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ANALYSIS OF IMAGE FORMING SYSTEMS
John Johnson
U. S. Army togineer Regsearch and Development Laboratoriles
Fort Belvoir, Virginis
A. INTRODUCTION

v In recent years, electro vptical image intensitier devices have
;Lé been extensively developed for use in military activities requ’ring
-:q vigsual surveillance under extrenely limited visibility couditicns.
:f[ In principle, thwse sensitive light pickup elements allow a consid-
) erable increase 1n visual target acguisition and image display capa-

bility. Low level images may bz intensified enormously ty elec-
tronic amplification. Quanium limited signals may be integrated fer
long time per‘ods ard readout by contlinuous non-dastructive readout
techniques. Active light pulce sltorage syvbvems may be used for he
storage and continucus display of transiently illuminated scenes.
Active inrYvared intensgifier systems are feasible which combiue a
high degree of performarce with a relatively high level of visnal
security for the user.

The variety and complexity of intensifier devices which are
poussible snd the development cost associated with each indjcate the
nead ror realistic system setection and performance evaluation tech-

:T . niques. This paper presents a beief survey of the methode and pro-

”jh? cedures which may be utilized for the solution of problems involving

'%}# military visual surveillance thru image intensifier devices under

R low light level conditions. }
v: .:' '(\: |
. ’
.“’) B. GENERAL SYSTEM CONSIDERATICN !
?:@3 %
o The image intencifler may be considered as in the nature of a i

located in object space to the visual communication channel of tie :
human network with toterpreuive and decision maklng capabilities. '
In batilefield surveillance radiation patterns modulated by ground

ljzd black vox with input and output terminals coupling 2 target message
3
A

k ‘N objects travel thceough long air paths into the input terminals of f
‘:T. the intensifier, the objective liens. After undergoing suitabie :
B < modification and slterration by electronic processeg, ar output vis-
f\f ible image is presented to the human observ.r for intevpretaticn ana :
-y decision making. The complete gystem Is shown in Figure 1. :
s We may consider that the interpretation process does not con
a5 tain a continuum of values but is restricted or quantized Into five
«;ﬂ distinct levels of activity:
T
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1 No detection

2. Detection

3. Shape orientation
4.  Shape recognition
5 Detail recognition

In other words these are the five distinet degrees nf freedom
or states of image intensifier system. Obviously these decision
states depend on the characteristics of the optical message, the
propertles of the intensifier device and the physichologlcal re-
sponses of the human readout processes. What iz required for eval-
vation purposes 1s a transformation arithmetic which allows deter-
mination of the most probable value cof the decision state of the
complete system as a function of the various component variables.

THE IMAGE INTENSIFIER SYSTEM
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fﬁ% C. DEFINITIONS OF INFORMATION FIOW
g;;ﬁ The choice of a fundamental guantity to act as an informstion
a}x_ carrier in an imege forming cystem corresponds to the selection of
_i&- a sultable coordinate system in which to cast and examine a plhysoicsal

problem  While many coordinate systems are possilbile there are e
preferred few in which the problem may be solved in as simple a
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menner as possible. In like manner, the definition of information
S flow for any image forming system is & relative concept whose Justi-
- fication lies in the simplicity introduced intu the solution of

visual imagery problems.

There are two general frameworks in which problems involving
images may be cast:

1. Space Domain
2. Space Frequency Domaln

The definition of informatlon flow in the space domain is pre~
sented in Figure 2. The input message to the intensifier is a real
target with characteristics:

Target brightness By

Target coatrast Cq

Target angular subtense ay

DEFINITION OF INFORMATION FLOW

————

r Co
TARGET INPUT IMAGE QUTPUT . HUMAN
MESSAGE ~——= INTENS!FIER Bo ——wBe OBSER VER
L laot-——.vfxo
| S——

Ci = input torgei contrast Co + output faorget controst

Bi1 = input target lhiminonce B = output torget luminance
C =« input forget ongular subtense oC = output torget onguior subtense

Ce = contrasi threshold of eye

Q (INFORMATION FLOW) S8 1)

Ce

8o, Ko

Q IS TWE NUMBER OF DETECTICN DISCRIMINATION tEVELS PER VISUAL INTEGRATION
TISIE FRAME

Figure 2
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The intensifier modifies these image quantities and presents to the
eye values of

target contrast Co

target brightness Bo

target angular subtense ao

Ce = visual contrast threshold

For particular values of target brightness and angular subtense, the
visual network has a minimum requirement of contrast necessary for a
speclfic act of vision. If the output contrast of the intensifier
exceeds the visual threshold of the eye, then information is trans-
mitted thru the system. The greater the excess of contrast avail-
able, the higher the rate of information flow since the excess con-
trast may be utilized to recognize or identify the target. The
definition of informetion flow in the space domain is

Q= =— (l)

Q is the number of discrimination levels per visual integration

time frame. In order to relste information flow Q to decision level
activity it 1s necessary to determine both the output image contrast
from the intensifier and the contrast requirements for detection,
orientation and shape recognition processes.

The concept underlying the definition of information flow in
the space frequency domain is shown in Figure 3. In this instance
the input message to the intensifier is not a real target but an ab-
stract pattern consisting of alternate black and white lines. When
this message, located a distance L, is Jjust resolved the system reso-
lution Ps is:

Fs = L minutes_l (2)
as

The width of a single line pair at this distance is as L feet 1f L
is expressed in feet. 3LLo

We shall define information flow in space frequency domain as

the number of resolved line pairs per foot of target space.

W = 30 (resolution bits per foot) (3)
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o
CA
o

A g= mnimum angular seb Zense of system

X

W= resolution bits per foot of target space
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Intormation Flow in Freauvency LPomain
Figure 3

The great advantage to working in the space frequency domein is the
relative ease with which the effect of the compornents on system
resolution may be accounted for. For lnstance if:

Ps = system resolution in minutes™T
P = threshold resolution due to signal fluctuations
~ = threshold resolution of intensirtier

P3 = threshold resolution of visual apparatus

Then, referred to the object plane,

B &) & (Y

On the other hand, in the frequency domain the targets are abstract e

patterns and do not have any obvious relationship to real targets. :'ﬁk

Recourse must be made to empirical transformations which 1n effect A

translate complex real obJjects to visually equivalent resolution k%¥§

» frequencles for variocus declsion state activities. %E\{
Jas % ¥

In the space domain while the image forms are familiar, each
target form requires a separate analysis which involves the resolu-~
tion of complex and cumbersome mathematical forms.

We shall now consider both information flow formulations in
some detail.
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dimensions. If the system point response 1s f(xl), then for an out-
put image function B(x), the output image functicn Bo(xl) is gilven by

+ co
By (x!) = [ B(x) £(xl-x) ax (5)

In three dimensions the output image function becomes

4o
Bo(xt,y1) = ff Bix,y) f(xl-x, yl-y) axday (6)

If several reimaging stages are involved, then the process is re-
iterative with the output image of the first stage becoming the in-
put image of the next stage. For objects in three dimensions (two
spatial and one intensity) the evaluation of the output image func-
tions require the use of a programmed machine computer.

In Figure 5a, the results of output image functions are shown
for circular input obJjects of varying dlameter. The point response
function f(x) 1s taken as-a Gaussian distribution with a diameter of
dy at the 3% point as shown in Figure 5b. As the image diameter 4,
decreases below the dimenslons of the voint response dlameter dy.,
the peak amplitude of the output image functions in Figure 5a, falls
rapidly. By expressing the results in a normallzed form ag a func-
tion of the raiio of the point response diameter to the circular

image diameter g We may plot a spatlal intensifier response Rs

which indicates the loss 1n effective imsge Iintensity as a function
of target image slze. This 1s shown in Flgure 5c for bvoth circular
and rectapzular object functions.

If C = 1nput target contrast
Rs = intensifier spatial response
BY = output target brightness
Bo = output background brightness
BE = input background brightness
BE = Input target image brightness

Cg = output image contrast
Bg = Intensifier background nolse

intensifier scatter co-efficient

=~
]




asT
T B
and BZ=BlTG+h + Rs (B,l",Bl) (9)
LFepe LFeye
for BY > BY

where F = obJjective aperture ratio
= tube magnification

= tube light gain

optical transmission

HaX
|

Knowledge of the spatial response function of a syctem allows the
direct determlination of the ocutput image contrast and brightness
factors.

2. Effect of Shot Noise

If the image is appreclably shot noise limited, then the ex-
pression for output contrast (equation 7) must be modified to allow
for the additional image degradation. Rose has derived expressions
for the minimum detectable contrast threshold which may be discrimi-
nated as a function of image signal to noise ratio. These expres-
sions apply only to threshold events and do not describe the de-
crease in image contrast as the threshold is approached. let us
consider an image sample with an average signal lever ¢ over which
is superimposed an a.c. r.m.s. noise component 2. The signal tc
noise ratio in the image sample is %% .

Then when

'%T + o, output image contrast = input contrast

also when
%% » 1 output image contrast -+ O

Also from Rose's theory, the ccntrast threshold is a linear fuaction
cf image signal to noise ratio. From this we may infer that the
contrast decreases linearly with image sample signal to noise ratio.
Equation 10 is the simplest expression which apprcximately satisfies
these conditions

L]

e
.
L4

1
Cout = Cin [1 - (%%)2] (10)
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vhere C,,¢ = output contrast

Cip = input contrast

=
i

r.m.s. niise level
o = average signal level

It should be undersicod that the output lmage contrast Cg defined by
eyuation 7 may be used as the input contirast in equation 10. Eque-~
tions 7 and 10 then, indicats the manner in which image contrast is
degraded by the point resporse factor, the degree of macroscopic
light scatter, tre internal noise level and the signal to noise
ratio in the target image.

F. CONTRAST REQUIREMENTS IN SPACE DOMAIN

We may now direct our attention to the dencminavor of the in-
formation flow equation (1). Ce was defined trere ss the visual
contrast threshold requirad for each specific decision level active-
ity. Generually speeking, contrast threcholds for the higher visual
declisions functions are not yet available for specitic wilitary type
tarcets. To obtain the necessary information foir “he sideview dis-
play of an M-U48 Tank some 2C,000 observaticns werc taken in a ecemli-
statistical marner on the contrast requirements for target detection,
orientation and shape discrimination. The resuits are ow figures 6
and 7 plotted on log - log scale with target brightness as abscisca
and contrast ratio as ordinate. The' detection thresholds were found
relatablie to equivalent circular objects of the Tiffany detection
set by about a factor of 3 ocn the high side. N

The most significant feature of the data is the non linear in-

crease in the contrast Jjuwps scpurating the decision levrels as the p
varget distance is increaoed This is prominently svideant if the -
target threshold data at 500 (Fig. 6a) is compared with the target :
data for 3200 feet (Fig. '/b). Magnification or scale in a viewing t
system becomes increasingly important as the visual activity becomes L
more highly differentisated. ;
, ) -1

F. INTENSIFIER DECISION DIAGRAMS IN THE SPACE DOMAIN k

X

We are now in a pcesition to :zombine the factor variables intco k
information flow diagrams. Five image intensifier systems were se- o
iected for performance evaluation. ALl utilized a 5" diameter T/E.O R
objective lens. The system characteristics of the various viewing &
devices were as follows: 3
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(1) Low Magnification Viewer

Brightness gain 250

Magnification 1, tube magnificetién .15

Point response diameter atf photocathode .35mm
Qutput noise brightness 10~3 ft-lamberts

(2) Two Stage Cascade System

Brightness gain 600
System Magnification L
Point response diameter at photocathode .lhmm

Output noise brightness 2}{]_0""L t~lamberts
(3) Optical Cascade System

Brightness gain 200

System Magunification UL

Point response diameter .22 qm

Qutput noise brightness .5.1{10'2‘L ft-lamberts

(4) Image Orthicon Intensifier System

Brightaess gain 1000 - 10,000
Magnification 3

Iy Point response diameter L6 mm

g Noise equivalent invut 4 x 1077 ft-lamberts

Storage time 1 second

(5) Optical Telescope

F:ighiness gain .8

Magnifiation 15

Point respouse diameter in focal plane .0% mm
Tho inrcemation functions shown in figure 8 were generated by divid-
ing the output contrast at scene luminances of 107+ and 1072 ft-
Jamberts by the contrast thresholds for detection. The decision
tevels for orilentation and shape discrimination were then determ: red
by thie non-linear contrast differentials ior these procecses. We
nay draw the following conclugions from the information f.ow functions:

(1) 'The absolute value of thé slope of the functicns indicate
whether the systems are brightness or resolution limited; a gradual
drop off being the characteristic of brightness limited systems and
a rapid drop off of the characteristic of resolution limited systems.

(2) The electronic cascade and the image orthicon Iutensifier
have comparable performance st all declision levels except for the

TR w ® W W e we
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QesRp BY @ B] C) R My T (11)
where Q@ = Informstion flow
Rp = Point response function
Bg = Target brightness
G = System galn
B_ = Noilse
C1 = Input contrast
R = Viewing Range
Mg = System Magnification
T = Time
The equation whicn optimizes iaformation flow &s a function of
focal length is

9Q oQ

8 G Focal lergth vane d

Also 1f the image tube voltage 1s & -rurlable then the optimizing
condition is
aQ aQ ]
Voltage variable

It should be obvigus that a large rnumber of optimizing conditions
exligt and these cannct all sppl - simu)ltaneously over a large domain.
Only over a restricted regicn c¢f interest made the performance of an
intensifier device be optimized. A device intended for use under
atarlight illumination levels would not be very effective under day~
light conditions.

H. IMAGE ANALYSIS IN THE SPACE FREQUENCY DOMAIN

In the space domalu image analysis and evaluation 1s vased on
the oulput-~input relationsghip indicated by

+N
B (xV,yd) = 1 2 (x,y) £ (xtex, yt-y) ax dy
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IMAGE INTENSIFIER DECISION D!AGRAMS
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10-2 scene luminance condition where the 1 second storage factor of
the image orthicon becdmes gignilicant.

(3) The iow megnification tube system has the poorest decision
esponse performance primarily bece.use of its low magnification and
r=egolution. Brightness gain may not be achieved at the expense of
magnification except for the surveillance of very ..arge obJjects.

It 15 rather obvious that ithe image intensifier system 1s an

axtremely non-linear device which permits few wide gereralizations
on performance Or use.

G, CPTIMIZATION OF IMAGE INTENSIFIER RESPCNSE FUNCTIONS

We may now conslder briefly the conditions which optimize ine
formationu transfer. Out of hand we may write
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whera Bo(xl,yl) = output image function
- Bolx,y) = ipput image Tunction
(xl l\ = gysten poiut resprmse

It should be ctviouz thal image evaluation besed in the space dowsin
is the cediocus srd cumbersume operation which must be repeateuw for
each view of eacn target of interest. Fortunately the space fra-
quency response method consldersbly simplifies the situation. Re-
ferring back to Figure 4, the Fourier transformation

+0a .
Itw) = f e'JW(“) Bo(xl) dxt (15

(%]

translates the output imege function B (xl) irto an output frequency
spectrum I{w). However row, the outpu image spectrum is given by

I(w) = 0(w) £{w; (15)
inout ‘image spectrum = O(w)
eystem frequency response = f(w)

The image fransformation cefined by equation 14 has resulted in an
output-input relationshilp which is linear and which does not invelve
eny integratlons. Subsaquent reimsgzing may be handleid by simple
multiplicaticn by the frequeoncer respoase function of that particular
eimaging procecs. Image analysis in the frequency domsin 1s much
silmpier than the correspaonding oreratione in the sprce domain. How-
ever in *he frequency domain, the image functions are shatract
spectra which must be related in scme Pfashion to real target.

(1) OPTTCAEK IMAGE TRANSFORMATIONS

Intuitively, it would seem that there must be some relationshio ;
between the number of lines resoulved at the target ana the corrzs- !
ponding decirions of devection, recognition and identiiication. By
norumr.lizing the resolved line pairs for a critical target dimension
as shown in Figure 9 it was found that minimum resclution requi-~ed
for a particula: decision activity waes a corstant for nine military
targets within e maximum erro. excursion of 25¢. The results are
shown tabulated in Table I.
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i
)
Method of Optical image
Transformation "
i
Flgure 9 i
]
Table I ~ Optical Image Transformations :
TARGET RESOLUTION PER MINIMUM DIMENSiIQON :
Broadside View Deitection Orientation Recognition Identification .
Truck .90 1..25 .5 8.0 Y
M-48 Tank .75 1.2 3.5 7.0 -
Stalin Tank .15 1.2 3.3 €.0 ?
Centurion Tank .75 1.2 3.5 6.0 R
Half-track 1.0 1.50 4.0 5.0 :
Jeep 1.2 L.50 L., 5.5
Command Car ’ 1.2 1.5 b3 5.5
Soldier (Standing) 1.5 1.8 3.8 5.0 -
105 Howitzer 1.0 1.5 L .8 6.0 ;.-
ot Average 1.0 25 1% .35 kot .8 6.4 X 1.5
LOs >
1o -
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Thee= target truneformations were found 4o be independent of
contrast and scenc signal to nolse ratlo ag loag as the centrast in
the resolution chart was tlhe same as the contrast in the complex
target. These resultes indicate that zomplex military targets may be
coneidered equlvalent in a visual sense tO repetltive resnlution
patteras of appropriate spatial frequeacles for each deiisicn level.
The results cre gencral, at least for the limited group considerad,
and ar: irdependent of distance. They simplify conegiderably thre
determinationc of decislon level activity 1n auy lmaging system
since it 1is only necessary to determine the nngular resolution
characteristis as a fuuction of a few parameters.

(2) THRESHOLD RESOJITION AND SIGNAL TO NOISE RATIQ

One of the parameters which 1s fundamental to the angular rezo- !
lution characteristic 1is the signal to noise ratio in the image sam-
ple. In Figure 10(a), “he slgnal tc nolse ratio in the image sample
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of diameter D may be readily determiued from the conventlonal theory
of the statistical fluctuations of gquantum samples. The reiatlion~
skip between the signal Yo noise ratio in the lmage sample and the
corresponding threshold resclutlon in a frequency pattern ie not
obvious &nd must be determined by empirical studies. The empirical
relationship shown in Figure 10(t) indicates that for a contrast
ratio of seven, a signal to noise ratio in the image sample of about
1.5, 1s equivalent to & threshcld resolution of 1/25 line palyrs per

>
L CAS AR ETTYT O T P oy o e s e e

s

unit length.

This result allows the determination of the effect of signal ;
quantum fluctuations on image resolutlor for this particular con- A
trast value. In order to generalize thls result to all contrast ﬁ
values, 1t ie necessary to determine the relationship between signal N
to noise ratio and contrast ratio. As irdicated in figure 11, over u

a contrasi ratio of 1 to 10, it was found that:

Signal

—— x Contrast Contrast ~ 10.5
Noise

Rl

In other words, a high contrast ilmage may have a low signal to
noise ratio while a low contrest ilmage must have a high eignal #c
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noise ratio for lhe same threshold resolution condition. In Table
IT, these results bave bteen wsed to compute the quantum signal limi-
tations to resolution for a photocathode with an efficiency of 100
microamperes pev lunen and a frame time of .2 seconds.

Table II - Qgggtum Fluctuation Limitations to Resolution

Photocuthcede Resolution - line pairs per millimeter
{lluminsvion

Contrast Ratio

f't - candies

1.3 2.0 5.0 10.0
10‘3 60 90 205 450
10~ 18.5 08 69 138
10™2 5.5 8 21 k2
1070 1.6 2.6 6.5 13
10-7 .5 .8 2.1 L.,2

These regolution limitations are fundamental end may be circumvented
only by an increase 1n quantum efficiency or storage integration
time.

(3) ANGULAR RESOLUTION FUNCTIOUNG OF THE BYE

Ir. the space frequency dcmsin, the only information required of
the visual decigion making apparatus is the angular resolution as a
function of scenc brightness and contrast. Wrom the literaturel
rigusl acuity functions of this mature have been extrzcted over a
limited region and are shown in Figure 1-. The parameter in this
figure, brightness ratio, is defined as

target brighiress
beckground uliqhtness

brightness ratic =

The absirncel nature of ate tyvee »f data allows direct gereral com-
parisons between the performance oi image intensitier asystems and
the visual apparatus. Alsc target detectlon recognition and ideuti-
fication tarveshold events may be readily determined Tor o wide
variety of targets through use of the method of opticel imsge
wransformation.

I, FERFORMCNCE OF IMACE INTENSIFIER SYSTEMS

We may now consider opriefly the performance of ideal and actusl
image intensifier device,. In Flgrre 13, the empiricelly determianed

acuity functior of the =2ye has been plotted agairst target brighiness
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for a contrast level of 10. This is compared to the performance
function for an ideal tube limited only by signal fluctuatiocns. The

;':;- optical system for the intensifier 1s equivalent to the lens charac-
g{ teristic of the dark adapted eye. The illumination on the photo-
R cathode is

ot

o g=-21% 't candles (16)
o L2
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where B = scene brightness (ft lamberts)
¥ = optical aperture ratio = 2.0
t = transmission = .7

By using the threshold data for a contrast of 10 in Table II, the
resolution corresponding to varlous target luminance levels is
readily determined. Iet this be line pailrs per millimeter.
Since the focal length is 16 mm, the angular resoluticn correspond-

ing to this threshold is:

1
L, x 16 (minutes ™)
R = (17)
e 3450
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The ideal rerformance of the intensifier exceeds the perform-
ance of the unalded eye by a factor of 1O over a wide range of tar-
get luminance. Actually the difference is even greater since the
information leaving the intensifier may be used almost immediately
lrrespective of signal level. The unaided eye requires considerable
time for adaptution and interpretation.

The field pertformence of non-ideal intensifiers may be deter-
mined in similar fashion but with several important differences. 1In
the non-ideal case, the device may be limited both by technological
deficiencies such as poor high light resoclution and by low visual
resolution caused by inadequate brightness gain in the intensifier.
Let

signal fluctuation resolution threshold

i

Ly

Ly = high 1light threshold resolution of tuhe

1

¥ focal length of objective

The overall resolution L at the photocathode 1is

JE) &) (o)

The angular resolution corresponding to this linear resolution is

R = gL; ¥ (minutes -1) (19)

For the particular brightness level at the intensifier output,
the visual apparatus will be driven to a value of angular resolution
Re. If the system magnification is M, then the angular resolution Rg
in the object plane is

R, = MRe (20)

/

The overall channel resolution Ry is

A ONO) @

As soon as the overall system resolution is xnown, the decision
response is easily detcrmined. In figure lhk, the number of resolu-
tion elements per foot of target has been plotted against range for
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a casrade tube intensifier, an image orthicon intensifier and a ten
power optical telescope. The scene luminance of 1072 ft-lamberts
corresponds about to the level of medium starlight illumination.

No congsideration has been given to the effects of atmospheric atten-
uation. Tive inch diameter, f/2.0 optics are used throughout the
calculations. The image orthicon intensifier in this instance had
a storage time of 1/30 second as against a one second time storage
for the previous calculations in the space domaiui. The target was
an M-U8 tanx viewed broadside with a critical dimensi,n of about 8
feet. Referring back to Table I we find that the number of resslu-
tion elements per foot required are .15, .5, and .8 tror decisiocn
levels of detection, recognition, and identification respectively.
The iatersectlon points of horizontal lines drawn at these ordinate
valuss and the space frequency response functions yield detection,
recognitlon, and identification ranges informatio:r. in a sianple di-
rect manner. Comparison with the performance fun:tions in Figure 8

f;# indicatles that the space frequency range determinstions are about

,i: 30% less than the corresponding data in the space domain. Since
ﬁ)ﬁ. two completely different types of visibility data are involved, this
-%ﬁA is not a large difference. The few experimental range points avail-

abtle would seem to favor the space frequency range computations.

CONCLUD ING REMARKS

Two general methods have been presented for the analysis of the
performance capablility of image intensifier devices. The space fre-
duency response =approach has been found to yield powerful and sig- i

ﬁ-xu nificant simrplifications in the analysis of image forming systems ‘
’%: with hunan retwork interpretation and decision making. Of necessity, {
B - these are methods of upproximation which will require refinement and !

modification as additional insight i1s gained into the nature of non-
linear image processes.
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