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ABSTRACT

When two aircraft are physically oriented so that continuation on
their i{ndividual £1light plans will reeult in collision, the final decision
of the pilots to take avoiding action is most often based upon visuul de-
tection of the cther aircraft. Considexable laboratory experimentation
has been conducted and reported on the various aspects of visual detection
as has much been written about the general theory of computing visual de-
tection probabillities, This thesis is concerned with correlatior of a por-
tion of these lshoratory results with detection theory into an analytical
model for the computation of range at which an airczraft will be detected
with a given probebility fo. a stated set of meteorological conditions,

The theoretical model is first developed for the case of a lookout or
observer riding in the aircraft with no other duties than to perform visusl
searching., Consideration is then given to the casze of the pilot who must
distribute his available time between visual searching and in-cockpit operé-
tion of his aircraft.

The writer wishes to express his appreciation to Mr, Robert G. Richards
of the Operations Research Section, Aerojet-Genreral Corporation, Azusa,
California, for his guidance in the formulaiion of the problem and to
Professors W, P, Cunningham and S, H, Kalmbach of the U. S. Naval Post-
graduate School for thelr guidance and encouragement while acting as

faculty advisors.
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SUMMARY
This thesis {3 concerned with the develoément of a computational
. method for determining the probability of visual detection in situations
which would result in a mid-air collision between two aircraft, The re~
> sults of laboratory investigations in the fields of atmospheric conditioms,
contrast, and human eye detection lobe patterns and detection procedures are
related to the physical situation under which a collision may occur, The
model is developed {nitially for the case of & lookout who is riding in the
},< search aircraft apd who can devote all of his time to visual gsearch, The
discussion is then extended to the case of the pilot of the eirecraft who
must distribute his time between visual search and operation of his alr-

craft, A comparative numerical exemple of the procedure is given and a

discussion of the controliing parameters is included,

The initial conditions upon which the probability of visual detection
v as a function of range equations are based are that éhe aircraft are operat-
ing during daylight conditions in routine level flight and that atmospheric
;; i conditions are such that a uniform background of horizon sky is preseant.
The individual who is conducting the search is considered to distribute his
gliupses over the area which he i{s searching in a uniform manner.

Three factors emerge as dominant influences in the determination of the

g renge at waich a2 target will be detected with & given probability; relative

%

closing velocity of the target, time spent looking at a given spot within
the search field, and the aize of the area being searched. Material im-

provement can be made in the detection range with the use of 2lectronic

e s

- devices which alert the pilot to the presence and general location of the

o~ O

target and thus reduce the size of the area to be visually searched.
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Programming of the computational procedure for a digital compgter will
be of significant assistance in permitting a zensitivity analysis of the
wide range of possible values for the input ;, meters, Such a program
would be of further assistance in evaluating the effect of changes in
glimpse distribution over the search field and of chenges in the distribu-

tion of pilot time between visual searching and aircraft operation,
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CHAPTER I
INTRODUCTION
During the past fifteen years, there has been enormous growth in the

numbers of civilian and military aircraft which are using our airspace

every hour of every day. Over-crowding within allotted airspace has be-

come A vital corsain of many private and public orgsnizatione snd investiga-
tions of means to eliminate and/or control these conditions are a continu-
ing prugram,

The increase in aircraft population has caused not only & burden on
existing f;cilities, but has created or smpl{fied many problzus in the
ares of flight safety. One such problem has been the increase in the
wumber of mid-air collisions,

During recent years a number of devices have been proposed and develop-
ed vhich in one manner or another attempt to alert the pilot of an aircraft
to the gxittence of & possible cuiliszion situstion, Under conditions of *
reasonable visibility, the final evasive aczion to avoild collision is stiil
most often bzsed upon 2 vivual detection of the other aircraf:,

The condirions which affect the probakility of visuzl detection can be
roughly diviced into four mejor arcas: meteozological conditions; wisibility
of targets; phayiolojy of the human eye; geometry of the visual search situa-

tion. Considerable experimuntation and investigation has been accompiished

" in esach of these areas,

This thesis addresses iteelf to the $32k Gf assimilating some of the
results in theze areas ianto a mathsmatical model for computing the probabil-
ity of visual detection of an aircraft on or near a coilision course with

gnother aircraft under daylisﬁt conditioas.
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To accomplish this task, the model is first developed for the simplified
case in which an chserver is riding in the aircraft with no duties to per-
form other than to gearch for the latruder aircraft., The observer is alert~
ad to the general location and time st which this intruder will appear.

The model is then extended to a consideration of the pilot of the
aircraft who has no prior knowledge of the existen~e of a potential col-
lision situation. The pilot is carrying out his regular visual search in
addition to the duties directly connected with the operation of his air-
craft,

Finally, & nuserical exampls of the calculations is prasented in
Appendix II for an assumed set of £light conditions and the resulting de-

tection curves are computed.
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CHAPTER II
FACTORS AFFECTING VISUAL DETECTION
A, Contrast

The visibility, or probdability of detectionm, of distant odbjects has
been extensively studied under both laboratory and field conditions. The
maximem 1imit of range at vhich an object will be visible can be predicted
from data concerning the contrast threshold for the human eye if proper
allowence is made for the reduction in this contrast caused by the atmos-
phere,

Contrast or differance in luminance or chromaticity is the means upon
witich most of the information about our world vwhich we obtain through our
sense of vision dspends. An object is recognized because it has & dif-
ferent color or brightness from its surroundings, and also because of the
vsriations of brightness or color over its surface, The shapes of things
are recognized by the observation of such varistions. In problems involv-
ing vision through the atmosphare, contrast ir luminance is much more im-
portant than contrast in chrometicity.

Ag pregsented by W. E. K, Middleton (1), contrast due to luminance is
defined in terms of an ieolsted object surrounded by a uniform and fairly
extensive background., I€ the lumiuance of the object is B and that of the

background B*, the concrast is defined by the equation

B - B' 201
Bt

C=
if the object f3 lesz luminous thex its background, the contrast is nega-
tive, vasching -1 for sm iécgl klack object; if the cbiect iz brighter than
the background, C may take on any positive value. Very large values of C

erise for extremely bright lights at night. In the daytizme contrasts

3
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greater than 1§ aseldom occur and are more usually in the range ¢ to 5.

S. Q. Duntley (2) studied the area of contrast reduction due to the
atmoephere and found that the contrast between paires of objects adjacent
ir the field of view varics exponentially with distance from the observer,
Let the two objects (or an objzct and ite background) have luminances Bo

~

and u; respectivaly vhen seen clese at hand, BRgnd nﬁ vhen geen from a2
distance R, Then for the observation of a target and its background in the
horizontal (or nesr horizontal) plane cof the obgerver
-G R
- B! x - Bt .
B, - By = (B Bo)e 2,2

vhers @ 1is the extinction coefficient which reflects the amount of re-
duction in luminance due to the atmcsphere. It was further found that

under conditions of observation of an object against a uniform background

sky

a. = gbglzlv 203

v 1s defined as the meteorological range or that distance for which the
transmission contrast for the atmosphere is two percent. 1In practical

situations, meteorologlical range is that item of weather data referred to

as visibility.

Adopting the definition of 2.1, we may call

the inherent coatrast, and

e e e e e et
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the apparent contrast. Combining these resslts with 2,2 and 2,3, wa

have:

Under the previous stipulation of the observation of an object

CR - co (B;/Ba)e -3.912 R/v

against a uniform background of horizon sky, B; = Bé

a8 2 specialized expression from which it is possible to compute the
&pperent contrest of an object and its background at various ranges

for a given inherent contrast and meteorological renge corresponding

te those conditions.,

] -

-3,912 R/v
CR u coe

» and

2.4
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B. Apparent Contrast Versus Stimulus Area

In 1946 H, R, Blackwell (3) reported tha resuvlts of an extensive series
of experiments conducted in the léboratoty to determine the wutual ralation
between background luminance, stimulus area, and apparent contrast, Sti-
muli, circular in form and brighter than ths: observation screen, were
presented in any of eight posaible positions on the screen for an exposure
of six seconds., As a consequence, the observers scanned the screen at a
rate comparable to that employed by lookouts in the military service in
determining the positiQn they thought the stimulus occupied,

Background luminance was varied from zero to 1fif foot-lamberts. The
latter value corresponding to full daylight. Circular stimuli varied in
diameter from $.6 to 36#.§ minutes of arc, For a particular stimulus
size and background luminance it was pogsible to determine the threshold
appazent contrast which was discernable by the observers. Threshold ap-
parent contrast i; defined as that minimum apparent contrast for whichk
5¢% detections occur sfter due allowance has been made for chance successes,
Over 22§,06f observations were made to validate the data obtained.

A sevies of smoothed data curves were compiled of log1 gtimulus dia-
meter in minutes of arc versus log threshold apparent contruast for each
specified condition of background luminance. Pigure 1 reproduces a por-
tion of the curve for the case of 143# foot-lamgerts of background lumin-
ance (the dayl!ight case considered in this thesig). The reader iz re-
ferred to referance (3) for the complete family of curves,

It ig conversely true that if apparent contrast is determined in
some manner such as computation using equation 2.4 for a given range the
corresponding diameter of the minimum size¢ circular target (stimulus)
which is theoretically detectable at that range may be determined from

figure 1.‘

1. The term log ueed throughout this paper denotes logarithm to ths base
1# while LN denotes the natural or naperian logarithm.

6
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C. Visual Detection lobe of the Human Eye

In general construction, the eye is very similar to a camers., The
transparent front surfece or cornea and the crystalline lens together
constitute & compound lens which forms on the retina, at the back wajll
of the eye, an image of any given object in front of the eye. Between
the cornea and the crystalline lent there is a small aperture known as the
pupil, This aperature is variable in size over a limited range and deter-
mines the quantity of 1light which enters the eye.

The retina corresponds to the sensitized plate or film in the camera,

It contains two different types of sensitive elements known as rods and
cones, The rods serve for night vision and are incapable of distinguishing
color, The cones are responsible for vision in daylight and for all color
vision, The central part of the retina, through which the visual axis pass-
es, 18 known as the fovea. This visual axis makes a small angle with the
optic axis of the compound lene system, Thc diameter of the fovea subtends
an angle of between one fnd two degrees at the effective center of the lens,
The fovea which contains only cones is the region of most distinc: daylight
vision. As the angular distance from the axis increases beyond the edge of
the fovea, the parafoveal region is entered snd the number of cones in a
unit srea decreases, at first rapidiy and then more slowly while the number
of rods in a unit ares graduslly increases out to about 18 degrees and then
decreases, In daylight, therefore, a given target can be most easily seen
by looking s¢raight st 4¢ uhiilc at mignt a better view is cobtained by look-
ing about six degrees off the most direct line of sight,

Unlike radar which scans continuously, the sye moves in jumps while
searching and i{s capable of vision only during period of little or no motion.
Thece'%trioda are known s fixations. In a given fixation or group of fixa-
tions, a targe: at extreme r;uge can be seen in daylight only on the fovea

8
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8o thst the visual axis must be well within one degree of the line join-
ing the target and the eye. As the range decreases, regions in the para-
foveal area bacome capsbia of datecting the target, at £irst those snear
the fovea and then those farther out., Hence targets at less than extreme
range ¢an be seen not only on the fovea but off the fovea as Gell.

The size of the tLarget and ite range combine to determine the solid
angle which the target subtends at the eye and hence the size of the image
on the retina., The three cheracteristice of the target and its background
upon which the discrimination of the eye depende under dsylight illumina-
tion are:

1. Contrast of the target against its background,
2, Solid angle subtended by the target.
3. Shape of the target.

The starting point for the methematical definition of the detection
lobe is an empirical relation derived from optical experiments cited and
dizcussed in roference (4). From these experiments with circular targets
it was found that spparant contrast cR can be repsresented as a function of
thc_aolid angle (J subtended by the target at the eye, by the following

equation:

b
CR-S'PQ

vhere & and Dare constants for any one retinal region. Instead of using
scaid aaéla &>, it is wore convenieni to empioy & , the angle subtended at
phe eye by the diameter of the equivalent circular target. The quantities
a and b have diffevent values at different angular distances from the

center of the fovee, If O is this angular distance in degrees, from center

9
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of the equivaient circle to the center of the fovea; & , the visual angle
in minutes of arc; and cn the threshold apparent contrast in perrent, the

experimental data can be reprzsented by:
%, 19
CR = 1,756 "4 —-%d 2,5

the angle © in this equation ranges from f.8 degrees to about 99 degrees.
For values less than $§.8 degrees, CR is constant and equal to the value at
8 = 8.8,

As previously discussed in Section A of this chapter, apparent contrast
is a function of terget range for & given inherent contrast and meteorologi-
cal range. Employing equation 2,4, the left hand member of 2,5 may be com-
puted, This valuz of cR may then be used to enter Figure 1 to find the
corresponding threshold circular target diemeter, & . Thus having fixed
the values of target rsnge, R,and target size, & , equation 2.5 may be solved
for the corresponding value of 6, the angular distance off the fovea, The
limiting valiue of 8 18 considered to be 99 degrees off the axis, The maxi-
rum possible value of target range is designated Rm and is defined as the
waximum range at which the target can be detected based upon meteorslogi-
cal range snd inherent contrast, A series of nomograms have becen developed
{2) which make it possible to find the value of Rm directly for a stated

meteorological renge snd inherent contrast,

e o

The threshold detectiocn lobe pattern of the eye is determined by solv-
ing equation 2.5 for 8, #€ O£ 9@%, over the range of values of target
range and target size. The results are repressntec graphically as a
polar plot of 8 versus R or ¢f for a section through a typical detection

volune,

10
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The surface of revolution described by this curve is called the iobe pattern
or simply the detection lobe., It can be thought of as attached tc the eye
and moving with f{t. Any target vhich falls within the lobe during a fixa-
tion will be seen and any target which falls outside will be missed. Actual-
1y, the boundry of the detection lobe is not as sharp as the diagram would
indicate. Some targets just inside the boundary may be missed while others
just ocutside may be seen. However, sirice -the boundry can be so defined that
these two effects compensate one for the other, it canm be assumed with some

assurance thet the resuits will be the same as though the transitfon region

had been considered in deteil.
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D. Geometry of Visual Search

While searching a visual field, the human eye doss not scan continuous-
ly, but mowss 1£ jumps and c2n see only during the pauses or fixations be-

tween jumps. Thz minimw. £ixation time for the eyes to detect sn object is

approximately .25 seconds, 1In general, six to eight fixations are required
to esteblish a definition of tke target, This means that for proper and
thorough searching, the eye should be fixed on & given area for from 1.5
to 2 seconds before shifting to another axea, Under certain conditions, it
is vonssible to reduce the number of fixations required without sericusly
axfecting the efficie¢ncy of the search., An example of such a condition

would be one in which the target wazs of considerable size and of high in-

herent contrast, In general, though, when one is searching for small objecic
. vhich are difficult to distinguish from their background, it is best to employ
| the range of six to eight fixations, The associsted period of from 1.5 to
2 seconds is defined as one glimpse, -

Consider the specializad cuse in which the twe aircraft involved in a
collision situation are exactly at the same gltitude fi.e., the two dimen-
sional situation. The sesrch aircraft is located «t the origin of coordimn-
ates and the intruder aircraft is located, at any given ianstent cf time, on
& rangs src relative to this oriéin. If the visual detection lobe of‘the

segrcher iun the aircraft at the origin is superimposed on the relative

[repe—"

position of the two afrcraft, the zesSulting geometry is illustrated in Figure

2, where th2 angulsr travel of the visual axis during scanning in azimuth is |
1imj,ced to an angle é?. This limitation in the size of the azimuthal angic

ray be imposad by the following considerations:

1, 7he physical restrictions imposed by the coafiguration of the
aircrage cockpiﬁ.

12
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2, Priocr intelligence of the expected position from which the
intruder would appear.
3. Divieion of the azimuthal #rc into sectors ¢of search res-

pensibility when more than one cbserver is present,

Axfs of
Search,Sector

N~ o \,./

Figure 2
If the restriction that the two aircraft be at the same altitude is
now removed, s2arch in elevation as well as azimuth must be considezed,

Let EE be the angle above and below the horizon of the search, the scan

in elevation is shown in Pigure 3.

——

N

as Axis of
Search Sector

2+0

Figure 3
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The area under scarch is therefore & solid angle with the dimensions
o£2@+2 6 in azimuth and 2 § +26 1 elevation,

Some system must be adopted for searchirg the given solid angle in order
to assure that the number of glimpses in any given direction will be the
same, per unit cf time, for any direction within the given solid angle.
This scanning system must satisfy two requirements: the time required to
complete one scan must be small compared to the total search time; and,
the distribution of glimpses should be reasonably uniform over the solid
angle scanned. E, S. Krerdul and Jerome Wodinsky xeported (5) the results
of their steatistical anelysis of a feries of visual detection experiments
conducted &t the Air Force Cambridge Research Laboratories. Their con-
clusions were that the general adequacy of an gxponential distribution
. to describe visual search had been demonstrated subject to the following

conditions:

" 1. The interval of time over which sesarch tzkes place should be

v

-y
¥

small and limited to about 3§ seconds,
The defining constraints of contrast, target size, search

field, and background luminance must remain fixed over period

et A\ SRS
N
: |

from the commencement of the search untiil detection (8 achiev-
i ] ed.

3. The cbserver should not foliow a consistent pattern while

9, searching.

-
3 i HWithin the ftamswii G ne restrictions of the pre-
cesding paragraph, the development and discussion of the detection model

will Eﬁicarrieq out in subsequent chapters,
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CHAPTER III
DETECTION BY AN ALERTED OBSERVER

In the development of the visual detection model it 18 desirable to
first consider the simplified case of an observer riding in the search air-
craft., This observer has no dutfes cecanected with the operation of the air-
craft other than to search for the intruder or target aircraft, It will be
assumed that this observer has priorr knowledge of the general locafion where
and time at which the terget will sppear. Such advanced informs :ion would
be accomplished in a laboratory situation by the design of the experiment or
under operational conditions by intelligence information, warning from &
ground contxol station, or radar or some other type of proximity device in-
stalled in the gearch aircraft,

The previocusly stated or implied ascumptions upon which the pr;bability
of detection model are based are as follows:

1. The defining constrainte of inherent contrast, actual target
size, search field, and background luminance are constants
over the period from the commencement of the search until de-
tection 13 achieved,

2, The distribution of glimpses over the solid angle scanned is
considerad to be uniform,

3. The detection is takinéuplace under daylight conditions of
uniform sky illumination.

4, The sun's directional effect is ignored,

5. The courses and speeds of the search and target aircrzaft are
such thaz their relative motion will ultimately result in an
actual or near collision situation.

6. The observer is giving optimum performance while searching and

15
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tiis eyes are considered "normal", i.e., having no physiological
defects.

To set up the conditions for the computation of the probability of

l[_decection, the following inputs are required:

1. Inherent contrast - co

2, Meteorologicai range -v

3., Maximum renge at which & target can be detected based upon
metecrological range and inherent contraaz, --Rm

4, Azimuthal angle - @, and elevation angle - & , of the
search sector.,

5. lLength of time of one glimpse in seconds - T.

6. Velocity of the sesrch aircraft - Ss, and of the target
aircraft - St'

7. PFrontsl area - Af, and side area - A, of the target.

With the vaiues of inherent contrast and meteorological range, the

values of apparent contrast are computed at convenient range intervals

from Rm to zero, From the equastion

R o)

Figure 1 is entered with these results to determine the corresponding

valuss of throshold target diameter, a(l .

For each triplicate of values (R, C,, O(, ), & value of the angular

distance in degrees from ths threshold target center to the center of the

fovea, 6, may be computed from:

Cp = 175" 4 128 2.5
*

in this =anner the values of © are found for ’ £ 0% 97°, The resulting

pem o an = e
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threshold detection lobe may be represented conveniently by either & polar
plot or a rectangular plot. Since the detection lobe is symmetrical about
its foveal axis, it is sufficient to plot only one half of the lobe, Figure
4 18 a rectangular plot of a representative detection lobe. The abscissa

i3 plotted in values of visual angle off the centexr of fixation, 8. The
ordinate values axe the dimensionless quantity of relative thrashold tar-
get diameter, based upon % at Rm. Figure 4, therefore, represents the
thecretical Jdetection lobe pattern of the cbserver fur a selected set of
meteorvlogical and contrast conditioas. If the equivelent circular diameter
of an actual target c#t » 18 compared with the threshold target diameter,

A s at & given rasge, the ratio ofelo(t may be used to enter the ordinate
of figure 4 to determine the corresponding angle off the visusl axis at
which this actusl target will be detected., If the ratic 18 greater than

1 the target will not be detected, The equivelent diameter of a circular

target in minutes of arc may te determined from the relation:
& o= 1293 A%/R 3.1

vhers & is the spparent area of the target in square feet and R i3 the range

to the terget in yards.
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The area of the target which is presented to the observer will vary
with the angle at which the target {s approaching the search aircraft.
This observable arsa i{s designated as A, the apparent area of the target.
The apparent area of the target is related to its actual frontal aves, A,
and its eside area, Ab’ through the aspect angle of the target., Aspect
angle is defined as the angle between the target heading and the cbserver's

line of sight to the target. Apparent target area is computed from:
A=A cosB +a s B 3.2

vwhere 63 is the aspect angle and i3 shown in the figure below,

Observer
Heading

Target
Beading

|
|
an
B l
|

|

l

Dbserver
Line of sight

Figuxe S

Given the speeds of the search and tarxget aircraft under a coliision
5ituation;.thn are of poseible positions :elativg to the heading of the
search aircraft from which the tavget aircraft must appear can bz found,
For any particular bearing within this arc the aspect angle &nd relative
speed of closurs of the ¢two aircraft may be determinad, These determina-
tions are most convaniently made by soluticn of the relative motion tri-
angle using the standard U, S. Navy Manauvering Board.

' 19
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An analytical discussion of the solution of relative motion problems is
given in Chapter 1 of raferenca 4,

The bearing for which the aspect wsngle and relative speed of closure
was found is designated as the axis of the search sector shown in figures
2 and 3. Since the observer ig alerted to the general position from Which
the target will appear, he will confine hie search to an angle @'f 8 to
the left and right of the axis and§ 4+ 6 above and below this axis,

E. S. lLamar {6) has developed a relationship based upon glimpse pro-
bability by which the cumulative probability of detection of » target may
be determined. In any givan glimpse, the chance of detecting the target
is the chance that the target {8 withkin the detection iobe. Since this
lobe may be pointed in any direction within the solid angle of the search
sector, this chance i1s Bimply the ratio of the solid angle of the detection
lobe to the s0lid angle of the search sector, This chance or probability

is designated G, the glimpse probability, and is given by:

¢ = 6"/(0*‘9?(-@‘5) 3.3

Assume that each glimpse is an {ndependent event, Then the probabili-
tiss of detection for the various glimpses multiply in accordance with the
usual laws for independent probabilitias, i.e,, the failure probabilities
multiply, Indexing the G'a successively, the probsbility of detecting the
target by the time it reaches range R (it shouid be recalled that in col-
ligsion situations the target closes on a constant bearipg and therafore
detection probability is a function of range only) is:

n

) P (R) =1 -;’ll' a-¢,) 3.4

20
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‘;ﬁ; {1- Gi ) 18 the product of terms of the form (1 -~ ) for all

4 .

integral values of i from 1 to n corresponding to the number of giimpses.
Equation 3.4 is difficult to work with in its present form, but may

be traneformed to the more useable logarithmic form

PO(R)-l-zng m(z-ci)] 3.5

G 1 is a function of R since € on vhich it depands is a function of R,
1f G1 is taken at maximum detectable range R 2 G 182 function of R .
Let A be the relative distarce traveled betwecen glimpses, ther G, is &
function of R = A ; Gy A function of B = 2 4, etc. .

The first glimpse after the target riaches the meximum detectable range
may occur when the targst is anywhere between R, &nd Ry~ A . Hence,
for the G, temm the average value of IN (1 - G; ) over the interval be-

tween R and R - A 13 needed

R
n

IS (1-6, )=1/A} 1N (1-¢, )R 3.6
o )

Taking similar terms for the succeasive G’s and suming as indicated in
ejuation 3.5, it is found that each integral is of the zame form and that
the lower limit of one corresponds to the urger limit of the subsequent
ona, The whole geries summation, therafore, can be rcplaced by a single

integral with proper limits, Thus,

R
m
PO(R)-I-HX?EIIA/ m(z-c)dxj 3.7
K

Finally, reeall that A is tha distance traveled between glimpaes and is
thus the product of the glimpse time T and the velative spsed of closure

of the two aircraft V. Tharefore, in final form:

23
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PO(R) = 1 -~ EXP [r 1/vr ‘}p ¥ (1 - 6G) ar :] 3,8
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using the above equation is possible to find the probability with which
the observer will detect the target at any selacted range out tc maximum
detectable range %m o It must be remembered that this computation is
dependent upon the aspsct 2ngle of the target and its relstive speed and
thus the results obtained are only velid for a target om the bearing from
the observer for which these quantities were obtained, If the target was
expseted from another bearing within the arc of possible coilisior péﬂid
tions, the procedure of finding szpect angle, relative speed, appsrent
ares, and cit would again be followed., With the values of ‘5b / 6*t »
the corresponding values of 9 would be determined from Figure 4, Employ-
ing equations 3.3 and 3.8, the probability of detection as a function of
range would be found, In 2 similaxr manner a family of detection curves may
be developed for all possible positions of the target aircrafi.,

A discuseion of the effect of each of the variables of equation 3.8

on the probability of detection is contained in Appendix I.
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CHAPTER IV
DETECTION BY THE UNALERTED PY10T

In the normal operating situation for afrcraft, loockouts are not
svailable to perform the visual detection function and this responsibility
13 assigned to the pilot in addition to the duties connected with the opera-
tion of the aircraft itsalf. For multi-engine aircraft Naving a copilot in
the cockpit, visusl detection responsibility during routine level flight is
assigned to that hslf of the field of view correspondiag to the seat posi-
tion in the cockpit. The development of the theoretical model will confine
itself to considerstion of one persor in the cockpit., The presence of a co-
pilot is werely a special case of this which reduces the gize of the sector
4in which the pilot must conduct his search.

The pilot who is unaware of a target closing on a collizion course
will conduct his visual gearch throughout the entire field of view, This
field of view {8 limized only by the physical restrictions imposed by the
configuration of the afircraft cockpit. Thexre is, of course, a natural
tendency for an individual to-search in a forward direction rather than be-
hind himself duving routine lewel flight. For purposes of discussion it will
be assumed that some restriction does exist, either physical or psychologi-
csl, vhich causes the field of viewv to be limited in azimutn to &n angle L
to the left and right of the aircraft heading. Search in elevation will be
considered, a8 before, to be the angle § above and below the horizontal
plane of the pilot.

The field of view within which the pilot will cunduct hia search is

-thus defined by a solid angle with dimencions of 2 £ in azicuth and

2 § 4+ 2 8 in elevation. The large size of this solid angle leads one to
the ccaclusion that during the process nf its search many gliwpses will be
23
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taken at various positions within the scarch £ield, It will be recalled
that the eye is only capable of vision during periods of 1little or no
motion. The general methcd by which the field of view is covered i3 to
commence at some point within the field with 2 glimpse and then scen in
azimuth and possibly eclevaticn to another point where the next glimpse is

taken, The process of  limpse scan glimpse 1is continued to the boundry

of the search field and then conducted in a reversc azimuthal direction

to the opposite boundry where, again, azimuthal direction is reversed and

ths process repeated until the general location of the inital glimpse is

reached. This one time coverage of the search field is defined as a

glimpse sequence. Fuving & glimpse sequence single glimpses are taken in

various poxtione of the entire search field, It will be again assumed that ‘\
these single glimpses are uniformily distributed over the solid angle of the

field of view,

During the glirpse sequence the time spent scanning between glimpses
way be considered as dead time since nothing is contributed to the pro-
bability of target dstection. The target aircraft, howasver, continues to
close the search aircraft during this dead time and it must therefore be
accounted for in computing the distance traveled by the target bet™een
glimpses, Glimpse time, T, 18 redefined as the elaspsed time between the
comrencement of one glimpse and the boginning ~«< the next one and will in-
clude the dead time of scanning,

The azimuthal angle traverse{ in scanning from the position of one

glimpse to the next has been studied to some extent under labcratory condi-

tions exploying the electro-cculographic technique (7). Thie technique

takes advantage of the fact that a potential difference exists between the

front and back of the eyes. Elactrodss are plsced above and below each eye,

24
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28 at maximum detectable range, R,

and at tke temporal side of each eye. The cornea is positive relative

to the back of the eye, so as the cornea approsches or recedes from a
given electrode the electric field st the site of that electrode becomes

more or less positive accordingly. By means of appropriate DC amplifica-

tion and recording, it in possible to obtain records of the horizontal

and vertical components of the eye movements, The results of the experi-

mentation indicate that scan ingle most often takes on a constant value

for the distance moved from onie glimpse to tha next. The £ieid of view

used in these experiments was much smaller than that with which the pilot

in an aircraft is faced., It is reascnable to conjecture that this azi-
muthal scan angle, EP . @ill vary proportionately with the size vf the
field of view but that it will remain constant for any givea field.

Adopting this conventisn, the gearch field of the pilot may be divided

into & nuder of k, of equal sub-sectors as shown in  frontal view below:

e

2N

|

28+26

!

s o s v, o g
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e v ve man wed

SR S A SR

Figure 5

it can be secen that the solid sngle of the field of view {s thus divided
into k equal £ize solid angles of dimensions 'I’ in azimuth and 2 § -+ 20
in elevation, Considering figure 2, 'I’ mey be defined as equalling 286+

[

The chance of datection in a single
glimpse within any one of these sub-sclid angles at any range is as pre-

viously shown in ¢ justion 3.3,

25




P

M=)

Loy

YT

R

TR TR e s

e
s

oty

Ty

T T e e -

»h

G= 91/{49*9)(5*9) 3.3

The valuzs of 63 and gi in ¢the case of the unalerted pilot will general-
iy be larger than those for the observer who is aware of the approximate
position from which the target will appear,

Returning to Figure 5, consider a single glinpse sequence occuring
over this search field, It csn be seen that for =11 ;cs:ibie positions
from which the sequence may start that an average of two gifmpsea will
take place in eacl sub-sector during thet sequence, If sethal glimpse
sequences are taken in succession, then, the tots! glimpses par sub-
section will be 2u; m = 1, 2, 3,....8ccording to the number of succes-
sive sequences, Aszuming that eiach glizpse is an independent event, the
probability of not detecting the target in a geries of m successive
gequences in any cne of the k sub-sectors is:

2m

The pilot of an aircraft even in routine level flight cannot de-
vote all of his time to visual search, He must spend a portion of
this time in the in-cockpit operation of his aircraft; chacking the
instrument panel; correcting flight attitude; adjusting engine settings;
etc, To account for this division of time, a search cyple,'}' s 18 de-
fined 28 the sum of the time spent in zctual visual sezrch and the time

dovoted to aircraft operation, t. In the case of routine level flight

cengidarad hare.  saarsh sweoles scour in 3uCCsssicn and ate of oquil

length., The length of a search cycle ig givan by:

TaZM-ﬁt 4,2
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Indexing the G's of ejuation 4,1 successively, the probability of

detecting the target by the time it reaches range R is:

r
PR 1 - T (1-ep™ 4.3

A=l

:fi (1 - ci)zmis the product of terms of the form (1 - G)zm for all
A=l

integral values of i from 1l to r corresponding to the number of search

cycles,

The transformation of 5.3 to the more useable logarithaic form gives:
r

PP(R)-I-EXP [. ZmZ m(l-ci)] 4.4

If the seazch pattern employed by the pilot is formalized to the ex-
ten that he commences the glimpse sequence of successive search cycies
ia the next adjacent sub-sector to the ore in whict; he completed the pre-
vicus search cycle, the elapsad time between ~ny two glimpses will be .

It is not felt that this is an uanrealistic requirement to place upon the

model in as much a8 search cycles times for routine f£light are on the

order of 3P seconds and in that ghort time the pilot's orientation in
his field of view iz not lost. |

Let x be the relative distance traveled between search cycles, then, 3
as previously discussed in Chapter III, 6 is & function of Rm 5 G2 a func-
tion of R — & ; G, & function of R == 2 ¥, etc,

m 3 n

Since each glimpse may occur anywhere in the range interval corres-

ponding to its search cycle, the individual IR (1 - G) &re averaged over

their intervals as before, Summing these averages as indicated in equa-

tion 4.4, it is found that the whole series surmation may be replaced by e

single integral with proper limits,
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P?(R)sl-EXPEZm/X’[RLN (1 - 6} dr ] 4,5
R

lastly, recalling that ¥ is the distance traveled between search cycles,
it may be replaced by the product of relative closing velocity of the two

aircraft, V, and the length of time of a search cycle, 7. Therefore, the
probability of detection by the unalerted pilot as a function of range mey

be expressed by the relationship:

R
™
PP(R) = 1} - EXP [ Zm/V"’fw (L -6)ar ] 4.6
% g

The asimf{larity of equations 3.8 and 4,6 is obvious from the like man-
ner in which these relationg were developed., I is readily apparent thet,
in general, the range at which the pilot detects the target with & given
probability wiil be lesas than the detection renge of the observer. Converse-
ly, the probability oé detection by the observer at a given range will be
higher than that of the pilot. Consider the case in which the size of the
sactor searched by Che observer is the same as that of the search sub-
sector for the pilot (this icr an unlikely situation but will serve for pur-
poses of illustration) so that the integrande of the two equations are equal.
PP will be less than Po because ‘7 is greater than T. The iwo probabilities
can only be equal if'?“ is equal to 2mT , Refering to equation 4,2
it is sean that ’r equals 2 T if £ ig 28ro and kie one  Ta
texms this s equivelent to saying that the pilot spends no time in the
operation of kis aircraft or he is acting exactly like an cbservez.

The method for computing the probability of pilot derection of a tar-
gst foliwws that outlined in Chapter IIL. The required inputs are the oume
as those for the observer case with the following variaiions:

’ 1. Azémuthel angle - (@ , and elevation angle - & wiil be
28
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larger than for the observer since the pillot has no prior
knowledge of the existence of a target,
&0 2. Tue length of the time of one glimpse - T includes the dead
e . tine epent scanning to the position of the nex: gliwpse,

adaditicnel values ara requirec for:

e

1, The number of glimpse sequences cccuring in one seazch cycle
-m .

2. The length of time which the pilot spends in the operation
of his &ircrafr Juring & gearch eycle - t

3. The number of sub-sectors into whicﬂ the field of view is
divided - k.

A numericsl example of the calculation of detection probabilities for the

e

pllot snd the observer is presented in Appendix II for & specified set of

input conditions,
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CHAPTER V
CONCLUSIONS AND RECOMMENDATIONS
Section A: Conclusions
The cumulative ,robability of detection by the observer or the

wilot 18 controlled by three fsctors:

1. Relative closing velocity of the target,

2. Time spent searching a given location for the target,

3. Size of the area being searched,
The individual effect of each of these quantities is discussed in Appen-
dix I, but, in general, reduction of any of these values will lead to &
higher probability of detection.

Reiative closing velocity is a physical fact of the problem and; there~
Zoxre, not under the contrcl or influence of the searcher. Physiological
studies of the human eye indicate that there i{s a lower limit of about 1.5
seconds required for the eys to establish a2 definition of a target. Eye
training methods may afford the individual the ability to davelop glimps-
ing procedures which consistently approach this limit for glimpse times,
It does not appear, however, that either of these areas offer real promisge
for material and reliable improvement of visual detection probability.

On the other hand, reduction of the area which must be searched can
be accomplished by the futroduction of electronic aids such as radar or
infrared sensors, The availzbility of an electronic aid: first, alerts
the pilot ©o the presence of a potential coilision target; and secondly,
gives him the bearing of this target around which he may concentrate his
visual 3earch, This effectively changes the searcher's status from &n
unalerted pilot to that of the alerted observer: the two situati ons con-
sidered in thia thesis. It will be seen that for the conditions of the

30

T v e G




1 4 e ANty

-

P

PO,

L

S e

o

>

——

e

numerical example given in Appendix II, this means an increase by a factor
of from 2 to 4 in the range at which the visual detection will be made
with a given probability.

The attention of the reader is invited to the assumption of thz model
which places 2 uniform distritution on the glimpses occuring throughout
the search sector. This distribution has certain desirable mathematical
properties which permit th2 development of a relatively simple closed form
for the detection equation. The experimental evidence supporting and re-
jecting this assumption is both limited and inconclusive, If contrary ve-
sults become predominant, the detection equations must be modified to re-

flect more accurately the true state of the detection process.

Seztion B: Recomuendations

The conduct of operational experiments under controlled conditions
by which tke validity of the detection equations could be tested i8 not
only difficult due to the vagaries of atmospheric conditions but, alsoc,
offers some element of danger to the participants., It i{s felt that use of
a modified flight simulator with a panorcimic screen such as is being develop-
ed by the Federal Aviation Agency can provide satisfactory comparative data,
The procedure of actually calculsting the probabilities of detection by
hand methods, as was done for the example in Appandix II, is not espeslally

difficult bhut 12 long and tcdd

il moem A ol
- R - “w WUWVAVBMO % AV

s5tep & Suparaieé deiermination
B4

is required for every range value used in the interval from zero to maximum
detectable range, The integrands of the exponential term of the detection
equations cap not be directly integrated., Thkeir values must be found either
by numerical methods zt by gtaphic mkthods with & mechanical integrator,

a2 computatiapsl procedurs can snd skould be programmed for solgtion by a

.
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digital computsr,

of the input parameters and a clearer insite into tl effect of these para-

metera on the probability of detection,

LN ]

This would allow a sensitivity analysis to be conducted
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APPENDIX I

Discussion of the Variahles of the Detection Equation

The chance or probability of a detection in a single glimpse was
gtated in equation 3.3 as the ratio of the detection lobe solid angle to

the solid angle of the search sector.

¢ = 6%/(6+6)(E+6) 3.3

Clearly the smaller the angles of ® end $ the larger the value of G.
If the vhole sky must be searched, the chance of seeing the target in a
single fixation is quite small, If on the other hand, there is more than
one person available to conduct the search or advance information is acquir-
ed as to the general position of the target, the size of the saarch sector
for an individual can be reduced and the probability of detection is in-
creased,

G is only one of the variables which effects the probability of detec-

tion as given in the general equation:

R
" .
P(R)zl-EXP[l/VI[LN(l—G)dR] 2,

First consider the integrand LN (1 -~ G). Since (1 - G) is always less

(<]

than unity, the integrand {s always negative., The smaller the value of
(1 - G) the greater is the :;gative value of the integrand; thus, the small-
er the whole exponential term and the greater the probability of detection,
This is a reasonable rasuit to expect since a large value of G means 2
greater chance of detection in one glimpse and should, therefore, produce a
corresponding larger value of P(R).

Next consider the influence of the glimpse time T on the prcbability
of detection P(R). Siuce it is in the denominator of the uxponential, the
smaller it is thn‘greater is the value of the negative exponent end again
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the greater the value of P(R). This mzkes physinal sense since the

smaller T, the greatex the number of glimpses that can be made while the

o4

target is closing to gome point R. T does, however, have a lower limit

determined by the minimum number of fixations required duxirg = glimpse

to establish a definition of tha target (see Section D of Chspter Ij.
Finally, the relative target velocity V also enters in the derominator

) of the exponent and thkus has exactly the same effect #s T, For a smaller V,

the greater is the time taken by the target inm closing to any range R.

This greater time aliows the observer to make a greater nuwber of glimpses

o

and increases the probability of detection.

ne

VU S
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APPENDRIX II

Numerical Example of Computation

This appendix presents & numerical example of the results which are
obtained for a given set of inputs when the probability of detection by
the observer and the unalexted pilot are computed, So that ths reader may
moxe easily visualize the relstive magnitude of the results obtained, the
meteorological conditi;ns, contrast, target size and speed, and search air-

craft speed and configuration are kept the same for both computations. In

affect, this simulates a situation in which the observer and the pilot are

riding in the search aircraft at the sgme time. A comperison of the result-

ing probabilities of datection allows one to see thas effest of size of the

search area gnd search time on the individual's chance of making a detec-

tilon,

The previously stateg assumptions of the model sre that the two air-
craft are operating during dayliglit conditions in routine level £light on
courses and at speeds such that a collision or nzar-collision will result,
The atmospheric conditione are such that a2 uniform » ckground of horizon

sky is present,

For classification reasons ar wall as mathematical simplicity the

search and target airsraft were both selected to be of the DC-3 type travel-

ing at the same syeed,
The following parameters which are common to both detection equations
were selacted as inputs:
1, Inkerent contrast - C = 9.5,

2. Mateorological ranga - v = 25 nauticel miles,

3, Yaxirum range at which a ferget can ba detected based upon
wateoxciogical sings and inherent contrast - Bm = 14

wautical miles,
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4, Velocity of the searsh aircraft - 8, = 15¢ knots, and
velocity of %ha teiget aireraft - S = 158 knots.
5. Frontal area - Af = 72 Sq. Ft., and side aves ~
‘5 = 726 Sq. Fr., of the target.
Values of apparent ¢rstrast are computed for convenient range intex-

vdls from gn to zerc from equation 2.4

- 3.912 R/v
CR = coe i 2.4

It will be recz!ied that Figure 1 reprasents the results of Blackwell's
study of the relstion cf apparent contrast and threshold target diameter
under daylifht conditions. TUsing th; computed vslues of cR above the corrés-
ponding chreshold tazget diamaters, Cfe , &re determinad,

From each triplicate of values (R, Cps ‘%2 ), & value of the angular
digtance in degrees from the threshold target center to the center of the
fyvea, ‘0, 18 found from:

C = 1.750"% . 228 2.5 .
oy

Platting © against relative threshold target diameter, the threshold
naction lobe pattarn way be prasented in rectangular form as shuwn In

igure 4.

The detection lobs found in this manner gives the minimum size target

-t .~ Arm s
which w11l b detect

ed meteorological conditions &nd targst contrast. It is desired to compare
this theoretical target size, which i3 a function of range, with the equi-
velent circular diameter of the actusl tsrget as a furction of rangs, From

the vatio of these two valuea.“Fisu:s 4 i entazed to find the angle off

"the visual axis at which the actual tacget will bs seen,
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For the target and the search aircraft traveling at 15§ knots, the
arc of possible positions relative to the heading of the searxch aircraft

from which the target must appear is found to be abcut 85 Jegress to the

left and right of that heading. The srguments of symmetry allow considera-

tion of either half of this arc. Repressntative bearings of 83, 66, 34,
18, and §# degrees relative in the left half of the arc were sslected. The
relative motion triangle is sclved at sach of these bearings on a standard
Nayy maneuvering board and values are found for ths corresponding aspect
angle, €3 , and relative closing velocity V.

Apparent target ares mxy then be computed from:

AwA cos@+ A, SIN @ 3.2

And its equivelent circular diameter in minutes of arc from:

"‘é - 12931;“'/1{ 3,1

The actual target diamster may now be compared with the theoretical
target diameter, If the ratio % / dg is graater than 1 the actual tar-
get will not be detected. For ratios lesa Than one, Figure &4 is entered
to find the angle off the foveal axis, 6 , at which this target will be
seen 18 2 function of range, .

Up to this point the cumputstional procedure for both pilot and observer
datection prebatility ars exactly the same. One cf tha quantities neceasary
to find twe prokability of a detection in one glimpss has beon found. The

chance of a detection in ona giimpre {3:

G = é?j;#%qggheg)(ﬁiibéi’ . 3.3
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As can be seen from the above equation, there rsmains to be given the
dimensions of the search sector for the observer and the detarminaticn

of the search sub-sector for the pilot. With these values one may find
the single g&i{apse probability. The cumulative probability of detnction
is determined Jith the addieional inputs of giimpse time, T, for ihLe cbser-
ver and search cycle time, ?/ , for the pilot, ‘

It should be borne in mind that a’diffcxone value of 6 wiil be found
for each of the five Enpresentativc taczgst positions selectad Liacauss O
will vary with targat sspect. Also, due to symmetry, the cumulative pro-
bability of detectioa cut;raa that result will give valuss for tan points
within the 176 degrae arc of possible positions from which the target may
appear.

For the observer it was azgumed that he had som2 prior information as
to the approximate poszition from which the target would appear., This
assumption has the effect of ailowiuz & raduction in the size of the seaxch
sector tc dimensions lass than that of the ganeral field of vigw. The axis
of this - :arch sector is considered to bs directed at ths relative beariug
for which the target aspect angle was found. Since this observer expects
the targat to &ppeey within this sector, he will more complataly inspect
asch position ix datail &nd thus have a longer glimpse tims than that which
ie associated with routine sszrch. The foilowing input paramiters were
selectad for the obsarver:

1, Azimuthal angle - @ = 4°, alevation engls -F = 40,
2, Glimpse time ~ T = 3 gaconde,
The necescary valuss of G are then found using equaticn 3,3, All ghe

inputs to the cumulativa prodability of datscticn equation (3.8) ars now

aveilable,
39
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n
PO(R) = 1 - EXP [ I/VT'{LH (1 - G)dr :l 3.8

. The computations as a function of range have besn completed for each of

ths five gelected bearing &nd ara shown on Figurss II-1(s) through II-1{s).

The search aircraft calacted for this axample was a DC-3, This air-
craft vill have both a copilot and a pilo¢ in the cockpit. The total field
of view from this cockpit iz limited in azimuth to about iff dsgress to
eitker side by its configuration. It will be assumed that the pilot will be
responsible for visual search in the left halt of this field and the co-
pllot for the vight half, To simplify the computations and again maka use
of‘aymmctry, it will be further ascumed that the division of time for viaual
geaxrch and in cockpit duties is tha same for eithsr individual,

The field of visw of the pilot is thuys confined to an arc of 168° in
azimuth, Ir Chapter 4 the azimwuthal scan angle, 29 » was defined as the
angular distance through which the sys was trained between glimpsas,
Sslecting 26° as the value of 9?, the horizontal fisld of view ig divided
into 5 equal subgectors.

The pilot, who 1s conducting a ganeral visual sesrch and is unaware
of the existence of a target, will cover a graater field of view in both
azimuth and elevation then the cbserver, but the time spant in any one
glimpze will be relatively small so that coversge of the whole field may be

thoroughly but expediticusly accomplished. Input parameters reflacting thase

conditions were sslactad as follows:

1. Azimuthal zogie - éb = 9°, elavation angle -55 = 9°,

2, langth ©f cime of one glimpse including dead time of scanning

T - T - 1.5 Qe-condﬂo

40
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3. Number of sub-sectors into which the field of view is
divided - k = 5,

4, Number of glimpse sejuances occuring in one search cycle
-m= 1,

5. Length of time which the pilot 2pends in the operstion of
his aircraft during a search cycls - t = 13 seconds,

Tliz elapsed time in one seaxch cycle iz found from:
?'-ka T+t 4,2

The required values are thug available with which to compute the
cumulative probability of detection by the unalerted pilot as & fumction

of range from equation 4.6.

R
i}
PP(R)-I'EXP[Zm/V’T'fLN(l-G)dR] 4,6
R

The datection curves for the five selectad baarings of target position
are showm on Figures II-a(a) through II-1(e).

From these curves 2 goiar plot may be conatructed ahowing the range
at which this target »1ii} be detected with a constant probabiggiy;

Figure II-2 shows the case for a detection probability of #,5.
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