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SUMMARY

Details are given of how a mathematical model, based on search theory
and target size and contrast, oan be programmed for a digital computer to
enable the ocumulative probability of detection of a ground target from the air
to be determined as a funotion of range. This is applied to ocover both visual
and televisual viewing for flat targets and for targets of fixed presented
area. An account of some of the difficulties involved is includecd, together
with justification of some of the simplifications found posaible,
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1 INTRODUCTION

-5

The task of searching for and deteoting from the air a target situated
somewhere on the ground is a complex one to represent analytically, but
nevertheless it forms an important part of research into target acquisition,
A theoretical model of scarching vased on visual lobes* and glimpsing has
been reviewed in Refe1. This model considers the case of an observer
approaching a finite search areca within which a targot of given size and
contrast is situated and enables the rrobability o detecting the target in
a single glimpse at any range to be obtained, These single glimpse
probabilities may then be combined to give the cumulative probability of
having detected the target by that range from the start of the run. In this
paper, the theoretical model of search has been applied to the case of air =o
ground target detection and details are given showing how the theoretical
concepts have been adapted and simplified to enable numerical results to be
obtaineds Two main simplifications to the theory are established - (i) the
area of a visual lobe mgy be calculated by assuming that it is an ellipse,
and (ii) the sverage visual lobe for the whole search area can be taken to be
the lobe associated with the glimpse to thc ocentre of the search area.
Various complications and difficultics have been encountered in the application
of the theory, especially regarding the calculation of the extreme ends of the
lobe, and steps taken to overcome thesc arc discussed. Due to the nature of
the equations involved they oan only be solved iteratively and rost of the
calculations were carried out on a digital computer. (The Mercury computer

at R.A.E., Farnborough.)
2 SEARCH THEORY

The theory reviewed in Ref,1 lcads to a simple expression for the
cumulative probability of seeing a target after searching for it with 'N!
glimpses directed randomly at the scarch arcas, viz:

n=N
Pn = 1‘TT(1'P,,) (1)
n=1

where Pp is the probability of sceing the targot with the nth glimpse.

* See Ref.1 for a full discussior. of these concecpts, In the present study

a visual lobe is taken to be the effcective arca or volume within which a target
would always be secn and is czlculated from the '50a frequency of seeing'
contour, Natural search is assumed to be composed of a number of discrete
glimpses, oach corresponding to a given visual looc size.
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This equation presumes that if a target is caught in a glimpse it is seon r
immediately. This, in turn, implies that the probability of seeing the

target if the observer is looking directly at it i.e. the foveal® probability

of seeing the target, is either zero or unity and that there is no gradual
increase in this probability from zero to unity as the size of the visual
stimulus increases. In Ref.1, an extension to equation (1) is suggested to
account for cases where the target is not seen every time even with foveal vision

or extended search, viz,
n=N

By = 7o -Eu-pn)] (2

where Pp is the probability of seeing the target when the observer is

looking at it, and p_ is slightly modified from that in equation (1). This
modification will be incorporated into future search programmes, but for the

present, with one exception, equation (1) above has proved adequate for most

assessment problems, The exception to the use of oquation (1) has been when

a television camera is approaching a search area and the field of view of the .
oamera is steadily cutting off an increasing part of the search area. This

problem is analysed in Appendix A as an extension to equation (1)« The most
oonvenient computational expression is derived from equation (A=9) and is

A N-1
Py-Fyq = Py -Inl l l“ = pn]] (3)
1

where A 1is the total search area and An is the search area within the
field of view at any given glimpse.

In equation (1), the value of p, used is basically a derivation from

P, = (&)

>|p

where a 1is the area of the visual lobe associated with the nth glimpse, and
A is the search area., The derivation allows for the fact that when a 1is

larze compared with A, there is a high probability that much of a is wasted
—» outside the search area. I; often takes the form of

B = '(ﬁ;y (5)

* The fovea is the part of the retina which allows for greatest resolution at
normal daylight light levels, It is the part used when looking direotly at an
objeot,




but in Ref.1 a more ocorreot form is derived, via:

- (JE-8), “

with the expression

DD

boing uscd when the lobes and search areas are not symmetrical but have
dimensicns x, y and X, Y respectively: in this ocase, the lobes must de
assumed to be reotangular in a rectangular search area. Eaoh half of the
expression (6b) has a 1imit o validity when x =« 2X or y = 2Y, and for x > X
ory » 2 the ocorresponding half of equation (6) should be made equal to
unity.

The derivation of the exact expressicn for glimpse probability for half
of equation (6) i.e. for search along a line is given in Appendix B, The
differences between the two methods of oalculating single glimpse probability
(oquations 5 and 6a) aro shown in Fig,1 as a funoction of the ratio lobe area/
search area (a/A).

In the succeeding sub-sections a broad outline is given of the ocalculation
of gliapse probabilities as an introduotion to the details of the succeeding

seotions,

2¢1 Visual and telovigsual search

Consider an observer in an aircraft that is flying towards a fixed,
rectangular search area on the ground, somewhere within which o target of given
size and contrast is situated, The obsorver may be using direot vision or
looking at a television screen. The aircraft may either be flying at a
fixed altitude or may be diving onto the centre of the search area at a
constant speed and dive angle., For fixed altitude flight the perspective
of the target may chango during the overflight and this should be allowed for
in the ocalculation of targot size at any particular range; the two extreme
oascs are (1) a flat targec (i.e. the plane of the target is in the plane of
the search area) and (2) the case whero the plane of tho targat is normsl to
the sight-line, The second case may alao be taken to apply to the dive
approach for which the target porspective does not change.




Before starting any calculations, a range must be estimated beyond which

the probability of seeing the target is zero; the aircraft may then be assumed
to fly in from this range. This range is the foveal detection range i.e. the

distance between the observer and target such that the target placed anywhere
in the search area could just not be detected if the observer were looking
straight at it, This maximum detection range is assumed to be a sharp
dividing line between visible and not visible according to the assumption
imrliocit in equation (1) and is calculated by equating the apparent target
contrast available at the observer's eye to the contrast required to deteot
the target; this ocalculation is described in Appendix C. The contrast
r:quired by the eye is obtained from an em;irical threshold curve derived
from some rather idealized laboratory experiments as described in Ref.1.

Theory assumes that an observer searches for a target in a number of
discrete glimpses each occupy 1g a f“nite time called the glimpse time.
During this time the observer moves closer to the search area by a distance

equal to the airoraft veloocity times the glimpse time.

When the observer glimpses to any part of the search area there is
associated with his glimpse a volume of revolution about the axis of his
glimpse called a visual lobe within which the target can be seen. Since
this paper is ooncerned with air to ground vision, the interseotion of this
volume with the ground plane defines tho area within which a target can be
seen in a single glimpse and this area will subscquently be referred to as a
visual lobe. The boundary of this visual lobe is determined by the maximum
angle off the sight line, 6 at which the given target could still be seen,
the value of which is governed by the amount of excess contrust available at
the observer's eye over that required for foveal deteotion at the same range.
The value of 6 1is also a function of target size, as seen by the observer,
and is obtained from J. H. Teylor's da.ta?' on the off-axis performance of the
eye which are depicted in Fig.2. In the programmes, linear approximations

to the data in Fig.2 have been used as described in Appondix D.2.

With direct vision a visual lobe is normally calculated in terms of
ground coordinates; with vision through television, however, one has the
choice of ground coordinates or screen coordinates and in terms of visual

lobe sizes the two possibilities are wholly equivalent.

It is pointed out in Ref.! and also in section 6 ashoad that in somo

instances it is very likely that lobe sizes are smaller than those predioted




from the laboratoxy data of J. H. Taylor, partiocularly when the targoet is in e
complex background, To allow for this it is possible to divide thuse Taylor
caloulated values of © by a constant, but no roal information is at present
available on tho magnitude of this faotor.

In order to oaloulato the avorage glimpse probability for targots whioh
might appear anywhere in the scarch aroca, thoory roquires an averago lobe sise
for the whole search area. In practice, the greatest variation in lobe
areas ocours in the direction of flight and for mcst purposes an average of
lobe sizes along the central axis of the search aroa in the direotion of
£light is suffiocient. In section 5,2 ahead, it is also shown that for many
purposes the lobe sigze for a glimpse directed centrally in the search area is
e sufficiently good epproximation.

With a oaloulated lobe ares, or average loba aroa for the whole search
area, the glimpse probability uay be calculated according to oquation (7,
and from this, the cumulativo probability of having saen the target from the
start of the run is calculated according to equation (1),

The proocess of calculating the glimpse probability is ropeated at
successively shorter ranges until either some predetermined vaolue is reached
or until the observer is immediately above the centre of the search erea.
From these calculations a cumulative detection probability distribution ourve
can be plotted against range.

The only ocomplications introduced b, television into the above sequence
of ocalculations are tha effects of blurring or lack of resolution, and its
restricted field of views

The succeeding sections follow the steps required in the caloulation of
visual search performance from the estimation of starting ranges for the
calculation, through the calculatiorn of lobe dimensions to the estimation
of lobe area and glimpse probabilities. The visual situation is considered
first in each section and then the additional factors introduced by tele-
vision are presented. The approximations used to simplify the problem, and

the difficulties encountered are referred to in the relevant seotions,

3 CALCULATION OF FOVEAL DETECTTON RANGE AT THE START OF A RUN

The starting range for the start of the search calculations is required
to be that range beyond which there is no chance of seeing the target. This
is the foveal detection range, assumed to be, to the approximation of




oquation (1), a sharp dividing line butweon svuing and not svoing the targot
with foveal vision, This dutection rango is detorminod by targot oontrast
and sise and the visual and televioual casos are troatod soparatoly below, 3

3.9 Yieual

Tho ocontrest available is the apparent nontrast and is given by tho
atmospherio attonuation of the oontrast oquaticn. Throughout this paper the
Blackwell 8 position search in six seconds throshold ourve has boon usod to
desridbe the aye's foveal performance but with an allowance for tho addition
of & oonstant (tie degradation oconstant) to 105,0 oontrast values to oconvort
the ladoratory threshold curve into one applioadble to a praotioal viewing
aituation. The equations and method of solution are given in Appendix C.1,
while the basic, unfactored threshold ourve is shown in Pig.J.

3.2 Felevigual
In the televisual ocase also, the fovual dotootion range is odbtained by

equating and solving iteratively for range tho oxpressions giving the
availadble oontrast and that required for deteotion, These aro given in
detail in Appendix C,2 but are basioally doscridod as follows. The inherent
oontrast of the target is attenuated by the atmosphere and reaches the TV
ocarere as an apparent contrast. In pasaing through the camera-monitor system
this apparent oontrast is attenuatod by tho camera and onhanced by the monitor

to give an image oontrast on the soreen. The television systom blurs the
detail of the pioture, but this is only partly acocounted for in the theory by
the attenuation of the oontrast of small detail acoording to the frequency
response ourvo of the camera, see, for example, Fig.h. In practice, the eye
wmlld be badly affeoted by looking at blurred detail, and in the theory the
diffioulty of specifying how badly the eye would be affooted in looking for
particular targets in partiocular backgrounds is circumvented by assuming that
the observer always views at the viewing distanoe at whioh tho screen image
appears ‘just sharp'. Comparison between telovision systems may then be made
bty soaling the viewing distaive acoording to the resolution of tho telovision
to maintain thia 'just sharp' oonditdon., This aspeot of visual theory, of
predioting deteotion performance as a ocombined funotion of display and eye
resolution meeds more experimental investigation,

L CALCULATION OF THE SHAPE AND SIZE OF A VISUAL LOBB

Iwo methods of calculation are used depending whether direot vision or
television is being oonsidered,




Lhed Di.vet visiun

As o firs? atep in the oalculation of the area of the visual lobe in the
[lana of tho search area, equations are derived in Appondix D.1 that define
tho shupe of the lobe assooiated with a glimpse to any part of the search area.
Tho geometry of the situation is depicted in Pig,5. 1In this figure, ¢ is the
depression angle of the glimpso, 6 ia the angle of visior. off the fcveal axia,
i.,0., the wax.mum angle off at which the target can still be seen, and Bs and
B are the polar coordinates of the ocircumference of the visual lobe with an
origin direotly below the observer.

The equations in Appendix D.1 may be solved for R8 anc B to define the
shape of the lobe which may then be integrated to determine its area. In
particular, by setting 8 = 0 the equations give the ground range to the far
and near points of the lobe ai.d he.ace tha lobe length, Then, the lobe width
at any point along its length may be ocalculated (Appendix Dek).

With these iobe dimensions, it is possible to ocalculate the lobe areas
and the probability of seeing the targot in the glimpse. However, we will
first oonaider the faatures of tho calculation of lobe area which are  soul’ar
to television, and some compliocativns which have arir-.n n “ne c¢aleoulation of

lobe dimensions,
Lez Talovisiou
%ath television, the ocaloulation of visual lobes is similar to the visual

calculations excepting that one has the choice of sither calculating lobe sises
on the display or in the ground plane., The differcnce only oomes in during
the caloulation of cumulative probabilities under the assumptiion of a
uniformly random distribution of glimpsing. In the first case, the glimpsing
is assumed uniformly random over the display, and in the second case, uniformly
random over the ground plane. The average results from the two calculations
are only significantly difforent with long search areas when the first case
would conoentrate search more in thu distant parts of the search area on the
ground plane. Certainly, this diff'erence would not be revealed by the
approximations used in prosent calculations faor the average ground lobe sige.
In Appendix D.5 is shown the dotails of caloulating lobe sizes in the ground

plane,

4.3 Complications encountered in the caloulation of the ground ranges

In solving the equations which give the ground ranges from the observer
to both onds of the visual lobe, ocertain difficulties have boen encountered
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due to two causes. Firstly, during the iteration process to determine the
range to the far point of a lobe, an intermediate range is sometimes obtained
that is greater than the foveal detection range of the target. This situation
is merely one of stability in the iterative solution of the equations and
introduoces no visual difficulties., It is discussed in detail in Appendix D.2a
Secondly, it is possible, in certain conditions with glimpse at grazing
incidence to the ground, for the visual lobe which is a volume of revolution
to interseot the ground at four points, thus giving two separate visual lobe
areis. This in turn leads to multiple solutions for the equations giving the
range to the near point of the lobe., In this situation, the theory prediots
that for an observer looking steadily ahead and flying towards the target, the
target first becomes visible, then invisible, and then, at the last moment
below him, visible again in the observer's peripheral vision. The.size of
the near visual lobe ocan be quite signifiocant and poses the question.of
whecher to include it or leave it out of the effective visual lobe area.

Its sisze is very sensitive to the assumptions regarding the efficacy of
per.pheral vision in a complex background and in ary case, it only picks up
targets which are too olose to the observer to be of any interest in the
present context, so in general it has been ignored in calculations. This
does, however, sometimes result in a step function in the calculation of lobe
sizas as the lobes change from being a long thin one to two sepéra.te ones.
With search areas of finite length this ofton does not matter as the long
thii lobes and the rear portion of the double lobe are curtailed by the limits
of the search area, This situation together with an example of where it
ocours is discussed in detail in Appendix E.

5 THE CALCULATION GF LOBE AREA AND GLIMPSE PROBABILITIES

In seotion 4, methods have been desoribed which enable the end points
of the lobes (and hence length), together with their width at any point along
their length to be calculated. The lobe shape is generally nearly elliptical
which suggests the approximation of calculating the lobe area directly from
its length and widths In the calculation of lobe areas with the elliptio
apr roximation, the width of the lobe is not necessarily taken to be the
paximum width, but the width at a point half way along its length. This
docs give the maximum width for lobes which are elliptical, but gives a better
estimate for the area of lobes which aro not, As an example of the crrors
involved in this approximation caloulations have been made for .selected values
of target size and inherent contréat etc. to obtain the shape of the visual
lobe together with its exact and equivalent elliptic lobe areas. Fig.41
shows how the shape of the lobe for a particular target varies as the observer
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flios towards it. A flat target was chosen as these tend to rosult in lobes
which are rather bulbous towards the observer and are thus a severe teat of

the elliptic approximat.on, The lobes associated with the first, third and
sixth glimpse are shown when the lobe gradually changes from a poar shapc to

an ellipse, In Fige412 is plotted a curve showing how the ratio of elliptio

to exa-t lobe area varies with the range to the search area. At worst, the
elliptic approximation over-estimates the truc arca by about 16% which is
considered within the limits of accuracy of the th.ory. However, it may be
seen in Fige.13 that the differcnce between the cumulative detection probabilities
calculated from equation (1) using the exact and olliptic lobe areas is
negligible. Thus, for the calculation of subscquent lobes that lie ontirely
within the search area, the lobes have becn considered simply as ellipses,
involving the calculation of their width only at the mid point of their length.
Larger errors than the 20% found abovc mgy occur with difficult targets at

low altitudes, but the decreasing accuracy of the approximation under such
circumstances is probably well matched by the decreasing accuracy of the visual
thoory, due to the uncertainties of the efficacy of peripheral vision, terrain

screening etc.

5¢1 It is readily appreciated from the lengths of the lobes in Fig.11,
particularly in their extension towards the observer, that in some circum-
stances much of the lobe will be outside the search area and hence wasted.

The extent of the lobe in the flight direction, and its overlap with the search
area is adequately accounted for in the calculation of averege probabilities
for targets anywhere in the search area by the use of equation (6) in the
calculation of glimpse probabilities. It is, however, readily appreciated
from Fig.11a that the degrece of overlap for the forward and rearward parts

of the lobe can be quite different. Conscquently, egquation (G) needs to be
nodified to make seperate allowance for the overlap at each end of the lobe,

and equation (7) below is used in which &1 and ¢, are the forward and
<

recarward lengths of the equivalent rectangular lobe from the glimpse axis.

N -

In relation to equation (6), ¢, + &, =x, and w =y, the total width of the

lobe. The search area dimensions X, Y, are unchanged. In rolation to the

calculated shape of an elliptic lobe, £ ‘jl‘- e, ¢, =% ¢, and w =E w
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where the dashed quantities are the overall dimensions calculated for an
el iptic lobe,

The limits of applicability of equation (7a) are as follows.
Consider equation (7a) to be in the form

P = [py +p,) [pg]

L/ &2
where p, = G
= ]
1 X zx2
2
o b
LR P
W W2
and p, =3 -3
37X LY |
2
Then, for ¢y &
R LTS TR S
1
4, > X, Py= 3
Also, for ¢ 52
CZ‘X, P, = T-—z{‘?
f ()
1
&> % Pp = 3
and for 2
w
w € 2Y, p3 = '% -':;§
w >Y, p3= 1.0 J

Equations (7) aoccount adequately for the amount of lobe wasted outside
the search area, but, again with reference to Fig.11a, it is seen that under
tne normal method of ocaloulating the width of the lobe at the mid length point
the lobe width may be very much larger than the useful width of the lobe
oorresponding to the part inside the search area. In thase ciroumstances
the useful width is taken to be the average width of the part of the length of




the lobe inside the search area. Three samples along this length, the far
point of the lobe or the far edge of the search area, the near edge of the
search area, and a point halfweay between, have been used successfully.
These lobe dimensions are again converted to those of the equivalent

rectangular lobe for use in equations (7).

52 In some applications of visual search theory it may be required to
determine visual lobe sizes for targets at particular parts of the search ar:a.
However, in general an average value for the whole search area is required.

If the search area is not too wide, it may be assumed that there is no lateral
variation in lobe size and most calculations have simply taken three samples
in range along the centre-line of the search erea, the near point, the far
point and the ocentre point. As a furtner approximation, only the lobe size
at the centre of the search area has been taken, and in Figs.i4a and b the
difference between cumulative probability distributions for the three sample
and centre point sample method of ocomputing average lobe sizes is shown. The
target was assumed to be flat; scarch area lengths of 1500, 3000 and 6000 ft
were considercd and two low observer altitudes were assumed. All these
factors combine to make a severc test of the adequacy of the centre sample
technique and it is seen that the differences between the two methods of
calculation increase as the search arsa length is inoreased towards the
foveal detection range. Increasing the altitude also increases the
differences between the two methods. However, these approximations for
obtaining an average visual lobe size should be used with great care and each

oalculation should be considered on its merits.

5¢3 With television, or eny other optical system of limited field of view,
part of the area may not be in the field of view. This docs not affect tke
sizes of visual lobes, which are calculated in a manner similar to the visual
aalculations. (The equations are detailed in Appendix D.) Mowever, it

does affeot the choice of sampling points for the calculation of lobe sizes,
the ocaloulation of glimpsc probabilities through the correotion for lobe over-
lap with tha edge of the visual search area, now tho edge of the field of view,
and the caloulation of cumulative probabili®ies, in that with a steadily
deoreasing amount of the total search area being coverad by the field of view
equation (1) no longer applios. These three points are enlarged upcn in the

following paragraphs,

The choice of sampling points for the ocalculation of visual lobe sizes

depends to some extent on wherc the camera is assurcd to be pointing, If it
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alweys points to the centro of the search area the sampling points would be
conitrained to be within the field of view, and in the three samplc case would
be the forward edge, the centre and rearward cdge. If, however, the camera
is presumed to be directed at some random point of the search arsa, then the
average talevisual performance for the whole search area is required and the
sampling points would be distributed over it as if there were no field of

vibcw restrictionse.

The calculation of glimpse probabilities from lobe sizes follows
equations (7), but when the field of view is restricted, the values of X and
Y used in the equation should be the length and width of this field of view
on the ground plane rather than the dimensions of the search arca. In
practice this is easily done by testing for field of view cut off before
computing any lobe sizes and, if lobe overlap occurs, using in equation (7)
ths field of view limits instead of the vhole search area. The way in which

the latoral field of view ocut off is handled ncods further consideration as
the lateral ground limits to the field of view are not usually parallel with

the sides of the tearch area.

There are at least eleven ways in which the trapezoidal ground projeotion
of the field of view :f a telsvision camera can overlay a reotangular search

area, even with the oentre of the television field concentric with the search
area, (this does not necessarily mean that this is the centre of the
trapezoid), and the ocamera axis alignad with the search areca. Fortunately,
to date no calculations have been encountered in which the field of vicw
limitation has been of great importance and it has sufficed to make the very
orude approximation that lateral fiasld cut off occurs when it occurs aoross
the centre of the field of view, In this casc the part of the search arca
within the field of view has beun taken to be (Rmax
the width is that across the oentre of the field of view, and Rmax and Rmin
are the ground fore and aft limits to search dctermincd either by the limits
of the search area or the ficld of viuw. It is, of course, easy to check
whether the fore and aft limits to the field of view are inside or outside

the search area, since they are parallel to the fore and aft edges of the
search area. In the programmes, it has been a simple matter to check for
field rostriotion prior to any further calouletions of lobe sizes etc. and,

if field -estrictions occur, to substitute the field limits for the search
area limits; this automatically accounts for many requirements of the
subsequent oalculations and the search area limits only have to be resurreoted
for the ocalculation of cumulative probabilitics according to cquation (3).

- R . ) x width, where
min
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The third effect of a field of view limitation is that the aocumulation of
glimpse probabilities to give cumulative rrobabilities of sceing a target no
longer follows the simple form of equation (1)e If the television camera
approaches the socarch area such that the part of the search area available for
search at any given time is always within that at any previous instant of time,
equation (3) may be applied. The use of equation (3) requires calculation of
the part of the search area which is common with the field of tho television

camera. This is considercd in the previous paragraph.

6 GLIMPSE TIME

Each separate glimpse of visual search takes a finite time during which
vision is fixated on a single point in the search field, During this
fixation time, T seconds, the observer in an aircraft will move towards the
target by VT ft. Consequently the fixation time, T, is an important factor
in determining how many glimpses an observer can make during a fly-past.
Unfortunately, there is no clear-cut answer to the correct value of T tc te
used in the theory. Measurements of T in many different visual tasks
result in values around 1/3 second, but past analyses of outdoor search data

have favoured values of T as high as 13 seconds. This factor of five

uncertainty in the value of T recflects directly on the predictions of
search thecry, In Ref.1 it was shown that there were many possible reasons
for the incrcased value of T in outdoor search, some genuinely associated
with an inoreased T, such as clustering of glimpses for the inspeotion of
single points mora closely than allowed for by a single glimpse, and some
merely of the situation analysed, such es the erronecus estimation of lobe
sizes or the inclusion in the experimental distributions of the e¢ffects of
factors other than pure search, It was also shown that the effect of beirg

optimistio in the estimation of lobe sizos was quite inseparable in experi-

mental data from having to usc longer glimpse timos. In view of thesa
faotors, the appropriats glimpse time for any givon situation may well bo a
function of target difficulty, background complexity and the threshold data
used to prediot the sizes of visual lobes, and when matching theory vith

experiment the degrea of control over the additional experimental factors

could also be decisive in defining a suitable value for T.

In theoretical prediotions to date, values for T of 1/3 second have
been used with J. H. Taylor's visual lcbe sizes for simple search situations
in accordance with the experiments analysed in Ref.1. For complex search

situations the value of 1¢5 sceoonds has been used but this is under constant

review,
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7 CONCLUSIONS

This document shows in detzil how searoh theory has been applied to the
task of air to ground target detection in order to calculato the probability
of leteoting a target situated in a search area towards wiich an obsorver is
flying. A number of features of the calculations have been discussed,
inc_uding, the treatment of some of the wore unusual lobe shapes met with in
low altitude conditions, the best way of calculating glimpse probabilities from
lobs areas and the glimpse times to be used in the theory. In particular, it
has been demonstratzd that for most cases it is within the limits of' accuracy
of the theory to calculate the area of the ground section of the visual lobe

assuning it is an ellipss. Also, it has been shovm that the averaga lobe

for the whole search area can, in most cascs, be taken with sufficient accuracy
t» be the one associated with a glimpse to tha centre of the sewrch area.
Computer programmes have been written to expedite the calculation of cumulative
deteotion probability and programmes are available to deal with the cases of
flight at a constant dive angle on to the centre of the search area end flight

a’s oonstant altitude, both for visual and televisual viewing.

The estimation of visual performance, as represented by the present
oalculations, is the subject of constant roview, both in terms of the fundamental
concepts involved and the numerical data used. Some favourable comparisons
with praotice are found, with the review of the thecry, in Ref.1 for some
simple search situations, Comparisons with actual flight trials are also
continuing, but the proportion of flight data which is emenable to dotailed
comparison with theory is small as the measurement of all the ncoessary
faoﬁors in the flight trials would involve a prchibitively large work load.
Hi'wever, many facets of the R.A.E, flying programme are being improved to

allow for better interpretation in terms of theoretical conceptse.




Aprendix A

A PROBLEM OF CUMULATIVE PROBABILITY OCCULRING DURING VISUAL SEARCH
by A. R. Runnalls

A.1 Introduction

Visual search is presumed to take place in a sories of glimpses, each
glimpse taking in a limited part of the ssurch area. In this Report both the
distribution of glimpsing and the target distribution are assumed to be

uniformly random within their respective limits.

The probability of seeing a target within tho scarch area in a single
glimpse is simply a/A, where & is tho arca oovered by the eye in a asingls
glimpse - the visual 1obe area - and A is the scarch arsa, The probability

of seeing such a target after n similar glimpsecs will then be:-

g n
TR

However, with tho use of optical devices of limited field of view, it
often happens that the search arca A is smaller than the area of target
distribution Q. I£ in the above the target is within an area Q 3 A .the
probability of sccing it becomes simply A/Q times p above. More generally
A may vary, and in particular when the observer and optical system are
approaching the target area, simple modifications of the above formula do not
suffice and a more involved consideration of the interdependence of the
variables is needed.

This Appendix derives from elamentary principles the corrcet formula in
this case, where the field of view available to an observer at each glimpse
is less than the totel search area in whioh the target umay lie, and decreases
steadily with time. Each fiold at a given instant is assumed to be wholly
within the field at a previous instant. The observer is assumed to search
uniformly randomly all over the part of the search arca available to him in
his field of view.

A.2 Theory
A.2o1 Notation

Q is the total area within which the target is (uniformly) distributed
An is the area within Q which is available to search at the nth glimpse
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is the area covered by the nth glimpse

Z  denotes the event that the target lics within the search area ot the
nth glimpse

S denotes the cvent that the target is scen in the nth glimpse

o, denotes the event that the target is seen in at least cne glimpse up

to and including the nth, i.e.

n

r

)

i (5,)

r=1

p(o’o) will denote the a priori probability of having seen the target,
being, for this calculation, nil

is a member of

A all x such that x¢€ A; for at least one integer i,

1¢<ign

s W . N
.;Ll::

Ai all x such that x¢ Ai for each integer i, 1 €i < n

=
f
-

contains

restricted to

negative event

ECERRENY

Ai direct product, A,‘ A2 A3 soee An
i=1

A.2.2 Calculation

We have, as the basis for subsequent mathematics the following exioms

I pl~o) = plvo _p~s)
An
1I p(z) = 2
un
III p(SnIZn) = =
n




————————
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Appendix A
Iv p(s |~2) = o
n n-1
v Z
2 [V @)D ()@
r=1 r=1
We have, by IX and III:-
S.2 a
p(s lz) = —(T—p("' L =
n'"n P Zn An
therefore
a 2 a
e o nz) i
Fio¢ %n A Q
n
Similarly by II and IV
S =
p(.n, Zn) 0
therefore
a
n
p(s;) = p(s.2) +p(S~2) = =
Now
~ - ~ \ ~ ~
p(~o,_4) = p~o_4S) +p(~0 _p~S)
and
p(~o _5) = pl~o ,Is) x p(s))

or in the trivial ocase n = 1

p(~o,8,) = p(s,) since p(~o)) = 1
By IV and V
n-1
02,0 (] (@)
By III =
an
p(~ snlzn) - 1-..A_n

(a-1)

(A-2)

(A-3)

(A=)

(A-42)

(A-5)

(a-6)
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therefore
n—1 n-1 n-1
( a (-7
p [ | s || (zg] - (« - —;)
r=1 r=1 r=1

since these eventis ~ srlzr are clearly independent.

Also, by definition

o[ E 1: (~ ;) ﬁ: 2, |

n-1
Q (Zr)] = p[~6

By (A-5) et
s, O ﬂ (z,) (A7)
therefore

n-4

[" n1\m(z)] P~y 418,)

since it is only because both Sn and Oy depend on the events Zr that they

are not indspendent.

Hence s
pl~ o, _4l8) = | |<1'I’:_)
r=1
By (A-4) 1
p(~o,_45,) = B8 )T( - —) (4-8)
or
p(~0,S,) = p(8) i =n =1 (A-8a)
By (A-3)
p~vo_p~8) = Blvop ) = P> oy 45, ) (a-9)
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i.e.
p(~o) =
or 1 n =%,
p(~0)) = pl~o) -p(s,) = 1-0p(s,)

This difference equation (9) is probably the most convenient computational
form for the required cumulative glimpse probability p(o*n). It may be

rewritten as

n=1
ploy) = ploy g) + % U<1 i %)

0f course, the glimpse probabilities o‘x/Ar have not been corrected for
the effects of edges, and a mora ocomplete form of the equation is found in
the main text as equation (3) coupled with equetion (7)s However, continuing

to the determination of p(a,),

oo e T3]

n k-1

p(~ay)

1
-
1
o]
Pan
v
-—h
N’
1
M
2
(%)
b\./
N
-
{
o |
~—
L

(A-10)

u

'
ol P

[}
a7
o]}
—

]
'33>|'1p
N
|

i

p(o,)

1
ol_f’
+
P~
—
:
=
1
blam
S
L

this being the required formula, valid when n » 2.

A.3 Cenclusion
An equation has been derived for the cumulative probability of seeing a
target when the part of the total target distribution area actually available

for visual search is progressively reduced.




22

Appendix B
CALCULATION OF GLIMPSE PROBABILITY

The probability of detecting the target in a single glimpse to the search
area, ps, can be calculated from the ratio:-

P = lobe area associated with glimpse/search area

i.e0
p8 = (B-1)

>lw

However, this simple expression makes no allowance for glimpses directed to

the edges of the search area where the lobes extend outside and consequently
does not asymptote to the correct limit of unity when the lobe areas become
larger than the search area. To allow for this situation, two difterent

methods have been considered.

The popular method of dealing with this is simply to use

= & (B-2
Pp (A + a) )

This form of the correction is not a good one and should be replaced
with one derived in Ref.1. The derivation is primarily an extension of the

exaot solution for searoh along a line, which is illustrated below.

Consider the search along a line of length X with a visual lobe of
length x.

Three separate situations occur in this analysis, (i) when x < X,
(ii) when X < x < 2X, and (iii) when x > 2X. These are analysed separately
in the following sections.

(i) Lobe length smaller than search length

Search area, length X, with lobe length x, x < X. Glimpses fall
uniformly randomly in the length X,

—_ X2 ——

Search axis
[ x/2 >

l
<
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The useful lobe length within the search area for a glimpse to a point

distance y from the contre of the search area can be expressed by the
following equations

O<y <§ -3 useful lobe length

]
]

2-Xcy<%,  useful lobe lengtn -y

ik
+
(VY ]

The average useful length for glimpses from O < ¥y < X/2 is

X/2-x/ /
ﬁ’é{[ i zxdy-rfxz [%*%-y]dy} = [:%c'%xijlﬁi (8-3)
o 2

X/2-x/

For - X/2 <y < 0, a similar expression is obtained so that this expression
gives the averege lobe length for glimpses falling anywhere in the length of
the search area,

i.ee

The average probability of secing the target for glimpses direotad anywhere
in the search length is

P, = Lx Zﬁj /x (B-)

(1i) Lobe length longer than the search length

l.ee For A>x>X

— /2 | —)|
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The useful lobe length within the search area for a glimpse to a point
distanoe y from the centre of the secarch area can be expresssd by the
following equations.

Oy <i2‘ --22{- » useful lobe length = X
x X X X X
2-2<y<2, usefullobelength_2+2-y

Therefore, the average useful length for glimpses from O < y <-)-2('

1 paLe e X x %2
([ [ ) 8

For - X/2 <y < 0, a similar expression is obtained, hence as for (i) the
probability of seeing the target isa

Py = [x - -,f;] /x (B-5)

This is the same as for (i) so that a singlo expression covers both cases.

(iii) PFor x > A,p, = 1:0 at all times

This is not the same as the equations for ocases (i) and (ii) so that
x = 2X with Pg = 10 is a definite cut off to the validity of equation (B-5)

above,

Equations (B-4) or (B-5) thus provide an exact solution to the problem
of allowing for lobe overlap with the edge of a search area for search along
a single axds. In Fig.1, this exact solution is compared with ths one-
dimensional equivalent of equation (B-2) viz. p = x/(X + x). It is seen that
the exact solution asymptotes to unity much quicker than the soluticn usually
used, and that the latter is quite pessimistic in predicting large glimpse
probabilities.

Equation (B-4) nseds to be generalised for the interaction of gencral

lobe shapes with general search area proportions., For the prusent, the

equation 5 >
o [ZoXZ_\N(X. L) (B-6)
P =
<x z.x2> \¥ uy?
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which is reproduced in the main text, with a form applicable to symmetrioal
lobes and search areas, as equations (6) is usede This considers each axis
of scarch as separate and uses equation (B-4) for cach axis. This composite

equation has the following desirable properties,

(1) It is exact for lobes which are long and thin compared with the

search area,

(ii) It is a correct representation of the following two limits for
either square lobes in a square scarch area or circular areas in a circular

search area,

(a) Pg * a/A for small a, vhero a is the lobe area and A the

search area,

(b) Pg = 1:0 for a = 44,

The usual formula used only satisfies (ii)(a), and pG = 1°0 but for the wrong
limiting value of a/A.

A forw of equation (B-6) which is used with lobes of different nose and
tail lengths is found in the main text as equations (7).
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(sce section 3)

CALCULATION OF FOVEAL DITECTICK RANGE, F, AT THE START OF A RUN

Ce! Visual situation

The calculation of these ranges is straightforward and has been presented
in Ref.3, but some features of the technique used at present are different and

80 a brief outline i: given here,

The apparent contrast available at the observer's eye, CR al range R
from the target is given by

c
Gy e T4+ blexp(oR) - 1]] (c-1)

where Co is the target inherent oontrast,

b is the sky/ground luminance ratio, and

o 1is the atmospherio attenuation coefficient,

The relations between range and angle subtended by the target at the eye

are:-
For a target normal to the sight-line (either dive or horizontal approach)

NSE

and for a flat target (horizontal approach)

. [19@ (::5 (H)O'SJ 0-667 (c-3)

nx

where do is the equivaient diamoter of the target,
a 1s the angle subtended by the target at the observer's eyo, and
H is the altitude of the observer,

The eye's foveal detection performance is defined by the Blackwell 8 position
search in 6 seconds tkreshold data shifted along the log (contrast) axis by a
degradation constant, see Fige3. This ourre is a plot of log (target threshold
contrast) - v - log (target visual angle)., For ths first stage of this

calculation, atmospheric attenuation is ncglected and an initial value of target

T T T -
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visual angle is found from the threshold curve by sctting target apparent
contrast cqual to target inhsrent contrast, and a range oorresponding to this
visual ergle obtained from equations (C~2) or (C-3) and stored as R,, whils

the apparent contrast Cp 1is calculated from (C-1).

The above set of calculations is repeated by entering the threshold
curve with the latest value of (iog CR) to determine o and hence a new range
R2. At this stage the modulus of (R2/R1 - 1) is obtained and if it is smaller
than a small quantity, say 0°0%, the foveal detection range, F, is set equal
to RZ' If this condition is not satisfied, the loop is repeated tec find a

new R2 until the modulus is satisfied.

CeZ Television deteotion

As a simple extension of the visual ocase, the equations for the detection
of a target through television, or any other similar optical system, are as
follows, A % inch scammed width on the television fecoplate is assumed, but
for any other scarmed width the geometry of equations (C-8) or (C-9) below
are simply scaled accordingly.

The contrast at the observer's eye is given by

C = y Cy F(v) (C-4)

wkere y 1is the contrast enhancement of the television chain, CR is the
contrast of the target at the lens of the camera and F(v) is the freguency
response curve of the camera as a function of v, a faotor describing the size

of the target in terms of the size of tihe television scan. [v is, in fact,

defined by

width of the television scan | (c-5)
width of the target on the scan ’

it is often known by that misleading term, the 'line nuaber'; mislcading, as

it has nothing whatsocver to do with the 'line standard' of the television

system. ]

The frequency response curves used in calculations arc shown in Figelk.
These are estimates from genuine response curves both to allow for the fact
that targets are usually more square than the long thin lines typical of a
television test grid, and the fact that the longer tail of a genuine television

horizontal response curve is neither matched by the vertical responsc nor of
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any use visually. [Each curve in Figes is labelled by a maximum value of v,
Voa::? which is effeoctively the limit of vision. The value of RS is taken
at F(w) = 0-05, but as the ocurves used are so stcop in this region this value

of v is not much different from that at F(v) = O,

The contrast at the telcvision lens is given by

c

(o)
= ~6
= T lealeR - 11 (c-6)
as for the visual case,
The target subtense at the eye is given by
& = 60-‘;-’2 min of aro (c-7)

whore 1 1is the angle, in degrees, subtended by the whole display at the eye.

Th¢ range corresponding to this value of o is

a
R = 120nf—a‘3 (c-8)

for a target of offective diamoeter dg which is always normal to the line of

sight, or

R = = (c-9)

[ 1200 ¢ a_ (5)0'5:]0-667

for a similar target which is lying flat on the grounds H is the altitude

of the observer inr feet,

At the foveal deteotion range R =F, C = €y the foveal threshold
derived from the threshold curve as a function of a and any other faotors
which may be considered to affect visual thresholds in the olrcumstance

analysed.

The calculation of a dctection range is started by determining an initial
value of a from equation (C-7). The corresponding range is caloulated
from equation (C-8) or (C-9), together with the contrast on the screen from

(C-4) and (C-6). The threshold curve is interpolated with this contrast to

find a new log a, a, v, F(v) etos The new range, R, calculated is tested

against the previous valuc for R for IRZ/R‘1 - 4] > 0-01, and the iterative
loop is repeated, if necessary, to give finally a value for F, equal to R2.
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It froquently happoned in these iterations that a stable state of
oscillation about the range corresponding to Vpax 88 recached.s This was
avolded by tosting all new vstimates of dotection range against the maximum
possible range, Rmax’ corresponding to Vnax’ and if they ware larger they

wore replaced by Rmax'

This caloulation providcs a value of range from which to start the
search calculations,

29




Appendix D
CALCULATION OF THE SHAPE AID SIZE OF A VISUAL LOBE

Visual aituation

D¢t Egquations defining the general point on a ground secction lobe

Consider a glimpse at the point A in Fig.5, and the general point C
on the ground lobe section about A, In Fig.5, 6 is tue allowable off axis
angle for vision far the particular glimpse situation considered, ¢ is the

depréssion angle of the glimpse, and B is simply the ground projecotion of €.

Applying the cosine rule to A's ABC, AEC and equating for the common
side AC gives

ac® = B2 4+ BC? - 2AB BC vos ABC = AE® 4 CE® - 2AE CE cos AEC  (D-4)
1.8
2 2 2 2
a° + R, - 20R cos b = (H cot ¢) +P6-21R8 cot ¢ cos p (D-2)
Substituting,
d = H cosecyg
and
R = (82 + )%
S g

in equation (D-2) and rearranging gives,

R oesp = (RS +H)DI228 _ypang (p-3)
[ IS cos ¢

In particular, the ground co-ordinates of the far and near points of the lobe,
for which g = O, and are given by

R8 = H cot [¢ ¢ 6] (D-4)
For the far point of the lobe, the solution giving the maximum range is
required and hence the nogative sign is teken, and for the near point of the
lobe the position sign is taken. Sinoce 6 itsolf is a function of Rg,
th.s equation can only be solved jteratively and the two solutions are treated
separately below,
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De2 Ground range to far point

Initially the slant range to the far point of the lobe, Y, is calculated

from
Y = (824100 (D-5)

where E 1is the ground range from the observer to the centre of the glimpse,
which is initially set to ¥, the foveal detection ground deteotion range.

The existence of H makes Y a little larger than the foveal range which
ensures that the search calculations start just beycnd the foveal range.

From this point, the calculation is iterative. It starts with the calculation

of the target visusl angle a from either

(a) for target normal to sight-line

" d
= (—1—08—0(‘\ <—°-> min of aro (D-6)
) Y
or,
(b) for a flat target,
d 05
a = (-?0'220' (’Y—o> <%> min of arc (D"?)

From tabulated logarithmic values of foveal threshcld contrast (eo) -V -
target visual angle (a) the value of log €, corresponding to the above value
of a 1is calculated. No account is taken of the aspect ratio of the

apparent outline of the target.

The target apparent oontrast available at the eye is calculated from

C
CR } {1 + blexp(cR) - 1]} (0-8)

and hence is ¢btained 1og(cR/b°).

I log(CR/eo) < 0, the initial range calculated or otherwise inserted at
the start of the run is too large and the range E 1is reset to

E-VT

where V 1is the aircraft speed,
and T is the glimpse time.
™e slant range Y and log(CR/eo) are reoalculated.
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J. H. Taylor's off-axis data for the eye is given in Fig.2. If
log(CR/eo) >0, 6 1is ocalculated according to a two-straightline approximation
to J. H. Taylor's data, viz:

Oy € Con | /o A
0 < log (—-—) < log (—5> 6 = 4 log (—-> ! log <e >
A €, €, / o
C € C €
R 4 R 4
log <—> > log (—) 6 = L+ 216 [log (—) - log <—>:, (D-9)
£, €, €, €, ?
CR €
: e @)
€o €o
where ¢, is the extra contrast required for vision at 4° off axis, the break

4
point of the two straight lines in the approximation. This is tabulated in

the computer witk e, 8as & function of log a. A degradation factor, g,
is introduced in the calculations to allow for the possibility that practical

visual lobes are less than those predicted by J. H. Taylor's data, i.e.
6 becomes g (p~10)

Using this value of 6, an initial ground range Ro is calculated from
equation (D-4), teking the negativc sign, The slant range corresponding to
R, is obtained from equation (D-5) with R, replacing E, and then are
obtained a, log(CR/eo) and the next value of 0, 81 and hence R1. When the
nox!. iteration has been performed and R2 obtained, it is possible to use a
convergence forcing formula known as Wegstein's iterative methodl* which uses

the last 3 iterative values of range in ordur to calculate a better approximation

to the current range, If at the nth iteration the ground range is Rn’ then

a better approximation ﬁn is calculated from

. -Gy (B - R gy)

- - (D-11)
(Rn - R(n—1) - R(n—1)+ R(n—2))

Each value of ﬁn is tested for Iﬁnﬁi(n—ﬂ - 1| > 0:005, If the modulus is
less than 0°005, the required range to the lobe far point (R1) (sce Fig.7) is
sot equal to R, but if groater than 0-005 then tho slant rango Y= (B2« H%)""2
is fed into the iterative loop again at equations (D-6) or (D-7).
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Only onc complication has arisen in the calculation of the ground range
to the far point. At a range not far from the start of a run, during the
iterations for the range to the far point of a lobe, Rn’ it sometimes happens
that the next approximation to the far point ground range calculated from
equation (B-11), in’ is greater than the foveal detection range, F, possible
under the particular viewing ccnditions, If this occurs, a new value of Rn

is calculated from:-

(F+R _,)/2 (D-12)

when the iterative process can procecd to obtain the horigontal range to the
far point of the lobo, R1.

D3 Ground range to ncapr point

A first epproximation to the ground range to the near point of the lobe
is oatculated by assuming that the near point is the same distance behind the
glimpse point, (the point in the lobe corresponding to the visual axis), as
the far point is ashead of the glimpse point, i.e.

R, = E- (R, - E) (D-13)
R2 = ZE-R1

and
Y o= (B2« 12)0*5

The method then follows the same pattern as that used for calculating the far
point except that equation (D-4) is used with the positive sign to obtain the

ground range at each iteration.

Doty Lobe width

Once the co-ordinates of the lobe end points have been established, the
lobe width can be computed at ary 1720t D along its length, see Fig.5.
Let the width at point D, diszctance R from E, be W. Considering the
common side DC of triangles, ACD and CIE,

pc® = Ac® - aD? = CE® - DE® = (BC° - BEY) - (A - AD)°
i.e,
DC° = BCZ - BE® - AE® + 24E AD - AD° (D-14)

———— e —— T e
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Alsn, fram triangle ABC,

ac® = 8% 4+ BC? - 24B BC cos 6 (D-15)
hence,
182 + BCZ - 24B BC cos 6 = BC - BE® - AEZ + 24E AD (D-16)
writing
AB = E sec o

BE:H:Etancp

AE = B

and substituting in equation (D-16)

E° se0’ ¢ - 2EY sec ¢ cOS 6 = =~ E° tan® ¢ - E° + 28 (E-r)  (D-17)

which gives
Y = [E/cos ¢ - (E-R) ocos ¢] seo © (p-18)

At a particular point along a run, the depression angle of the glimpse,
¢ and the range to the centre of the glimpse, E are known, while both 6
and Y at the range R are unknown, A first approximation to Y is found
from

Y = (&% +u)%°

and the corresponding value of 6 ocaleulated from equations (D-6) to (D-9).
This value of 6 is then substituted into equation (D-18) to give another
approximation to Y. This iteration for 6 and Y is repeated until
repeated values of Y do not differ by more than 3%, then this latest value of
Y is taken for the slant range to the edge of the lobe at which the width

is required. In practice, convergence is usually quite rapid.

Finally,
W o= Y2 -n%-R? (D-19)

Ir W2 turns out to be negative, it means that there is no lobe at this range.
It is of ten found, particularly with flat targets that two separate visual
lobes exist and the point giving negative values for \72 is between the lobes.
This feature warrants further consideratiun, and in Appendix E ahead it is
analysed with some illustrative examples., The simplest, and probably the most
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accurate way of handling thesc double lobes is, for the reasons given in

seotion 5 of the main text, to ignore the rearward lobe.

Televisual s=ituation

D.5 Equations introduced by television

When the actual size of the search arca has been established, the
co~ordinates of the lobe associated with the glimpse to the centre of the
search area are calculated. Wegstein's iterative method is used, as for the
visual case, but now the angle (o) subtended at the eye by the image of the

target on the monitor is celculated from:-

1200 £ d
0
a = <__Y_—_—> (D-20)

for a target normal to the sight-line, and

1200 £ d_ g2
Y1-5 (D-21)

Q
{

for a flat target,

The line number,
v = 60'9
a
and the contrast transmitted by the camera F(v), at this value of v is
obtained by interpolation in the frequency response curve, Figelks The

contrast available on the monitor, Cy, for a slant range Y is given by

AR Y1) G (D~22)

{1 + v[exp(c Y) =~ 1]]

The foveal contrast €9 and the 4° off-axis contrast €, et this value
of o are determined to enable the off-axis angle A to be calculated. The
calculation thon follows the method applied to the visual caso for the first
iteration while equations (D-20) to (D-22) are used again in each subsequent

iteration,




Appendix E

COMPLICAL.1uNS ENCOUNTERED IN THE CALCULATION
OF THE REARWARD EXTENT OF A VISUAL LOBE

In some search situations, particularly with glimpses of grazing incidence
to the search plane as may be obtained with low altitude flight, the problom

of multiple solutions to the equations defining the ncar point of the lobe has
been encountered. In these situations the visual lobe was found to consist

of two separate portions, one around the axis of vision, and one much closer to
the observer, 'beneath him' as it were. This was revealed in the general
calculations by a negative (width)2 for the lobe being obtained when a length
for the lobe had been established by the computer with no apparent difficulty.
These two lobes would suggest that a target coming in from a distance would,
with the observer looking oonstantly at & point ahead, first become visible,
ther invisible, and then visible again shortly before it passes below the
observer. This theoretical anomaly is probably & true refleotion of fact,

but what to do with this rear lobe is not so obvious, The size of the rear
lobe is extremely sensitive to the data assumed to define the peripheral

performence of the eye, and so is very suspect when complex terrain back~
grounds are encountered and the peripheral data is that of J. H., Tgylor, or
any other to date, which are all for a plain background. Fortunately, in
most cases of interest, detections by these lobes are either too late to be

of eny practical interest, or would be outside the search area. Consequently,
there is every reason to ignore the existence of the rear lobe., If two
solutions for the nasar point exist, the computer programme that has been
written to facilitate the calculations obtains the larger solution for the
near point range, and the rear lobe is sacrificed as being invalid in normal

circumstances,

Referring to Pig.7, the equations to be satisficd simultancously are:-

H = Y, sin (¢ + 6,) (E-1)
R2 = Y2 cos (p + 02) (E-2)
i.c,
H
sin (9 + 62) = 1 (E-3)
2

-1 /H
9, = sin <?Q-q> (E~d)
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It is convenient to define a function f£(Y) depending on the slant

range Y from the observer to a point on the lobe near the naar point where

£(Y) = sin(g+0) -2 (E-5)

so that when Y =Y, and 6 =0, £(Y) = 0.

2

As an example of where multiple solutions occur, consider the case of an
observer in an aircraf't approaching and overflying a search area at an altitude
of 1000 ft, when the rollowing meteorological and target conditions apply:-

Meteorological visibility, V = 12m (o=30N =025
Sky/ground ratio, b = 20

Equivalent diameter of flat target, do = 11:0 ft

Target inherent contrast, Co = 1.2

At a horizontal range E = 6750 f't between the observer and centre of the

search aroa, the depression argle ¢

= tan (1000/6750)

(0] = 0’&.20

The solution for the range to the ncar point of the lobe is the value of Y2
and the corresponding 62 which, when substituted in equation (E-5) makes
£(Y) zero. Fig.8 shows f(Y) plotted sgainst Y for values of Y from
2000 't to 6000 ft where it is seoen that there arc 3 values of Y,, iece 2290,
3740 and 5500 f't which make f£(Y) zero., The off-axis angle, 8 contrast
(ec) is calaulated as a function of Y and plottcd in Fige9. This is the

maximum of f-axis angle possiblc at a given range Y. Also plotted in Fig.9
is the geometric off-axis angle (eg) obtained from equation (E-4). These
two curves, ec and eg intcrsect at the 3 values of Y2 stated abovae. The
explanation for this bchaviour is that two separate lobes exist. The first
lobo nearer the observer has a slant range to the necar point of 2290 ft, and
to the far point of 37,0 ft, while the riant ruange to the near point of the
second lobe is 5500 ft. A lobu exists for ronges which make f£(Y) positive
and 6. > es. Thus, no lobe exists for ranges between 3740 and 5500 f't, so
that the expression for the square of the width is negative in this region,
(see Appendix D.l).




e

Appendix E

When the observer is only 5560 ft from the centre of the search area,
where ¢ = 10°2 degrees, it can be seen from Figs.8 and 9 that there is only
one solution to the slant range, approximately 2050 f't that satisfies
2(Y, = O and makes 6 = °s' A single lobe only, exists for this situation.
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