0
TIME {sec)

Figure 15. AMTOC Run 286.

T W P Sl Sa el z _ﬂ




REFERENCES

. 1. Cobb, P. W. and Moss, F. K , "The Fixational Pause of the Eyes,"
o J._of Exper. Psychol., Vol IX, 1926, pp 359-67.

.
e,
N
.

Leibowitz, H. and Bourne, L. E., Jr., "Time and Intensity as De-
terminants of Perceived Shape," J. of Exper. Psychol., Vol 51,
1956, pp 277-81.

A

LRI CtE R 1

oy, i

3. Ford, A., White, C. T. and Lichenstein, M., "Analysis of Eve Move-
ments During Free Search,”" J. Opt. Soc. Am., Vol 49, 1959, pp 287-92.

DXL

4., White, C. T. and Ford, A., "Eye Movements During Simulated Radar
Search," J. Opt. Soc. Am., Vol 50, 1960, pp 9G2%-13.

PSS AT

e
i2h

5. Baker, C. H., "Attention to Visual Displays During A Vigilance Task,
I. .lasing Attention,” British J. Psychol., Vol 49, 1958, pp 279-88.

I 23" 3§ e S
T AT

3 6. White, C. T. and Ford, A., "Ocular Activity in Visual Search,” in
Visual Search Techniques, A, Morris and E, P, Horne, ed,, NAS-MRC
Publ 712, 1960,

7. White, C., T., "Ocular Behavior in Visual Search," in Visibility,
3. Q. Duntley, Supplement to Arplied Optics, Vol 3, No. 5, 1964,

7 8. Enoch, J. M., “Effect of the Size of a Complex Display Upon Visual
B Search," J. Opt Soc Am., Vol 49, 1959, pp 280-86.

9. Sugarman, R. C., Hammill, H. B. and Deutschman, J. N., "Simplifying
E Dynamic Visual Detection Simulations," Appendix A to Symposium
Presentation at the Naval Training Devices Center, Calspan Corp.,
Orlando, Florida, 1971.

b 10. Middleton, W. E. R., Vision Through the Atmosphere, University of
Toronto Press, 1952, 1958.

e B St i

11. Duntley, S. Q., "Summary," in Visibility, S. Q. Duntley, Supplement
to Applied Optics, Vol 3, No, 5, 1964, pp 551-56.

12. Lawmar, E. S., "Visual Detection," Chapter 4, in Search and Screening,
B, 0. Koopman, Navy OEG Rpt. 56, 1946.

; i 13. Cobdb, P. W., and Moss, F. K., "The Four Variazbles of the Visual
3 Threshold,"” J. Franklin Inst., Vel 205, 1928, pp 831-47.

14. Blackwell, H. R., "Contrast Thresholds of the Human Eye," J. Opt.
Soc. Am., Vol 36, 1946, pp 624-43.

15. Lamar, E. S., et al, "Size, Shape and Contrast in Detection of
Targets by Daylight Vision, I," J. Opt. Soc. Am., Vol 37, 1947,
PP 531-45.

g
;
i
3
:
;%.
Z
_:i
3
£
i;

35 Preceding page blank




iy

ke LR R Rl

16.

17.

18.

19.

20.

21.

22.

28.

29.

Lamar, E. S., et al, "Size, Shape and Contrast in Detection of
Targets by Daylight Vision, II," J. Opt. Soc. Am., Vol 38, 1948,
PP 741-55.

Blackwell, E. R. and McCready, D. W., "Foveal Contrast Thresholds
for Various Durations of Single Pulses," U. of Michigan, Rpt ERI
2455-13-F, June 1958.

Blackwell, H. R. and Moldauer, A. B., "Detection Thresholds for
Point Sources in the Near Periphery," University of Michigan,
Rpt 2455-14-F, June 195€.

Taylor, J. H., "Contrast Thresholds as a Function of Retinal Position
and Target Size for the Light-Adapted Eye: 1I, Data Suzplement,"
Scripps Inst. Oceanog. SIO Ref. 63-3, Feb 1962,

Research J., Vol 1, 1961, pp 121-38.

Sloan, L. L., "Area and Lumiunance of Test Object as Variables in
Examination of the Visual Field by Projection Perimetry," Vision

Seyb, E. K., "A Mathematical Model for the Calculation of Visual
Detection Range,” SHAPE Technical Centre, TM-152, March 1967.

Davies, E. B., '"Contrast Thresholds for Air-to-Ground Visioa,"
British RAE~TR No 65089, April 1965.

LCavies, E. B., "Visual Search Theory with Particular Reference to
Air-to-Ground Vision," British RAE-TR No. 68055, March 1968.

Blackwell, ¥ R., "Neural Theories of Simple Visual Discrimination,"
J. Opt. Soc Am., Vol 53, 1963, pp 129-60.

Braddock, Dunn and McDonald, "USMC LADS Test - Data Book No. 2,
Questionnaire Comments," (BDM) Rpt BDM/A-86-70-TR, 18 Aug 1970.

2002 4,000 PV b R LA, AN AR Dl 2 e i 1 S B et et RaAT G A

Braddock, Dunn and McDonald, "USMC LADS Test - Data Book No. 3, ;
Miscellaneous Data,' BDM/A-90-70-TR, 21 Aug 1970. :

Braddock, Duan and McDonald, "USMC LADS Test - Data Book No. 4,
Preliminary Cuestionnaire Data," BDM Rpt. BDM/A-91-70-TR, 27 Aug 1970.

Braddock, Dunn and McDonald, "USMC LADS Test — Data Analysis Working
Papers - Event Data," BDM Rpt RDM/A-7-71TR, 7 Jan 1971 (Confidential).

Braddock, Dunn and McDonald, "USMC LADS Test - Data Analysis Working

Papers - Graphical Data,” BDM Rpt. BDM/A-9-71-TR, 7 Jan 1971
(Confidential).

36




