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SUMMARY 

Details ere given of how a   mathematical model, based on search theory 

and target size and contrast, oan be progranned for a digital computer to 

enable the cumulative probability of detection of a ground target from the air 

to be determined as a function of range.      This is applied to cover both visual 

and televisual viewing for flat target? and for targets of fixed presented 

area.      An account of some of the difficulties involved is included, together 

with justification of some of the simplifications found possible. 
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i INTRODUCTION 

The task of searching for and detecting from the air a target situated 

aomowhere 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 searching based on visual lobes* and glimpsing has 

been reviewed in Ref.1.      This model considers the case of an observer 

approaching a finite search area within which a targot of given size and 

contrast is situated and enables the probability of detecting the targot 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 star+ 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 shov.lng how the theoretical, 

concepts have been adapted and simplified to enable numerical results to be 

obtained.      Two main simplifications to the theory are established - (i)  the 

area of a visual lobe may be calculated by assuming that it is an ellipse, 

and (ii) the average visual lobe for the whole search area can be taken to be 

the lobe associated with the glimpse to tho oontro of the search area. 

Various complications and difficulties 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 these are discussed.      Due to the nature of 

the equations involved they can only bo solved iteratively and n.ost of the 

calculations were carried out on a digital computer.       (The Mercury computer 

at R.A.E., Farnborough.) 

2        SEARCH THEORY 

Tho theory reviewed in Ref.1  leads to a simple expression for the 

cumulative probability of seeing a target after searching for it with  'N' 

glimpses directed randomly at tho search areas,  viz: 

n=N 

n=1 

where    p      is the probability of seeing tho target vdth the nth glimpse. 

♦    See Ref.1 for a full discussion of these  concepts.      In the present study 
a v.^ sual lobe is taken to be the effective area or volume within which a target 
would always be  seen and is calculated from the  '50^ frequency of seeing' 
contour.      Natural search is assuned to bo  composed of a number of discrete 
glimpses, each corresponding to a given visual lobe  size. 
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This equation presumes that if a target is caught in a glimpse it is seen 

imfliediately.      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 

•-       n=1 -1 

where p- ia the probability of seeing the target when the observer is 

looking at it, and p  is slightly modified from that in equation (l).  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 equation (1) has been when 

a television camera is approaching a search area and the field of view of the 

camera 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 

convenient computational expression is derived from equation (A-9) and is 

N- 

PN " PN-1 = Pn A [1 - Pn] 
^ 1 

(3) 

where   A    is the total search area and   A      is the search area within the n 
field of view at ar^ given glimpse« 

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

^ = i • M 
where    a    is  the area of the visual lobe associated with tho nth glimpse, and 

A   is the search area«     The derivation allows for the fact that when   a   is 

larje compared with   A, there is a high probability that much of    a    is wasted 

outside the search area.     Ir often takes tho form of 

a 13   a  TTTZ (5) 

•    The fovoa is tho part of the retina which allows for greatest resolution at 
normal daylight light levels.      It is the part used when looking direotly at an 
object« 

. 



:' 

but in Rof.l a mor« oorreot fora 1» d«rlv«d(  rig: 

with th« txproaaion 

'■('-Ä^-Ä 
bolnjj used ititxx the lobes and aourch areas ore not symaetrloal but have 

dlaansions x, y and X,  Y respectively:    in this case, the lobes must be 

assuoed to be rectangular in a rectangular search area.      Bach half of the 

expression (6b) has a liait 01' validity «hen x ■ 2X or y a Tt, and for x > 2X 

or y > 2Y the corresponding half of equation (6)  should be made equal to 

unily. 

The derivation of the exact expression 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 calculating single glimpse probability 

(equations 3 and 6a) arc shown in Fig.i as a function of the ratio lobe area/ 

search area (a/A). 

In the succeeding sub-sections a broad outline is given of the calculation 

of gltapse probabilities as an introduction to the details of the succeeding 

sections. 

2.1   Visual and televisual searoh 

Consider an observer in an aircraft that is flying towards a fixed, 

rectangular search area on the ground, somewhere within which a target of given 

size and contrast is situated.      The observer nay bo using direct 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 change during the overflight and this should bo allowed for 

in the calculation of target sise at any particular range;    the two extreme 

cases are (l) a flat targec (i.e. the plane of the target is in tho plane of 

the search area) and (2)  the case where the plane of tho target is normal to 

the sight-lino.    The second case may also be  taken to apply to the dive 

approach for which the target perspective does not change. 



Boforo starting any calculations,  a range must be estiirated beyond which 

the probability of seeing the target is zero;    the aircraft inay then bo assumed 

to fly in from this range.      This range is the fovoal detection range i.e.  the 

diotanoo between the observer and target such that the target placed arQnr/here 

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 

imjlioit in equation (1) and is calculated by equating the apparent target 

contrast available at the observer's eye to the contrast required to detect 

the target;    this calculation is described in Appendix C.      The contrast 

required by the eye is obtained from an empirical threshold curve derived 

from acme rather idealized laboratory experiments as described in Ref.1. 

Theory assumes ihat an observer searches for a target in a number of 

discrete glimpses each occupj/   ig a f-'nite time called the glimpse time. 

During thia time the observer moves closer to the search area by a distance 

equal to the aircraft velocity 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 

gJi-npse called a visual loba within which the target can be  seen.      Since 

this paper is concerned with air to ground vision, the intersection of this 

volume with the ground plane defines the area within which a target can be 

seen in a single glimpse and this area will subsequently be referred to as a 

visual lobe.      The boundary of this visual lobe is determined by the maximum 

angle off the sig^.t line,    6    at which the given target could still be  seen, 

the value of which is governed by the amount of excess contrast available at 

the observer's eye over that required for foveal detection at the same range. 

The value of    6    is also a function of target size,  as  seen by the observer, 
2 

a:id is obtained from J. H. Taylor's data    on the off-axis performance of the 

eye which are depicted in Fig.2.      In the programmes,  linear approximations 

to the data in Pig.2 have been used as described in Appendix 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.1  and also in section 6 ahead that in some 

instances it is very likely that lobe sizes are smaller than those predicted 
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from the laboratoiy data of J. H. Taylor, partloularly whon tho targot !• in a 

complex background.      To allow for this it is possiblc to divide these Teylor 

oaloulated values of    6   by a constant, but no real inforoation is at present 

available on tho magnitude of this factor. 

In order to calculate the average glimpse probability for targets «hieb 

might appear arörwhere in the sooroh area,  theory roquirei» an average lob« sis« 

for the whole search area.     In practico,  the greatest variation In lobe 

areas occurs in the direction of flight and for most purposes an average of 

lobe sizes along the central axis of the search area in the direction of 

flight is sufficient.     In section 5.2 ahead, it is also shown that for »any 

purposes the lobe siae for a glimpse directed centrally in the search area is 

a sufficiently good approximation. 

With a oaloulated lobe area,  or averoge lobe area for the whole search 

area, the glimpse probability nay be calculated according to equation (7), 

and from this, the cumulative probability of hoving seen the target from the 

start of the run is calculated according to equation (1), 

The prooeas of calculating the glimpse probability i» repeated at 

successively shorter ranges until either some predetermined value is reached 

or until the observer is immediately above the centre of the search area. 

From these calculations a cumulative detection probability distribution curve 

can be plotted against range. 

The only complications introduced by television into the above sequence 

of calculations are tha effects of blurring or lack of resolution, and its 

restricted field of view. 

The succeeding sections follow the  steps required in the calculation of 

visual search performance from the estimation of starting ranges for the 

calculation,  through the calculation of lobe dimensions to the estimation 

of lobe area and glimpse probabilities.      The visual situation is consioered 

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 sections. 

3        CALCULATION OF FOVEAL DETECTION RANGE AT TIIE 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 

in the foveol  detection range, assumed to be, to the approximation of 



equation (l), a aharp dividing line b«twoen suuln^ and not soolr^r tha torgot 

with fov««l vlalon,     Thia duUotion rango is detorminud by target oontreat 

and alee and Uta viaual and tolevloual oeaea era treated aeparately below. 

3.1 Tlaual 

Tha oontraat avalleble la tha apparent oontreat and la given by the 

ataoepherlo attenuation of tha oontreat equation«     Throughout thia paper the 

Blaokwell 6 poaltlon aeoroh in aix stoonda threahold curve haa been used to 

deaoribe the ^ye'a foveal parforaanoe but with an allowanoe for the addition 

of a oonatant (tlie degradation oonatant) to log10 oontraat valuoa to oonvort 

tha laboratory threahold ourre into one applioable to a praotioal viewing 

eituation.     Tha equation» and method of solution are given in Appendix C.I, 

while the baaio, unf aotored threahold curve la shown in Fig.3» 

3.2 Talariaual 

In tha televiaual oaae also, the fovual dotootion range is obtained by 

equating and eolrlng itaratively for range the oxpresaiona giving the 

available oontraat and that required for dateotion.     These are fiven in 

detail in Appendix C.2 but are baaioally doscribod as follows.     The inherent 

oontraat of the target is attenuated by the atmosphere and reaohes the TV 

oar era a« an apparent oontraat.      In passing through the oamara-monitor system 

this apparent contrast is attenuated by the oomera and onhonood by the monitor 

to give an image oontraat on the soreen.     The television system blur'i tho 

detail of the picture, but this is only partly aooounted for in the theory by 

the  attenuation of the oontraat of small detail aooordlng to the frequency 

response ourvo of the oamero, see, for example, ?ig.if*     In practice, the eye 

wo\ Id be badly affected by looking at blurred detail, and in the theozy the 

difficulty of specifying how badly the eye would be affootod in looking for 

particular targets in particular backgrounds is circumvented by assuming that 

the observer always views at the viewing distance at which tho screen image 

appears ^ust sharp*.      Comparison between telovislon systems may then be made 

by aoaling the viewing diatauoe according to the resolution of the television 

to maintain thia 'just sharp* condition.     This aspect of visual theory, of 

predicting detection perfoxmanoe as a combined function of display and eye 

resolution needs more experimental investigation« 

U.        CALCULATION OF THE SHAPE AIID SIZE OF A VISUAL LOBB 

Two methods of calculation are used depending whether direct vision or 

television is being oonsidered« 

. 
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ks a fir»! Atep in tho oaloulatlon of the *rc» or th« visual lob« In th« 

llan» of tho search ar«ay equations ore dsrl/od In Appondlx 3.1 that dsfina 

tho shupe of the lobe assoolsted with a gllnpse to »ny part of the search area. 

Tho geometry of the situation is dopioted in Pig.5.      In this figure, f    is the 

dapression angle of the gllopao, 6    ia  the angle of viaior. off the fcveal axis* 

i.e. the max-ouB angle off at which the target can atill be seen, and   B     and 

ß    are the polar coordinates of tho oirovmferenoe of the visual lobe with an 

origin directly below the observer. 

The equations in Appendix D.1 may be solved for   B      and    ß    to define the 

shape of tho lobe which may then be integratod to determino its area.      In 

particular, by sotting   ß = 0    the equations give» the ground range to the far 

and near points of the lobe tu.d he.ice th« lobe length.      Then, the lobe width 

at any point along its length may bo calculated (Appendix D.4)« 

With those lobe dimonsions,  it ia possible to calculate the lobe area 

and the probability of seeing the  target in the glimpae.      However, we will 

first consider the fnaturoa of tho calculation of lobe area which arn ^«»oulr.ar 

to television, and some coaplioations which have arif.n :'n 'MO calculation of 

lobe dimensions. 

V.2 Talövisiou 

Vfxth television, the calculation of visual lobes is similar to the visual 

calculations excepting that one has the choice of either calculating lobe sizes 

on the display or in the ground plane.     The difference only ccmes in during 

the calculation   of cumulative probabilities under the assumption 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 different with long search areas whon the first case 

would concentrate search more in tho distant ports of the search area on tha 

ground plane.      Certainly, this diffurence would not be revoalod by the 

approximations used in present calculations for tho average ground lobo size. 

In Appendix D.5 is shown the details of calculating lobe sizes in tho ground 

plane. 

4.3    Complications encountered in the calculation of the ground ranges 

In solving the equations which give the ground ranges from tho observer 

to both ends of the visual lobe,  certain 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 i» greater than the foveal detection range of the target.     This situation 

is merely one of stability in the iterative solution of the equations and 

introduoes no visual difficulties.      It is discussed in detail in Appendix D.2„ 

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 Intersect 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 predicts 

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 can be quite significant and poses the question of 

whether to Include it or leave it out of the effective visual lobe area. 

Its size is vexy sensitive to the assumptions regarding the effioaoy of 

peripheral vision in a complex background and in ary case, it only picks up 

targets which are too close to the observer to be of ary 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 

sis38 as the lobes change from being a long thin one to two separate ones. 

With search areas of finite length this often does not matter as the long 

thi i 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 

occurs is discussed in detail in Appendix E. 

5        IMS CALCULATION Qg LOBE AREA AND GLIMPSE PROBABILITIES 

In section if, methods have been described 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 width.      In the calculation of lobe areas with the elliptic 

approximation, the width of the lobe is not necessarily taken to be the 

maximum 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 are not.     As an example of the errors 

involved in this approximation calculations have been made for .selected values 

of target size and inherent contrast etc. to obtain the shape of the visual 

lobe together with its exact and equivalent elliptic lobe areas.     Fig.11 

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 \na chosen as these tend to rooult in lobes 

which are rather bulboin towards the observer and are thus a sevore tost of 

the elliptic approximation.      The lobes associated with the first,   third and 

sixth glimpse are shown when the lobe gradually changes from a poar shapo to 

an ellipse.      In Fig,12 is plotted a curve showing how the ratio of elliptic 

to exa't lobe area varies with the range to the  search area.      At worst,  the 

elliptic approximation over-estimates the true area by about 16^ which is 

considered within the limits of accuracy of the theory.     However,  it may be 

seen in Fig,13 that the difference betwetsn the cumulative detection probabilities 

calculated from equation (1)  using the exact and elliptic lobe areas is 

negligible.      Thus, for the calculation of aubsoquont lobes that lie entirely 

within the search area,  the lobes have been considered sinply as ellipses, 

involving the calculation of their width only at the mid point of their length. 

Larger errors than the 20JJ found above nay 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 

theory,  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 average probabilities 

for targets arywhera in the search area by the use of equation (6)  in the 

calculation of glimpse probabilities.      It is, hovrevor, readily appreciated 

from Fig,11a that the degree of overlap for the forward and rearward parts 

of the lobe can be quite different.      Consequently, equation (b)  needs to be 

modified to make separate allowance for the overlap at each end of the lobe, 

and equation (?) bolow is used in which    t      and    l„    are the forward and 

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

2      , „2 

P    = 
^1      ei    + 

e2      e2 n 

X       2X2       X       2X2. 

2- 
w       w 
Y '      2 _       WTJ 

(7a) 

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

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

calculated shape of an elliptic lobe,  £.  = /^ ^'f i    =1^ C* and w =J j* w i 
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where the dashed quantities ore the overail dimenaions calculated for an 

elMptio lobe« 

The limits of applicability of equation (7a)  are as follows. 

Consider equation (7a) to be in the form 

where   p^ = "tr* 2 » 
2X 

4 
"ax2 

p  =  [p1 + Pg] CP3] 

w     w 
and       Pz = Y 2 

Then, for 

Also, for 

and for 

e1 <X, 

^ > x, 

^2 < X, 

^2 > X, 

w    < 2Y, 

w    > Y, 

P-i = 

p1 = 

P2 = 

Po = 

Px B 

2X 

1 
2 

2X 

1 
2 

2 
w      w 
Y ~       2 

p3 =   1.0 

>» 

> (7b) 

J 

Equations (7)  account adequately for the amount of lobe wasted outside 

the search area, but,  again with reference to Fig.11a, it is seen that under 

the normal method of oaloulating 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 

oorreaponding to the part inside the search area.      In these circumstances 

the useful width is taken to be the average width of the part of the length of 
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the lobe inaide the aearoh area.      Three samples along this length, the far 

point of the lobe or tho far edge of the search area,  the near edge of the 

search area,  and a point halfway between, have been used successfully. 

These lobe dimensions are again converted to those of the equivalent 

rectangular lobe for use in equations (7). 

5.2 In some applications of visual search theory it may be required to 

determine visual lobe sizes for targets at particular parts of tho search aria« 

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 lateril 

variation in lobe size and most calculations have simply taken three samples 

in range along the centre-line of the search area,  the near point, the far 

point and the centre point.      As a furtner approximation,  only the lobe size 

at the centre of the search area has been taken,  and in Figs. 14a «nd b the 

difference between cumulative probability distributions for tho three sample 

and centre point sample method of computing average lobe sizes is shown.      The 

target was assumed to be flat;    search area lengths of 1500, 3000 and 6000 ft 

were considorod and two low observer altitudes were assumed.     All these 

factors combine to make a severe test of the adequacy of the centre sample 

technique and it is seen that the differences between tho two methods of 

calculation increase    as the search area length is increased 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 cire and each 

calculation should be considered on its merits. 

5.3 With television, or any other optical system of limited field of view, 

part of the area may not be in the field of view.      This does not affect tie 

sizes of visual lobes, which are calculated in a manner similar to the visual 

oalculations.      (The equations are detailed in Appendix D.)     However, it 

does affect the choice of sampling points for the calculation of lobe sizes, 

the calculation of glimpse probabilities through the  correction for lobe over- 

lap with the edge of the visual search area, now the edge of the field of view, 

and the calculation of cumulative probabilities,  in that with a steadily 

decreasing amount of the  total search area being oovored by the field of view 

equation (l) no longer applies.      These three points are enlarged upon in the 

following paragraphs. 

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

depends to some extent on where the camera ia assumed to be pointing.      If it 
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alwe.ys points to   tiie contro of the search area the sampling points would be 

constrained to be within the field of viev,-,   and in the three samplo case would 

be the forward edge,  the centre and rearward edge.      If, however,  the camera 

is presumed to be  directed at some random point of the search area,  then the 

average televisual performance for the whole search area is required and the 

sampling points would be distributed ovor it as if there were no field of 

viöw restrictions. 

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 area.      In 

practice this is easily done by testing for field of view cut off before 

computing ary lobe sizes and, if lobe overlap occurs, using in equation (7) 

tin field of view limits instead of the vjhole  search area.      The way in which 

the lateral field of view out off is handled neods 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 projection 

of the field of view :f a television camera can overlay a rectangular search 

area, even with the centre of the television field concentric with the  search 

area,  (this does not necessarily mean that this is the centre of the 

trapezoid), and the camera axis aligned with the  search area.      Fortunately, 

to date no calculations have been encountered in which the field of view 

limitation has been of great importance and it has sufficed to make the very 

crude approximation that lateral field cut off occurs when it occurs across 

the centre of the field of view.      In this oaso the part of the search area 

within the field of view has beon taken tobe(R       -R.)x width, whore 
max       mm * 

the width is that across the centre of the field of view, and R        and R  . 
' max mm 

are  tiia ground fore and aft limits to search determined either by the limits 

of the search area or the field of viow.      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 chcok for 

field restriction prior to any further calculations of lobe sizes etc.  and, 

if field ~estrictions occur, to substitute the field limits for the search 

area limits;    this automatioally accounts for many requirements of the 

subsequent calculations and the search area limits only have to bo rosurrocted 

for the calculation of ouaulativo probabilities according to equation (3)» 
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The third effect of a field of vioir limitation is that the aocumulation of 

glimpse probabilities to give  cumulative probabilities of seeing a target no 

longer follows the simple form of equation (1),      If the television camera 

approaches the search area such that the part of the search area available for 

search at any given time is always within that at ar^jr previous instant of tine, 

equation (3) may be applied,      Ths use of equation (3) requires calculation of 

the part of the search area which is common with the field of the television 

camera.      This is considered 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 be 

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 1^ seconds.      This factor of five 

uncertainty in the value of    T    reflects directly on the predictions of 

search theory.      In Ref.1 it was shown that there were nar\y possible reasons 

for the increased value of   T    in outdoor search,  some genuinely associated 

with an increased   T,  such as  clustering of glimpses for the inspection of 

single points more closely than allowed for by a single glimpse, and some 

merely of the situation analysed,  such as the erroneous estimation of lobe 

sizes or the inclusion in the experimental distributions of the effects of 

factors other than pure search.      It was also shown that the effect of beirg 

optimistic in the estimation of lobe sizes was quite inseparable in experi- 

mental data from having to uso longer glimpse times.      In view of these 

factors, the appropriate glimpse time for any given situation may well bo a 

function of target difficulty, background complexity and the threshold data 

used to predict the sizes of visual lobes, and when matching theory with 

experiment the degree of control over the additional  experimental factors 

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

In theoretical predictions to date, values for    T of 1/3 second havo 

been used with J. H. Taylor's visual lobe sizes for simple search situations 

in accordance with the  experiments analysed in Ref,1,      For complex search 

situations the value of  1*5 seconds has been used but  this is under constant 

review» 



16 

7        CONCLUSIONS 

This document shows in detd.1 how search theory has been applied to the 

task of air to ground target detection in order to calculate the probability 

of ieteoting a target situated in a search area towards which an observer is 

flying,      A number of features of the calculations have been discussed, 

incuding,  the treatment of some of the more unusual lobe shapes met with in 

low altitude conditions,  the best way of calculating glimpse probabilities from 

loba areas and the glimpse times to be used in the theory.      In particular,  it 

has been demonstrated 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 

assuming it is an ellipse.      Also,  it has been shown that the average lobe 

for the whole search area can, in most cases,  be taken with sufficient accuracy 

t't be the one associated with a glimpse to tha  centre of the  seoxch area. 

Computer programniDs 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 and flight 

a-': constant altitude, both for visual and televisual viewing. 

Tha estimation of visual performance,  as represented by the present 

calculations,  is tho  subject of constant review, both in terms of the fundamental 

oonoepta involved and the numerical data used.      Some favourable  comparisons 

with praotioe are found, with the review of the theory, in Ref.l  for some 

simple search situations.      Comparisons with actual flight trials are also 

continuing, but the proportion of flight data which is amenable to detailed 

comparison with theory is small as  the measurement of all the necessary 

factors in tho flight trials would involve a prohibitively large work load. 

H«'waver, mary facets of the R.A.E. flying programme ore being improved to 

allow for better interpretation in terms of theoretical concepts. 
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Apj-ondix A 

A PHOBLBf OF CUMULAS'IVE PROBABILITY OCCUI.RIKG DURII.'CT VISUAL SEARCH 

by A. R. Runnolls 

A.1 Introdjotlon 

Visual search is preo\mod to take place in a sories of glimpses,  eacli 

glimpse taking in a limited part of the seurch area.      In this Report both the 

distribution of glimpsing and the target distribution are assumed to be 

uniformly random vdthin thoir respective limits. 

The probability of seeing a target within the search area in a single 

glimpse is simply a/A, where    a    is  tho area oovorod by the eye in a single 

glimpse - the  visual lobe area - and    A    is tlie  search area.      The  probability 

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

=    1 
-('■!)■• 

However, with tho use of optical devices of limited field of view, it 

often happens that the search area   A    is smaller than the area of target 

distribution    Q.      If in the above the  target is within an area    Q > A    tho 

probability of seeing 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 raodifioations of tho above formula do not 

suffice and a more Involved consideration of the interdependence of the 

variables is needed. 

This Appendix derives fron elementary principles the oorroot formula in 

tliis case, where the field of view available to an observer at each glimpse 

is loss than tho totr.l search area in whioh the target may lie, and decreases 

steadily vri.th time. Each field 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 tho part of the search area available to him in 

his field of view, 

A.2   Theory 

A.2.1    Notation 

Q    is the total area within which tho target is (uniformly)  distributed 

A    is the area within   Q    which is available to search at the nth glimpse 
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a      is the  area covered by the nth glimpse 

Z      denotes the event that the target lioa within the  search area ^t the 

nth glimpse 

ii      denotes the event that the  target is so en in the nth glimpse 

o"     denotes the event that the target is soon in at least one glimpse up 

to and including the nth, i.e. 

n 

-n   =    [J    ^ 

p(or ) will denote the a priori probability of having seen the target, 

being, for this calculation, nil 

^    is a member of 

n 

I  j  A, all x such that x f k.    for at least one Integer i, 

i=1      1 * i < n 

n 

I  A. all x such that x ^ A. for each integer i, 1 ^ i < n 

i=1 

^       contains 

|    restricted to 

~   negative event 

n 

'[A;  direct product,    A. Ap A,  ...« A 

i = 1 

A.2.2    Calculation 

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

I p(~o-n)    =   P^Vf"* an^ 

A 
II P(Zn)    =   "Q1 

in P(sn|zn)   = f 
n 
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IV p(s h Z )    =   0 rx  n1       n' 

n-1 

^D   f ]   {zr) D p| (zr) 
r=1 r=1 

have, by II and III:- 

p(S    Z ) a 

^M - -df- - f ^ rx  n' n 

therefore 

p(S . Z )    =    :     =   -r ^v rf   n' A Q 

a   ffZ ) a n rx  n' n 

n 

Similarly by II  and IV 

therefore 

p(£n^Zn)    =    0 

a 
p(S  )    =    p(S .Z  )   + p(S  .~ Z  )     =    -77 (A-2) rx  n' cy  n'   n'       rN  n        n Q v       ' 

Now 

p(~ cr^)    =    p(- crn_v Sn) + p(~ <rn_r- Sn) (A-3) 

and 

P^Vi-sn)   -   P(-Vilsn)xr(sn) (A-.) 

or in the  trivial case n = 1 

P(~ tfj. S.,)    =    p(S1)       since      p(~ c^)    =    1 (A-4a) 

By 17 and V 
n-1 

:> n (2J (A-5) 

By III 

n  -^    n   —    ;     ;    ' r 
r=1 

a 

p(~s„l2„' = 1-f M n 
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therefore n-1 n-1 

-  r=1 

n-1 
^ On      T-T /        r\ 

r = 1 r=1 

since these events ~ Sr|Zr are clearly independent. 

Also, by definition 

n-1 

rn i 
^   r=1 

(~sr) 
n-1 n-1 

0 ^ 
^=1          - 

=  p nr-1 n ^' 
r=1 

By (A-5) 
n-1 

=„ 3 n ^ 
r=1 

(A-7) 

therefore 
n-1 

L r=1 -1 

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

are not independent. 

Hence 

PC-^n-A)    = 

n-1 

r=1 
(■■S 

By (A-V) n-1 

or 

r=1 

pC-o-^)    =    pCS^      if      n    =    1 

(A-3) 

(A-8a) 

By (A-3) 
p(^cr   ..~Sn)    =    pC-Vl) -P^n-I^ (A-9) 
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i.e. 

or if n = 1. 

n-1 

PC-O-,)    =   p(~cro) -pCS^    =    1 - pCS^ 

(A-9a) 

This difference equation (9)  is probably the moat convenient computational 

form for the required cumulative glimpse probability pCcr ).      It may be 

rewritten as 
n-1 

PK) * p(vi^f no-f) 
r=1 

Of course, the glimpse probabilities a/A   have not been corrected for 

the effects of edges, and a more  complete form of the equation is found in 

the main text is equation (3)  couplöd with equation (?)•      However, continuing 

to the determination of p(cr ). 

n 

p(~0-n)    =    p(~ or^)  - \   I p(Sn 

k=2 

k-1 

) 

n 

r=1 

k-1 

1 --£ 
a 

i 
A )] 

=    1 - p(Sj  - V 

- 1-t- 

>sn)n(1 - i)] 
z^2~ r=1 

n k-1 •ri 
Q 

ci2"~    r=1 

a  v —i 

(A-10) 

i.e. n k-1 

k=2 

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

A.3    Ccnclusion 

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. 
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Appendix B 

CALCUUTION OF &LIMF3E PROBABILITY 

The probability of detecting the target in a single glimpse to the search 

be calculated from the ratio ;- 

=   lobe area associated with glimpse/search area 

pe = i (B-1) 

area,    p ,    can be calculated from the ratio;- 

i.e. 

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 oorreot limit of unity when the lobe areas become 

larger than the search area.      To allow for this situation, two different 

methods have been considered. 

The popular method of dealing with this is simply to use 

a 
(A + a) 

(B-2) 

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 

exact 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, 

Search axis 

j 
X/2 >. 

j>.- 
> 

| x/2 
r—^ 

—H y <— - 
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The useful lobe length within the search area for a glimpse to a point 

distance   y    from the centre of the search area can be expressed by the 

following equations 

X      x 0 < 7 < 2 ~ "jj » useful lobe length    =    x 

|-^y<i 
2 ' 

x      X useful lobe length    =   "ö + "ö ~ y 

The average useful length for glimpses from 0 < y < X/2 is 

X/2-V2 X/2 

o X/2-V2 

r 2-, 
x     _x_ =   I 2 ' 8xJ 

X 
xTsi (B-3) 

For - X/2 < y < 0, a similar expression is obtained so that this expreasion 

gives the average lobe length for glimpses falling anywhere in the length of 

the search area, 

i.e* 

;   X   - 

2-, x 

The average probability of sscing the target for glimpses directed ar\ywhere 

in the search length is 

6 
= 1*..^ 

I_ 
a z1 (B-4) 

(ii)    Lobe length longer than the  search length 

i.e.    For 2X > x > X 

It—X/2 

x/2 — 
I ,e-y 
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The useful lobe length within the search area for a glimpse to a point 

distance   y   from the centre of the search area can be expressed by the 

following equations. 

x     X 0 < y < — - — , useful lobe length   =   X 

1 - f < 7 < I , useful lobe length    =   | + | - y 

X 
Therefore, the average useful length for glimpses from 0 < y < ~ 

x/2-V2 V2 2 

-   x7l[/ **♦/        [M-^H  -["Ix] 
0 X/2-X/2 

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

probability of seeing the target is 

2^ 

Pg =   [X " £]/■ (B-5) 

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

(iii)   For x > 2X,p      =   1*0 at all times 
6 

This is not the same as the equations for oases (i) and (ii) so that 

x = 2X with p    = 1*0 is a definite out 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 axis.      In Fig.1, tlds exact solution is compared with the ono- 

dimonsional equivalent of equation (B-2) viz, p = x/(X + x).      It is seen that 

the exact solution    asymptotes to unity much quicker than the solution usually 

used, and that the latter is quite pessimistic in predicting large glimpso 

probabilities. 

Equation (B-O  needs to bo generalised for the interaction of goncral 

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

equation 
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T/hich is reproduced in the main text, with a fom applicable to symnetrioal 

lobes and search areas,  as equations (6) is used.      This considers each axis 

of search as separate and uses equation (B-4) for each axis.      This composite 

equation has the following desirable properties« 

(i)      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 search area or circular areas in a circular 

search area* 

(a) p   -► a/A for small    a,    where    a    is the lobe area and   A    the 
o 

search area* 

(b) p   = 1*0 for    a = i*A. 
O 

The usual formula used only satisfies (ii)(a),  and    p    =1*0 but for the w>x)ng 
O 

limiting value of a/A. 

A form of equation (B-6) which is used with lobes of different nose and 

tail lengths is found in the main text as equations (?)• 
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Appendix C 

(sco section 3) 

CALCULAIIOK OF FOVSAL DZIECTICK RAX&B.  F. A7 THE S?A?.T OF A RUN 

C.1    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 

so a brief outline it given here. 

The apparent contrast available at the observer's eye, CR at range    R 

from the target is given by 

C 
CR    =    |1 +bCexF(aR)- TU (C"1) 

whHre    C      is the target inherent contrast, 

b      is the sky/ground luminance ratio,  and 

a     is the atmospheric attenuation coefficient. 

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

are:- 

For a target normal to the sightJine (either dive or horizontal approach) 

e^Xf) 
and for a flat target (horizontal approach) 

,d 
R   =   pop    /jA (H)0.5- 0-667 (c,3) 

where    d      is the equivalent diamotor of the  target, 

a     is 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 0 position 

search in 6 seconds threshold data shifted along the log (contrast)  axis by a 

degradation constant,  see Fig,3.      This our-'G is a plot of log (target threshold 

contrast) - v    - log (target visual angle).      For the first stage of this 

calculation,  atmospheric attenuation is neglected and an initial value of target 
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visual angle is found from the threshold curve by so+ting target apparent 

contrast equal to target inherent contrast,  and a range corresponding to this 

visual ar^le obtained from equations (C-2)  or (C-3)  and stored as R.., whila 

the apparent contrast    CL    is calculated from (C-l). 

The above set of calculations is repeated by entering the threshold 

curve with the latest value of (log CL)  to determine    a    and hence a new range 

Rp.      At this stage the modulus of {R^/R* - 1)  is obtained and if it is smaller 

than a small quantity,  say 0*01, the foveal detection range,    F,    is set equal 

to    R„,      If this condition is not satisfied,  the loop is repeated to find a 

new   R-   until the modulus is satisfied. 

C,2    Television detection 

As a simple extension of the visual case,  the equations for the detection 

of a target through television, or any other similar optical system, are as 

follows.     A ^- inch scanned 'width on the television f acaplate is assumed, but 

for any other scanned width tiie 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 CR F(v) (C-4) 

where    y    is the contrast enhancement of the television chain,     C_    is the 

contrast of Ihe target at the Ions of the camera and    F(v)    is  the frequency 

response curve of the camera as a function of    v,  a factor describing the size 

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

defined by 

width of the television  scan      > (r f^) 
v    "    width of the target on the scan ' ' 

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

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

system,] 

The frequency response curves used in calculations are shown in Fig.4. 

Those are estimates from genuine response curves both to allow for the fact 

that targets are usually more square than the long thin linos typical of a 

television test grid, and the fact that the longer tail of a genuine television 

horizontal response curvo is neither matched by the vertical responso nor of 
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any use visually.      Each curve in FigA is labollod "by a maximum valuo of   v, 

w   .., which is effoctiveiy the limit of vision.     The value of    v is token ma,. max 
at   F(v) = 0*05, but as tho ourvos used are so stoop in this rogion this value 

of   v   is not muoh different from that at   F(v) = 0, 

The contrast at the television lens is given by 

C 
o 

n + b[exp(o-R)- rn (c-6) 

as for the visual case. 

The targot subtense at the eye is given by 

o   =   60 -       min of arc (C-7) 

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

The range corresponding to this value of a is 

d 
R = 120 n f— (C-8) 

a 

foi a target of effective diameter   d     which is always normal to tho line of 

sight, or 

r 120 n f drt (H)0'5-, 0-667 
R    =   [ f ] (C-9) 

for a similar target which is lying flat on the ground,      H    is tho altitude 

of the observer in feet. 

At the foveal detection range    R = F, C  = e , the foveal threshold 

derived from the threshold curve as a function of   a    and any other factors 

which may be considered to affect visual thresholds in the oircumstance 

analysed. 

The calculation of a detection range is started by determining an initial 

value of    a   from equation (C-?).      The  corresponding range is calculated 

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) etc.      Tho new range, R«, calculated is tested 

against tho previous valuo for    R   for    iRpA-j - ^l  > 0*01, and the iterative 

loop is repeated, if necessary, to give finally a valuo for   F,    equal to   R,,, 
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It froquontly happened in those iterations that a stable state of 

oscillation about the range correspondi.ng to    v was reached.      This was 

avoided by testing all new tstinates of detection range against the maximum 

possible range,    R      ,  corresponding to    v      ,   and if they were larger they 

wore replaced by    R      . r J      max 

This calculation provides a value of range from which to start the 

search calculations« 
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CALCULATION OF THE SHAPE AIID SIZE OF A VISUAL LOBE 

Visual aituation 

D.I    Equations defining the general point on a ground section 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 tlio allowable off axis 

angle for vision for the particular glimpse situation oonsidored, «p    is the 

depression angle of the glimpse,  and   ß    is simply the ground projootion of    0. 

Applying the cosine rule to    A's ABC, AEC and equating for the oonnon 

side    AC    gives 

' AC2    =    AB2 + BC2 - 2AB BC ooa ABC    =   AE2 + CE2 - 2AE CE cos AEG      (>1) 

i.e. 
,2      „2 2     «2 + R2 - 2d R    cos 6    =    (H cot <p)    + P    - 2H R    cot cp cos ß        (D-2) 

g 

Substituting, 

and 

d    =   H cosec (p 

s g 

in equation (D-2) and rearranging gives, 

/T,2      U2\0'5 cos 6      u  . R    ocs 8    =    (R    ♦ H )     v -— - H tan 9 g K g cos <p 
(D-3) 

In particular,  tha ground co-ordinates of the far and near points of the lobe, 

for which ß = 0, and are given by 

R     =   H cot [9 ♦ e] (D-4) 

For the far point of the lobe, the solution giving the maximuin range is 

required and hence the negative sign is taken,  and for the near point of the 

lobe the position sign is taken.      Since    6    itself is a function of   Rg, 

th.s equation can only be solved itcratively and the two solutions are treated 

separately below. 
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D.2   Ground range to far point 

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

from 

Y   =    (E2 + H2)0-5 (D-5) 

where   E    is the ground range from the observer to the centre of the glimpse, 

which is initially set to   F,    the foveal detection ground detection range. 

The existence of    H    makes   Y    a little larger than the foveal range which 

ensures that the  search calculations start just beyond the foveal range. 

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

of the target visual angle   a   from either 

(a)    for target normal to sight-line 

/d /ICSCCN /_o\ min of arc (D-6) 

(b)    for a flat target, 

-(-T)(f)(ir "inofa"     (w) 0*5 

From tabulated logarithmic values of foveal threshold contrast (e ) - v    - 

target visual angle (o) the value of log e    corresponding to the above value 

of   a   is calculated.      No account is taken of the aspect ratio of the 

apparent outline of the target. 

The target apparent contrast available at the eye is calculated from 

cR = rA—s—;> (I)-8) R
 {1 + b[exp(o-R)   - 1]j 

and hence is obtained log(C-/e )• 
K    o 

If logCCp/e ) < 0,  the initial range calculated or otherwise inserted at 

the start of the run is too large and the range    E    is reset to 

E - VT 

where   V    is the aircraft speed, 

and       T    is the glimpse time. 

"'he slant range    Y   and logCCL/e )  are reoalculated. 
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J. H, Taylor's off-axis data for the eye is given in Pig.2.      If 

log(C-ye0) > 0, Ö    is calculated according to a two-straightline approximation 

to J. H, Taylor's data, viz: 

-^ 

flk\       e   =   4 log ^V log ^ 

or 

0 < log 

/C. 

<CR' ©<-© /fi- 

/E.v-i 
lo8(^)>log^) e   =   4+ 21.6 [log g)- log (^ >   (D-9) 

9    =4+9-4 "in ^ - in A" 
L     V' ;)-©] 

e.     is the extra contrast required for vision at 4   off axis, the break where 

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

the computer with    e      as a 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. 

0 6 becomes — 
g 

(D-10) 

Using this value of   6,    an initial ground range    R      is calculated from 

equation (D-O» taking the negative sign.     The slant range corresponding to 

R    is obtained from equation (D-5) with   R     replacing    E,    and then are 

obtained   a, logCC^/e )  and the next value of    0,  6,  and hence   R..     When the 

next iteration has been performed and    R»    obtained,  it is possible to use a 

convergence forcing formula known as Wegstein's iterative method   which uses 

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

to the current range.      If at the nth iteration the ground range is   R , then 

a better approximation   R      is calculated from n 

.   R ^n-R(n-1)^Rn"5(n-1^ 

(Rn " R(n-1) " R(n-1)+ R(n-2)) 

(D-H) 

Each value of    R      is tested for  IR /^/    ..x - l|   > 0*005.      If the modulus is 
n '  n    v11""'^ 

leas than 0'005, the required range to the lobe far point (R.)  (see Fig.7)  is 

sot equal to    fih, but if greater than 0*005 then the slant range Y= (R  +H ) 

is fed into the iterative loop again at equations (D-6) or (D--7). 
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Only one oomplioation has orisan in tho calculation of the ground range 

to the far point.     At a range not far from the start of a run,  during the 

iterations for tho range to the far point of a lobe,    R ,    it sometimes happens 

that the next approximation to the far point ground range calculated from 

equation (B-11), R , is greater than tiie foveal detection range,   P,    possible 

under tho particular viewing conditions.     If this occurs, a new value of   R 

is calculated from:- 

(F + 5n-1)/2 (D-12) 

when the iterative process con procood to obtain the horizontal range to tho 

far point of the lobe, R.. 

D.3      Ground rango to nt>ay    point 

A first approximation to the ground range to the near point of the lobe 

is oaxculated by assuming that the near point is the same distance behind the 

glimpse point, (the point in tho lobe corresponding to the visual axis), as 

the far point is ahead of the glimpse point, i.e. 

R2    =   E - (R1 - E) (IM3) 

and 

R2    =    2E - R., 

y    =  (R2
2 + H2)0,5 

The method then follows the same pattern as that used for calculating the tar 

point except that equation (D-O is used with the positive sign to obtain the 

ground range at each iteration, 

D,4     Lobe width 

Once tho co-ordinates of the lobe end points have been established,  the 

lobe width can be computed at oxy i'iint   D   along its length,  see Fig,5. 

Let tho width at point   D,    dir; ranee    R   from   E,    be    VL      Considering the 

common side    DC    of triangles,    ACD and CUE, 

i,e. 

DC2 = AC2 - AD2 = CE2 - DE2 = (BC2 - BE2) - (AE - AD)2 

DC2 = BC2 - BE2 - AE2 + 2AE AD - AD2 (D-14) 
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Also, from triangle ABC, 

AC2 = AB2 + BC2 - 2AB BC cos 6 (D-15) 

hence. 
.2  „„2  „ n „ „„2  „„2  AT,2 

writing 

AB + BC - 2AB BC cos 6 = BC - BE - AE + 2AE AD     (IM6) 

AB = E sec <p 

BE = H = E tan 9 

AE = B 

and substituting in equation (D-16) 

2        2 2        2 2 
E    see    cp - 2EY sec 9 cos 6    =    -E    tan   (p-E    +2E (E-R)        (D-l?) 

idiich gives 

Y    =    [E/cos <p - (E-R) 00s cp] sec 6 (D-18) 

At a particular point along a run, the deprossion angle of the glimpse, 

9   and the range to the centre of the glimpse,   E   are knovm, Tdiile both   9 

and   Y   at the range   R   are unknown«     A first approximation to   Y   is found 

from 

Y    =    (R2 + H2)0-5 

and the  corresponding value of    0    calculated 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 ■§J5, then this latest value of 

Y   is taken for the slant range to the e dge of the lobe at v«hich the width 

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

Finally, 

W2    =   Y2 - H2 - R2 (D-19) 

If w   turns out to be negative, it means that there is no lobe at this range. 

It is often found, particularly with flat targets that two separate visual 
2 

lobes exist and the point giving negative values for   W     is between the lobes. 

This feature warrants further consideration,  and in Appendix E ahead it is 

analysed with some illustrative examples.      The simplest,  and probably the most 



MB- — .  SBB 

Appendix D 35 

accurate way of handling these double lobes is, for the reasons given in 

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

Televisual situation 

D,5      Equations introduced by television 

When the actual size of the search area has been established,  the 

co-ordinates of the lobe associated with the glinpse to the centre of the 

search area are calculated.      Wegstein's iterative method is used,  as for the 

visual case, but now the angle (a)  subtended at the eye by the image of the 

target on the monitor is calculated from:- 

120 n f d 
(D-20) 

for a target normal to the sight-line,  and 

,0-5 120 fi f d   H 
0 

a    = 
yl-5 (D-21) 

for a flat target. 

The line number. 

=   60-2 

and the contrast transmitted by the camera ?(v), at this value of v is 

obtained by interpolation in the frequency response curve, Fig.4.  The 

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

YF(V) C 
C      =    2  (^22) 

[1 + b[exp(cr Y) - 1]} 

The foveal contrast    e  •  and the 4° off-axis contrast e,,  at this value 
0 hr 

of    a    are determined to enable the off-axis angle    P    to be calculated.      The 

calculation then follows the method applied to the visual case for tho first 

iteration while equations (D-20)  to (D-22)  are used again in each subsequent 

iteration. 
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Appendix E 

COMPLICAlxuNS ENCOUOTEKED IN THE CALCULATION 

OF THE REARWAKD EXTENT OF A VISUAL LOBE 

In some search situations,  particularly with glimpaes of grazing incidence 

to the  search plane as may be obtained with low altitude flight,  the problem 

of multiple solutions to the equations defining the near 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)    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 constantly at a point ahead,  first become visible, 

ther invisible, and then visible again shortly before it passes below the 

observer.      This theoretical anomaly is probably e true reflection 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 

performance of the eye,  and so is very suspect when complex terrain back- 

grounds are encountered and Ihe peripheral data is that of J. H. Tqylor, or 

ary 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 any practical interest, or would be outside the search area.      Consequently, 

there is every reason to ignore the existence of the rear lobo.      If two 

solutions for the naar 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 imalid in normal 

circumstances. 

Referring to Fig.7,  the equations to be  satisfied simultaneously are:- 

H    =    Y2 sin (9 + 62) (E-1) 

R2    =    Y2 cos (cp + e2) (E-2) 

i.e. 

sin (9 + e2)    =   j- (E-5) 
2 

92    =    sin"1 ^f\ - 9 (E-4) 
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It is convenient to define a function   f(Y)    depending on the slant 

range    Y    froit "the observer to a point on the lobo near the near point where 

f(Y)     =    sin Op + 6) - | (E-5) 

so that when   Y = Y2    and    6 = Q2, f(Y) = 0, 

As an example of where multiple solutions occur, consider the case of an 

observer in an aircraft approaching and overflying a search area at an altitude 

of 1000 ft, when the following meteorological and target conditions apply:- 

Meteorological visibility, V = 12 nm    (cr = 3,0A = 0«25'/ 

Sky/ground ratio, b = 2,0 

Equivalent diameter of flat target, d = H'O ft 

Target inherent contrast, C = 1*2 

At a horizontal range E = 6750 ft between the observer and centre of the 

search area, the depression angle    9 

=    tan"1  (1000/6750) 

i.e 
9    =    0-42' 

The solution for the range to the near point of the lobe is the value of   Y? 

and the corresponding    0p    which,  vhen substituted in equation (E-5) makes 

f(Y)  zero.      Fig,8 shows    f(Y)    plotted against    Y    for values of   Y   from 

2000 ft to 6000 ft where it is seen that there are 3 values of Y-,  i.o.  2290, 

3740 and 5500 ft which make    f(Y)     zero.      The off-axis angle,    e      t      t 

(6,,)  is calculated as a function of   Y    and plotted in Pig.9.      This is the 

maximum off-axis angle possible at a given range    Y.      Also plotted in Fig.9 

is the geometric off-axis angle    (ö )    obtained from equation (E-^).      These 
o 

two curves,  6.    and    6      intersect at the 3 values of    Y0    stated above.      The *    C g 2 
explanation for this behaviour is that two  separate loboa exist.      The first 

lobo nearer the observer has a slant range  to the near point of 2290 ft,  and 

to the far point of 37^0 ft,  while  the rlant range to the nunr point of the 

second lobo is 5500 ft.      A lobo exist? for rrjigts which make    f(Y)    positive 

and    6- > 6  .      Thus, no lobo exists for ranges between 3740 and 5500 ft,  so 
C        g 

that the expression for the square of the width is negative in this region, 

(see Appendix D.4). 
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