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rig. 34 Modulation Transfer Function for the Assumed System with Random
Image Motion of FMS Amplitude 25, 50 and 100 microradians per
Exposure Time.

lines per picture height.

By analogy to the sinusoidal motion case, we can write

26,
M, =5 - (49)
and
0. .
N, = ﬁ% , (50)
v

which are plotted in Fig. 35. The MIF normalized to the cut-off frequency
is given by

- 3.92)°
R(N) = e ¢, (51)
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and is plotted in Fig. 36. Also, the MIF is plotted as a function of the

rms image motion amplitude expressed in lines in Fig. 37. Finally, the

MIF is shown for the assumed system of Section 2.2 in Fig. 38 together

with the effect uf a 50 microradian rms motion . As can be seen,

the motion MIF completely dominates.

The effect of random motion on system resolution is shown in Fig. 39
in units of lines per picture height and in Fig. 40 in terms of threshold
angle. These curves were drawn for an input image modulation of 0.3 and
three values of motion (static and 25 and 50 microradians rms). The
curves of threshold angle relate most directly to range since range is
directly proportional to A8. With good visibility, reducing the rms

motion amplitude by a factor of 2 results in & 50 - 60% range increase.
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Fig. 39 Threshold Resolution vs Input Photocurrent for the Assumed Sensor
with a Static Scene and with Random Motion of the Sightline

of Magnitude 25 and 50 urad. CM = 0.3.
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the Assumed Sensor with a Static Scene and with Random Motion
of the Sightline of Magnitude 25 and 50 urad. CM = 0.3,

The angular resolution for the aperiodic and periodic case is shown
in Fig. 41. Also shown is the balanced resolution calculated on the
basis of the average threshold resolution in lines/pict. ht. These curves
were drawn for a random motion of 50 microradian rms amplitude and an
input image contrast of 0.1.

In many systems, it is customary to optically zoom the field of view
in order to have a wide angle view (WAV) for general navigation and a
narrow field of view (NAV) for object recognition. In changing the
field of view by say a factor of 4, it is hoped to increase the resoclution
of scene detail by the same factor. However, in the NAV, the hoped
for increase in resclution will not usually be realized because of the
more serious effect of motion on the NAV. To show this effect we cal-

culated the hmting resolution for a field of view 4 times larger than
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7ig. 41 Threshold Angular Resolution vs Input Photocathode Current Based
on the Periodic, Aperiodic and the Average Calculated for the
Threshold Resolution in Lines/Pict. Ht. Gy =0-1.

that used in the discussion heretofore with the results shown in Fig. L2.
The dashed line, shows the angular resolution in the WAV {about a L°

field of view) and the solid line shows the angular resolution in the

NAV (about a 1° field of view). In both cases, the modulation contrast

is assumed to be 0.3, the image motion is random of rms amplitude 50 micro-
radians, and the periodic image model was used.

The image appearing on the display is actually 4 times larger in
the NAV than in the WAV but the useful magnification, based on threshold
angular resolution is much less as can be seen in Fig. L3 where we plot
the ratio of angular resolution in the NAV tc that in the WAV. At high
light levels, the actual effective magnification, when sightline

motion is a factor, is only about 2 rather than 4 as ideally expected.
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The subject of camers time constants will be trested in detatl in
Section &4 but the results will be briefly reviewsd here. The time
constants of & camera can be quantitatively thought of ge being
dop to the capacity and resistance of the sharge storage surface and the
resistance of the reading bess. As an example, comsider the ERSICON
Camers tube which has a photoemissive photocathode and a silicon diode
wosalc storage sarfoce. The mossic is chargsd by photoslectrons which
were accelerated through & large voltage. In the target, the emergy of
the photoelectirons is converted to hole-electron pairs andi the
electrons are stored in the capmcity of “re back biased dicdes. With
proper design, the RC time constant of the diodes is large enough
50 that the charge will be retained for a number of frame times which
implies that the capacitance of the targets is relatively high (for a
given R}. For resdout, the capacitors are discharged through the resis-
tence of the electron beam and for fastest operaticn, the capacitence
of the target should be small. Clearly a tradeoff is dictated between
target storage time and readout time constants. At low signal current
operation, the resistance of the electron scanning beam is high and the
RC time constant of the readout process is higher than that at high
signal currents where the beam resistance is low so & number of frames
are required to completely read out the charge. This will have the
effect of contrast reduction for dynamic imaging.

Target voltage can also markedly influence the process. A large
target voitage, which causes the target capacity to decrease, will
decrease the RC time constant, whereas with a low target voltage, the

target capacity increases and the RC time constant is larger.
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Az shown in Section 4, the lag introduced by the EC time constant
can be apprecisble with low target voltages even though the signal
levels sre high. Other tybes, with lower prestorsge gain such as the
I-SEC and I-i-Isocon have even grester lag problems. Dynesic MIF
messurements have bean mede but the results do not appear to fully
accxant for the considerabls loss in sensitivity st low spetial
fregquencies. However, this sust be interpreted &s an inadeguate msasure-
ment procedure. lasge lag effects will be s major concern: in the follow-cn
program. Because of the preliminary nature of the results obtained so
far, we do not propose a method of including lag effects into the snalysis
at this time. The designer is cautioned, however, that the loss in sen-
sitivity due to lag may be as much as a factor of 4 to 100 st low light
levels and due account of lag effects should be made in selecting a
sensor for a given application.

2.5 The Balanced Resolution Concept

The effort in sensory system modeling for the purpose of pre-
dicting the range at which a real scene object can be discerned is to
find a simpler equivalent test object that can be used to replace the
real scene cbject. Presumably, a correspondence can be found between
the range at which the real scene object can be discerned with the
needed clarity and the range at which the equivalent test object can
be detected (or resolved). The simpler equivalent test object should
be easy to make and fully amenable to analysis. It is, however,
clear that no single test object can be found that will be fully
equivalent to all real scene objects which are of infinite variety
and complexity. On-the-other-hand, if eystems design is to be




anything but 3 trial and error process, eguivalent test objects must
be found.

The equivalent bar pattern as suggested by Johnson represents one
of the first attempts to find a test pattern which can be used in
laboratory evaluation and analysis. This approach makes good sense
because it imposes a system resolution requirement. This model
was further refined and experimentally tested with the results discussed
previocusly in Ref. 2. The principal deficiency in the concept was
in defining the method of measuring the image signsls in the real object.
It was first thought that the aversge modulation within the real
object could be used but this would require some sort of area weighting.
In the end, the maximum signsl swing was used which is different
than the method of measuring signal swing in the bar pattern which is
the mean signal.

A bar pattern, being repetitive, is one of the most difficult of the
one-dimensional images to detect and hence it is felt that its use
wlll result in pessimistic predictions. However, in the past, range
predicted using the equivalent bar pattern has shown reascnable correla-
tion with reange measured for real objects imaged against a terrain
background. This is in large part due to the neglect of many
important system parameters such as the sky-to-ground brightness
ratio, sensor time constants, image motion and display-observer
interactions. That 1s, the pessimistic nature of tle equivalent bar
pattern prediction obscures other system defects which are, more

often than not, neglected. As our knowledge of these system defects
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increases, it becomes necesssaiy to take these other factors into
account. In particular, when an effect is isolsted, such as sightiine
vibration, it is important thet the impsct of the effect on
range be known. Increases in stability, for example, can be quite
costly mnd the desire will be to evaluate the cost of grester sightline
stability ve the improvement in range to be expected.

In an atiempt to find a better model, the bslanced resclution con-
cept was proposed. The first procedure adopted and rather extensively
used in the above is to calculate the resolution based on the
equivalent bar pattern and then on a single bar of the bar pattern.

For a given set of operating conditions, the calculastion results in two
values of limiting resolution N, and N, in lines per picture height.
the "balanced" resclution N, was then taken to be

No= (N + N)/2 . (52)

The result of this procedure is shown in angular resolution form in
Fig. k1. It is seen that the results are dominated by the aperiodic
model and will undoubtedly give far too optimistic results. A
possibility is to calculate the aperiodic resolution on the basis of
an element of size equal in height and width to the bar width in the
equivalent bar pattern.

An altsrnate approach is to calculate the balanced resclution on the
basis of the average angular resolution. This is equivalent tq
averaging
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=3 Gr+§) - (53
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is also equivalent ‘o aversging the ranges calculated using the

aperiodic and periodic model. The result of averaging on ar angular

basis is shown in Fig. 4. As can be seen, averaging on the angle basis

biases the result toward the periodic model.

If a choice were to be made at this point in time, we would tend to

favor averaging the results on the angle basis because it gives results

better than the pessimistic periodic model but not as optimistic as the

aperiodic model which is considered to be excessively optimistic

for use in recognition or identification models. The search is, of
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course, for a weighting function and, in particular, for one which
mwer-mmmummwawchwmm.
Howsver, further efforts are needed to justify the weighting function,
whatever it may be, on 3 retional basis. These first preliminary
efforts are for the purpose of exmxining the impact of certain

n_ asptions.
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3.0 Display Siimal-to-Noise Ratio Fundamentals

In this section, we will discuss the fundamentals of the display
signal-to-noise ratic coucept starting with the elementary or ideal
model and then adding to the model to bring it into closer correspondence
with reality. The elementary model takes into account the image's
dimensions, signal levels, and noise levels but otherwise assumes that
the image is transmitted through the sensory system with perfect spstial
fidelity. The elementary model is then refined by including the effects
of finite imaging apertures such as the objective lens, reimaging semsors
such as an imsge intensifier, the TV camera tube and etc. The images
and the apertures which alter the image's amplitude, shape and position
are analyzed by Fourier methods using the methods of commmunicstions
theory. An attempt has been made to b= general and fairly rigorous
in these derivations. We are indebted to Robert L. Sendall of
Electro-Optical systems for many of the concepts presented particularly
in the area of the aperiodic image treatment.

In Sections 4 and 5, we will discuss some preliminary efforts mace
to verify the theory. As will be seen, the theory adequately predicts
first order effects and many second order effects as well. However,
second order effects are quite difficult to measure through psychophysical

experimentation partly because of the weak functional dependence of the

effects and partly because of the statistical nature of the experimentation.

3.1 The Elementary Model

The historical development of the elementary model was noted and
the model was derived in Ref. 2. The purpose of this discussion is to
review the elementary model and to give further insight with regard
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to its meaning and use. The basic formilation assumes a small rectangular
image of area, a, amid a much larger background. Suppose the average
nugber of photoelectrons generated by the sensor's photosurface in

time, t, due to the image area, a, is n, and the number generated by

an equally sized comparison area in the background is n,. Then the

elementary model as derived in Ref. 2 gives the mean signal-to-rms-noise

ratio of the image as

S = (s, - m)/L(ny + n)/2F

- (s, - Aas/[(y + B)a/21 (54)

where nl and n?_ are the photoelectron generation rates in units of
electrons per unit area and time. The subscript pe is added to SNR to
indicate that this is the SNR at the output of the input photosurface.
We define the image modulation contrast as

Cy = S

M ny + n,

By =Ty
23 (55)

av
so that
chdﬂav(at)%
SI\IRPc = _—[?_’_]{— . (56)
av

In the above derivation, it is assumed that the noise is due to the

image photon-to-electron conversion process. When this is the case, the

82



sensor is said to be photoelectron-noise-limited. For later convenience,
the photoelectron rates, 1, are written in terms of the photocurrents, i,

as follows

i=rfed | (57)
where e is the charge of an electron and A is the total effective

photosurface area. Now, Eq. {56) becomes

. (z8;

In a tysical high performance TV camera tube, the image is next trans-
ferred to a gain storage target of gain, GT’ and storage time, tf, 80
that

atf)é Lglylyy

= (5= . 59)
SRy = (-3 TogZet_ ] (

2 .
Note that the signal, 2GTCHi av? and the photoelectron noise, [GT elav]%,
are equally amplified with no net result at this point. In TV, the
gain gtor:zgze target is sequentially scanned line-by-line by an
electron beam. It 1s possible to measure a signal-~tc-noise ratio in

the video channel which is given by

Gyl o
J 2(Gyfy) el ALy

(60)

H

SNZRVO =



where ‘the ‘subscript 0 in smvo refers to the notion that the signal
emplitude is not limited by the sensor spertures, Gy is the video smpli-
fier gain, and Afy is the video bandwidth. Combining Egs. (59) and (60),

we observe that

SRy, = 268 %)3% MR . (61)

The subscript, D, is added t¢ note that the imsge signal-to-noise ratio
is now referred to the imsge appearing on a hypothetically perfect dis-
pley. In the video, the image is frequency upconverted by the
electron beam scanning process. In the display, the imsge frequencies
are downconverted by the reverse process, i.e., the electron beam of
the cathode ray tube display recreates the original image on the
display.

The image area ratio (§) is dimensicnless. This is & convenience in
later analysis because the real imsge area can become larger or smaller
as it traverses the system. The use of dimensioned units requires
that scale changes te made at each point where the image changes size.
But even further, -® note that the displayed image can be much larger
than the image on the input photosurface. We also note the video
gain, Gy, appearing in Eq. (60). By suitably adjusting the d-c level
of the display brightness and the video gain, the displayed image can be
much brighter and of greater contrast than the image incident on the
input photosurface. Thus, in theory, the displayed image can be
sufficiently large, sufficiently bright and of high enough contrast




acuity, nor contrast, nor displayad-image-brigh_ ot mnt.ed; If thede
conditicas are met, the SNBD becomes t.xe SKRDI, the dmage sigml-to-'
- noise ratio gensrated in the obsemr'a retina prdvided* t!mt the tine, tf,
is changad to the time, ti’ the integration time of the eye.

The abeve ‘equations represent the image aignal-to—noise ratio
obtainable from the sensor. The SRRDI z'athlred by t.heﬁobsemr is
determined through psychophysical ex erine

per-in ation as wes ext.ensively
discussed in-Ref. 2. In early work by De Vriea (Ref. 7), it was assumed

that to be detectable, the image SNRDI mst equal or eiweed some
threshold constant; i.e.,

This was verified in Ref. 2 with the typical result shosn in Fig. 45 in
the form of probability of detection vs Big_néld.bo—hoi#e’f‘%ioi- The
threshold signal-to<noise ratio, smm,, corresponding to a 50%
probability of detection, is very nearly a constant, independent of
image sige fbr-*mbﬁt of the image sizes of interest (the exceptions arve
noted in Ref. 2).

As-previoisly noted in'Section 2.1, it is hypothesized that an
observer must detect the presence of a single bar in a bar pattern to
discorn the preaence of -a bar ';a'ﬁtbm. Thus, Bgs. {59) and (61) apply.

* Assuming continuous presentation of the scene on the displey
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Howsver, it is usual to rewrite Eq. (61) in the form

Al | .
"e I L oemy , (63)

Sy = ¢

by use of Eqs. (2) and (3) end the area relstion, A = oT-.

Again, through psychophysical experimentation, the threshold
_ signal-to-noise ratios were determined with the typical result showm in
Fig. k6. As for gsperiodic images, we note that the SNRp, is approxi~
macely a constant mraui.da range of spetial frequencies, The
equations aboveapp:‘.;te the case where the primary noiseé is that
generated in the primary photoconversion process. If a gystem noise,
such as preamp noise of rms value, I, in bendwidth Af, is added sub-
sequent to the sensor gain, then
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for the aperiodic model and,

1 . TTMer «
Sy = (APl T M (65)
e Mg er, v 1 %ag,?
for the periodic model. In both cases, the added system noise is
assumed o be white.
Before continuing, we note that many analysts and experimenters

choose to dsf.’ma the.: threshold ﬂ-«bo-no:lae ratio dn terms of the
video aingal—to-naise utio, vam. For ‘the periedic .’mege case, this
resvlts inthe equxbim
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Wy = Frrg (&)

For t; = 0.1 sec, ¢ = 5, Afy = 197 Hz and o = 4/3, SNRVO_T = 1.16 :‘:’4;10"4‘
SNRD'I and for SHRy; = 2.8, we plot the SNRm_T in Fig. 47. This curve

or some varistion of it is sometimes called the "eye modulation demsnd
function.” The infevence is that as image's spatia) fraquency increases;
the eye "demands" more signal modulation. The use of this cirve is
generslly to be deplored. First of all, if the spatial frequency of the
pattern is toc hish, the ‘cbserver should be sble to move closer to the
diaplay and thereby reduce the threshald. Bv:h the threshold does not ]
decmse. Furtharme, instead sf a singie mnnber for a thresho}d, a8 curve
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aaaociated ;ﬁth a 1ens, a® ﬂ.ber optic raceplz:be, an electrm scannkjngz"beaml
a phospimr part.icle and the lj.ka In the case of a lena, the limiting

their (;t-‘om,{.gr cause; their effect is to smear ,imge_detail:m a. manner
analogous to the filtering of electrical signals by electricu filter.

networks.




One-Dimnmanal, Line Sprind Punctinn or Dne-Dimiiiicnst

Fig L,.B Effect or an Aperhuro on & Point and Line Source Image

.radio Dmmications case ‘where the signals vary on:ly in amplitude and time

tHcmew:r, the two-dimenai_fanal aspects of a point image ‘do not
unusual conceptual. di.rficulties.

A linear ~-a;5efe‘are is one which has a -x-’eépmsé »fa*smm input siguals
acting simﬂ.taneous};r, that is ideut.ical to the sum: of the responses that.
esich signal wnuld produce: individual]y This pr‘

to considerable simplification in‘the mt.hemtical" descrigtion £ ‘such

i}

s




(67)

| ;The complex quantities, kx and loy are re! erred 1o as spatial frequenciea

and sre alse indemdent The o‘f iginal function, f(x,y), can’ be recmred

by tak:mg the im’erse Fourier transform &8 t’onows

£(x,3) = ff?(kxhy)emijan(‘ktx + V)J&txdky - (68)

Some further properties of the Fourier trinsform are discvssed in Reference
8 but a general familiarity with Fourier techniques is assumed.
One of the most important imaging system test objests is the point

source. In more glamorous terminology, the point source is known as the
Dirac delta function, the unit volume impulse or, the zero order singularity

test function. Symbolically, it is designated 6 o(x -X,¥ - yl) and has
the property of being of infinite smplitude at xy = x;,y; and zero every-
where else. Also,

and, the Fourler transform of 6,(x = X,y - ¥,), is

F(kx,ky) =1.0 . (70)
That is, the frequency respofise of the Dirac delta function is wnity
everywhere in frequency space. Thus, the Dirac delba function can be
thought ‘of ‘s & poist image of infinite amplitude but finite volume in
91



in the: space doma:ln and B, (l&,ky) ‘in the Fourier spectrum The kquantity‘ e
. (x,y) is the point spread fxmctiun or

) ','_':fse resnonse and R (k k i'sf {

known as the optical transi‘er ftmctmn, or ‘OTF, op eltematzvely as the cbm-—
.ple;.,steady—st‘ate—frequency response. Lf eit?ﬁ;e,!“:,_.‘rbﬂ(}:;y)' or Ro('lg,ky) are
kncun, then the apertire's response to any input. test signal can be
determined, i.e., these functions completely specify the parameters of

the aperture. In general, the OIF may be written in “he form

Bolkke) = [R (e ) expl slk ke )] ()
Tae quentity |R (k)| hes been designsted the modulation trensfer function,
or HI’F and (p(k ,?,-{ )s the phase transfer function, or PIF. )
ﬂhbﬁ&‘d”‘!‘ image intensity distributions are analyzed by Fourier means,
it is the practice to normalize the frequency distribution in the «fo]-.].r;“vi'_ing
manner. OSuppose the intensity distribution is gi(i‘x?j)., then the nornalized
gpectbrum is
G(‘k‘x,kﬁ = (72)
whére
G, (o,¢) =[ g;(x,y)dxiy _ " (73)
frlS '

_as can be seen from Eq. (67). The normalization of the spectra by their
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"gerc frequancy" ~values is partly for convenience but has'a fumiamental
reason. Since intensity is a non-negative .m;ity, ‘an intensity dletri~ .o
bution always has a non-gero "dc-componsnt' ‘orr cmm\-iacmm. The
wisusl quality of an imsge is, to a large extent, dependent on the contrast
ar relstive intensities of the information bearing portions of the image .
above or below the ever present background: 'an'dfheh'ce,: the.spectra are
normalized by that background (Ref. 8), The OTF is alao normalized and
has & value of wnity &t zero frequency. Also, the conjugste of the OTF,
R ¥k, k) = B (~k -k ) and, the value of the OTF at frequencies gbove
zero is always less than unity. These conditions are, of course, properties
of linear aperiures and do not appli to non~linear slements.

It is further noted that while the OIF is always unity at zero
frequency, it is not implied that the absolute intensity level of the .
object is the same as the absolute intensity of the object's image. i
In the case of a lens, the absolute image intensity levei 1s always i

lees then that of the scens dus to the lens' finite entrance E
aperture; a decrease which is not evident in the OIF because of the :
way OTF is normaliged. k

In the general discussion, spatial frequency has been expressed in line
pairs per unit distance. Usually, either k, or ky ar2 given in line
peirs/mm. This is sometimes a convenience in specifying the OTF of a lens
which can be used with a nusber of film forméts and becsuse film OTF's
are often given in thg* same units. In more complex systems, where a
number of imsging and re-imaging steps may be involved, the line peir/mm
units are not so handy. Ior example, i.nb 8 low-light-level television




cémera, the input ifiage, the imsge st the output of the intensifier, the

image ‘st the gain-storage target and the displayed image msy all be a
different size. One of the principal merits of describing varicus aperture
responses in the frequaﬁcy domain-is that the overall response of a number
of apertures in cascade can be dé%‘emix;éfd: by simple multiplication of the
individual responses. However, when image magnifications and minifications
are involved as in the LILTV, direct multiplicetion is not possible w-

a scale change must be made at each OTF interface.

The scale change complexity, due to changes in picture size, can be
avoided by expressing resolution in terms of the picture height. This is
true in TV practice where the specific units used are lines or half cycles
per picture height. In the following, we will use the TV nomenciature
except when otherwise specified. To avoid confusion, we will give the
gymbol Nito resolution expressed in these terms. For this case, the
Fourier transform pair equations become

PO = [{ 200,5) « expl- 2nlx + 0 y) Teamcy )

=i

fx,y) = -f: ﬁ F(N o N} exp[jm(Nx + Nog)Jodl an_ (75)

when results are plotted in terms of N, lines per picture height, they
can be converted to line pairs per millimeter 2t any point using the
formla

K, = N/X | (76)
where Y is the picture height in mm,

9,




]

Another unit of interest is the angular measure, k,, which is
spatial frequency expressed in line pairs per milliradien which is related
to N by

N ® F

1 )
kex= 2000 - (77

where FL is the lens focal length.

To clarify these measures, suppose that & repetitive bar pattern
i3 proj=cted onto an image piane. let the bar pattern spacing be Ay in
mn. The spatial freguency k is the number of cycles, equal to 2Ay in
length which can be fitted into 1 mm. Thus,

- =i
k = 2. ’ (78)

1If the picture height is Y mm, N is the nusber of half ‘cycles equal to

Ay in length that can be fitted into ¥, i.e.,

N=TY/y . (79)

The angular subtense, A8, of Ay in mr, with a lens of focal length, FL,
is 10mAy/FL. The spatial frequency keis the number of cycles of length
276 which can be fitted into a williradian, Thus,

F
I S "
Ky = 2a = 2000hy (80)

In geaeral, kawill be used only to describe overall semsory system

resol tion.
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Input Imsge Aperture Output Image
J\ ro(x) /\

Ryt k,g(x)

le(N_) le(N)

Fig. 49 Schematic of the Input-Output Relationshipe fcr an Aperture.

An apericdic object, as used here, is an isclated object viewed
against a uniform background of large extent. For practical purposes,
a background can be considered ;.; be of lerge extent when the object is
sufficiently far removed from other objects so that the image of the
object, after being smeared out by the apertures through which it
5 passes, does not become additively combined with the smeared out images of
other objects in the viewed scene.
The general nomenclature we shall use for analysis of cne-dimensionsal
objects is shown in the functional diagram of Fig. 49. In the space
domain, the input signal is klf(x), the aperture is ro(x) and the output

is klg(x) where g{x) is the convolution of ro(x) and £(x), i.e.,

g(x) = r () e(x) .. (1)

]
}
F
|
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rof('x)

‘Fig. 50 Illustration of the Effect of an Aperture of Effecuive Duration
xéaul.OmaRact.‘ Input Image in Both the Space and
F er Domains for x /v = 2.0.

Similarly in the spatial frequency domain
G(N) = Ro'(ﬂ) e F(N), (82)

where G(N), R o(1*1) and F(N) are the Fourier transforms ofig(x),
ro(x) and £(x). These processes are illustrsted graphically in Fig. 50

for the special case of a rectangular input signsl and a Guassisn apearture
of the mathematical form

ro(®) = [expi- 33 (2t ()

B (N) = exp[- (¥)%/2] . (8}




A unit amplitude rectangular input imsge can be described by either

x
0 x<--:-£-
f X, x
fx)=4{1 --ja;c—’sxs-ag (85)
x .
0 x>-§:-)—

or
x_  sin(eMx /2y)
F) = 22 (mmx;:j/m_?; ' (86)

The effect of passing the sbove rectangular image through the Guassian
sperture of Eqs. (&3 and 84) above is illustrated in Fig. 50 for the case
of xo/a = 2. For this case, the input signal is near the same size as
the aperture, so the aperture has a pronowiced effect cn it.

The Fourier spectra of pulses of width x fu = 8 and 4 are shown
along with R Q(!I) for the assumed Guacsian sperture in Fig. 51. It is
seen that the MIF should have little effect on the pulse of width 8
but a more pronounced effect on the pulse of width 4. This is in fact
the case as can be seen in Fig. 52 where the output wave shapes for
various pulses of width xdép 16, 8, 4 and 1 are shown. The outputs
pulses sre plotted as dashed curves while the input pulses are plotted
as solid curves. It is seen that as the input pulses become progress.vely
smaller, the first effect is to roumd the output pulse corners les .ng
pesk amplitude unchanged. As the input pulse approaches the effective
width of the point spread function, r (xfr), the amplitude decreases
as well. The change in pulse amplitude is shown @s a function of the
input pulse width in Pig. 53. When the input pulse is wide, the effective

98



- SSE08 it HESS FERE I STE SOARE BN e
| e R IR R
=8 T T T
‘Sg A ; 4 s : 8 - . ‘ '
| =3 ‘ ? f SRNRES S NER N St NS
15 |
9 |
i

Spatial Freguency (aN)
Fig. 51 Fourier Spectra of Unit Amplitude Rectangular Input Pulses of

Duration x /o = & and 4. Aiso shown is the Optical Transfer

Function £8r a Guessian Impulse Response of Effective Duration

T
fEre s
.y 3 -
aTrine] MO
i e oy
pEe SEErs
3% : S
f2a] Y
resiot bEil )
3. 3
poe i Ea
¢ T
T 1y
2
* - 3
rvars oo oy v T
Tin frovumbineads <3 o S
+ 3 i A 5 eit
9 Eqatt s el hotd : 3
wEsg et HOoTY Doy )34
Fecrensf el disrasyriad o 8, o
. bt $oags b padnd
i LLS LORRY TRt 3
9t
23385 i 1
et FEEE P SEa s
¢ bt
fAE b o2
3ick pags paE
b TEOTE SORIT EALT EaNDe
g Lt ek by
D SISy el
o
T T
FiEIEe 1%
anes S
i3tz -3 -
13 PP Kpas
¥4 I1ET e s bt
q. 3 e Ny
t ;‘ k4
b4 -4 e
1 : -
e * pody yoaed . &4 e it ; " TN [RR0S s e apios
: £iiaed : s Hh & . i
tir ] GEsgrail
LTt I
3
pied ¥
el $3e i - 4
3 PETEited piws byl Jattn f300s 2
¢ 41 + 3 3 bt pE3 Lk Pes -y
ok 4 ¥ $riil e LR e R oAt bRer YRR Es I e $aaky
- . £ : PRTRRSTEE R PRASL EERI LRI IS

The Effect of a Guassian Impulse Response
Amplitude Rectangular Input Pulses of Durstion 1€, 8, 4, and 1.
. Output Waveshape is Shown as Dashed Curve.

99



1_’0: B -
0.9 F~i
0.8 bt
0.7 I SN
0.6 ot
o ik
R R e e e e s S o e
0.2 b : : : : !
0.0 S PO T T TR N ST N [ S A

Relative Output Pulse Amplitude

Input Pulse Width (x /)

o 1 2 3 4 5 6 7 8.9 10

Fig. 53 Relative Output Pulse Auplitude vs the Width of a Unit Amplitude
Rectangular Pulse after Filtering by a Guassian Aperture of
Effective Duration, x /o = 1.0.

width of the output pulse is almost equal to that of the input pulse. As
the input pulse becomes very narrow, the effective width of the output
pulse bacdines very nearly 2 constant independent of the width of the
input pulse as can be seen from the c.urv\e of Fig. 5L.* '

In the elementary thecry of imaging, it is assumed that the eye,
within certain bounds, can expand its limits of invegration as uecessary
to match the dimensions of a displayed imsge and that the perceived
signal, 8'p," will be proportional to the area of the displayed lmage.

# In plotting the effective width, it was assumed that the width is equel
to the width of a rectangle of h‘,ei?ht equal to the output pulse ampli-
‘tude and area equal to the cutput {(or input) pulse. This is not the
noise integration distance to be discussed later.
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Specifically,
8y = klti g{x)dx , ' (87)

wbareklisthammtal smplitude of the input pulse, and t is the
integration time of the observer's eye. Observe thst

6(8) = [ g{x)exp(- mNxjax |, (88)
and that

Glo) = T g(x)ax . (89)

That is, the integral over the output ares image is equal to the value of
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We further rote that from Eq (?9).

&(0) = B (0) * F(o) (%0)

and since R(0), the value of the OTF at zero frequency is equal unity
by definition, G{o) = F(o) and

8, = iyt G(o0)
=kt F(o)
=kt [ flxox . (92) .

The implication of the sbove result is that the area under the output
pulse in Fig.50 ‘is identical to the area under the input pulse as is

also shown by the hatched areas in the figure. Thus, if our assumption
concerning the spatial integrating capability of the eye is correct, the

aperture has no effect on the perceived signal, i.e., as the imege
is spread out by the aperture, the eye merely expands its limits of
integration to include all of the signal.

While the aperture does not affect the percelved signals, it can
affect the perception of noise added either prior to or subsequent to
an aperture. To begin, assume that noise is added after the imsge has
passed through the aperture as shown in Fig. 55. Suppose the input pulse
is rectangular as shown by the dashed lines and that the output pulse is
smeared out as shown by the solid curve. In general, the signal mist bs
perceived in the presence of noise. If the pulse had not been smeared
out, the eye would then integrate the rcise only over the distance X,
However, with the pulse smeared out, the eye would then integrste the noise
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Fig. 55 Increase in Noise Perceived by an ODbsérver due to an Increase

;nmng«;::i.::i?ge Size e‘fm to anlﬂ'FPrecedins a Point of
over: o l&rger distance; perhaps over an effective distance (:;02 + %2)}
as shown. Thus, while the aperture did not decrease the perceived signsl,
nor add noise of its own, it can increase perceived noise generated
elsewhere in the imaging process. We note, éor future reference, that
the effect of noise added béfore an aperture is lsss serious then a noise
sdded after an aperture for in the former case; the aperture also has
a ffilterins:gf!;ﬁct on the noise.

In the treatzent that follows, we shall comsider the eye to be a
perfect integrator in space. Assume a one-dimensional imsge with &
white noise background of wilform variance o< units per cycle. The
noise diagram is as shown in Fig. 56, For the noise model, we will
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. Aperture N
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Fig. 56 Signal and Noise Diagrsm for tHe Case of an Aperiodic Image with
Noise Added Subssquent to an Aperture.

= (k)2 8, ABN (92)

where K is a unit cotiversion constant, t is the integration time of the
eye, §, is the spatial durstion of the image and ABR is the noise
equivalent spatial bandwidth. The duration variable, 84+ expresses the
noticn that the eye integrates the image along the width of the image
while ABN expreases the notion that the noise is bandlimited. As will
be seen, the output image waveshape itself determines both 4. » duration
and the bandwidih of the noise,
We define the duration variable to be the integ»al of the output

image divided by the output pulse amplitude, i.e.,

k, J‘ g(x)dx I s(x)dx
= Tk, ¢ . (53)




With these results, we can write

f IF(H)R (n)l dN

= ()% M = (94)
g(0)? . I;F(O)l
which can ve simplified to
J‘ | F(N)R (N)l dN
= ()% S = . (95)
glo)

However, we shall use the previous form of Eq. (94) for illustrational
purposes.

Supposetheinmthageiaarect&ngulgringeotthefbm
given by Eq. (85) withg = 1. m:eutheinm-:lngeﬁdthx is large
with respect to § £ the noise equivalent lira spread width of the apertm,
and as previously noted in comnection with Eq. (93),

0) .
b= St (96)
The bandwidth aB, is given by
O
- N
i |6(0)] 2
| FOOR (N)| 2
[F(0)|2
then g(o) = 1.0 and F(o) = x, &5 can be readily seen for the wide input
pulse shown in Pig. 52. Also, R (N) will be'= 1.0 as can be seen for

the spectrum of the wide pulse shown in Fig. 51. The result is that the
duration variable becames x_ and the bandwidth term becomes

Fa'—ﬂ

i

s (9m
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~® 2 j o
ABN=J;M§"9§- (98)

%o

For our unit amplitude rectangular pulse

x Osim!ﬁ;a/ 2

F(N) =-—:;&75'- '. ($9)

B7= x0%x2. 2 . T (101)

The root mean squsare noise becomes
ﬁp = Ké\(xot)é (102)

which is seen to be simply proportional to the sguare root of the image
area as the elementary model would lead us to believe.

For an intuitive feel for this result, we note once more that for
images of large width, the guration of the image is the value of F(N)
gt N = O as shown in Fig. 51. The bandwidth is determined by normalizing
F(N) by dividing by F(o) as shown in Fig. 57. Then the normalized
fimction is squared and integrated to give the noise equivalent bandwidth
ABy as is also shown in the figure.

Ve next congider the case where the input image width becomes
small with respect t0 the width & gc:t the noise equivalent line spreed
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function. As the input image width approaches the dimensions of an
impulse, F(N)/F(o) becames mumerically equal to unity (the Fourier
i spectrum of an impulse is a constant over all frequency). Therefore,

% PN o, 3
g(x) = 7(0) [ 3] R @™ a

= x, ] B (0™ an
0

= x.r (x) ' (103)

That is, the output waveshape functicn takes on the shape of the

aperture's impulse response. We observe that
glo) = x r (o) . (104)
. Using this result in Eg. (93),
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x
Flo) .-
6= gsag = xoroioj

1 )
-t - (105)

'vi'hus,v the output image duration becomes a constant which is mmerically
equal to the inverse of the impulse respense's ‘amplitude.

This result may become somewhat clearer by noting that the
equivalent impulse duration, § po 89 defined by a rectangle of
amplitude equal to ro(o) and of width §, selected so that ro(o) "8, is
equael to the area under the impulse response, is mumerically equal to

-4

f ro(x)dx N (206)
.. e - : 106
5;, - roios reioj
so that § 0= . for the infinitesimally narrow input image.
As we noted above, F(N)/F(o) becomes approximately unity as the
input Jmage width approaches an impulse. Hence, the noise equivalent
bandwidth becomes simply
N 2
ABy = [ R “(N)aN (107)
o.
which is numerically equal to Schades, Ne s the noilse eguivalent band-
width, for an aperture. Then, the mean square noise becomes
2~ 2
8°= ()% N, . (108)

The noise equivalent bandwidth, Ne s is equal to
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-
Ny =3, A (109)

where 8 is the noise equivalent aperture. Simce §  is not. far

different from § 4 the rus noise becomes
8,2 () (e )2 (120)

and therefore, the rms nolse is proportional to the square root of the
noise equivalent aperture as the input image bscomes very small.

Again, to develop an intuitive feel for this result, we note that
for a small image, the output pulse spectrum assumes the form xoRo(N) .
Thé noise equivalent beadwidth is determined by squaring B, (N) aud
integrating to give ABy in a memner directly analogous to that used i
obtaining ABy of Fig. 57.

Wnile the equations sbove for the limiting cases, (either very large
or very small input imeges) are easy to use, many input imsges of
interest fall between these extremes. To simplify the handling of these
cases, we shall 2ssume that both the input image and the aperture have

Guassian wavcshapes. Let the Fourier spectrum of the input pulse be
F(N N 2 A
F§o§ =exp -5 ({FD) % (111)
ex .
and let ths sperture’s Fourier spectrum be

Ry(N) = exp - § cﬁ’:—z)z : (112)



The noise equivalent bandwidth for the overall image is given by

[FO0R_(V)] %an
F(o)?

co
Neog\g

=T 1 1 - (133)

| Mex
or _
S DU
=

eo LN 2 | (14)

ea ex el (115)

For Guassian waveshapes, the overall noise equivalent aperture of a number
of apertures in cascade can therefore be determined from the component
apertures added in quadrature. Even when the input image waveshapes and




apertures are not Cuassisn, the approximstion can be used with little
error. If the input iuage is rectacgular of duration, X, 88 in the
axasmplea shove,

2 _2 2 ,
Beo = X5 T 8s (136)

A further approximation is that the dursticn varisble, § , of Eq. (91)
sbove con also be approximated by 8, .. Thesn,

A2~ A2, 2. L
B° = (K86, e (127)

and

8, e, (118)

Now suppose first that the input wave shape is rectangular so that
8o = %o and that the phyeical seperture, 53!., is zero. Then,

8, Byt (19)

The ratio of BEq. (118) and the above, is designsted the noise increase
factor, £, i.e.,

o1 (2R (220)
e . . .
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Fig. 58 (a) Aperture Following a Point of Noise In.ertion, and
(b) Functional Noise Diagram for (a).

Using this noise increase factor, the Eq. (118) may be written as

ﬁp = K@(t&xo)é {121)

wnich will be a convenlence in subsequent anﬂyags._

We next consider the case where the uperture follows the point
of noise imser.ion as shown in Fig. 58(a). In this case, the sperture
function, ro(x), csn both increase the perceived noise by incressing
the noise integration distance and decrease it by virtue of a filtering
action. In the previcus case (noise sdded after the aperture), the



noise in the imsge is white in character (though spstislly bandlimited).

In the case now under consideratica, the displayed noise will have a

fisiite spectrum dus to passing through the aperture. i
Conceptually, the processss will be assumed to be of the following

naturs. The input image is first passed through the aperture so

as to incresse the noise integration distance. Next, the noise is

band pass limited and sdded to the output signal as shown in the functional

noise disgram of Fig. 58(b). For later convenience, we will first

assume that the noise source Zcllows the aperturs in which case

Eq. (91) above applies, i.e.,

8.2 = (56)%s CaByy (122)
except that the subscript W has been added to APy to indicate the white
character of the uoise. To correct for the finite noise spectrum,

we write

8.2 - () 2oBy -

£if

vhere T is the currection factor for a finite noise spectrum. The
noise bandwidth, ABN’ is glven by

. e
= o ()|
. ® 0)2




= | F(N)E 2(N)} 2w |
|FO9R 00| e .

-]

o Flo)?

Using the Gusssian aperture approximstion as in Eq. (115)
I P (125)
eF = YTex ef - ‘:

and since AByp = l/aep,

e . ,
8By = : . (126)
Byp {o; R _25”'2]
Also,
ﬁBmﬂ 2 l 2 (]27)
[l + 8op T

so that the noise correction factor becomes

s 2+5,,20

[ _._@_i____sl_—g . (128)
2 2
[Bex + 2y
Tt is clear that T is a mmber less than one. How,
2 .
B2 = (k) %8, TaByy (129)
and by analogy to Eq. (121), we can write
(130)

ﬁp = K:‘}.(t-.er':l:g})-é




The noise increase factor, £, is a number larger than one while the
noise correction factor, I', is less than one. However, the  ~duct
¢ is grester than one. Hence, the effect of an aperture following
a point of noiss insertion is to increase noise but by an amount less
than if the aperture preceded the point ¢f noise ingserticm.

Before comtinuing, we note that the general formulstion for this
case, corresponding to Eq. (99) for the previcus case is given by
o |F(N)R02(N)| 28

A2 A2
‘= (Ko)™t
"p () { g(0)?

] (131)

To complete this discussion, we consider the case of two apertures
with two points of noise insertion, ome noise following the first aperture
but preceding the second and, the other noise st the output of the sesond
aperture as shown in Fig. 59. To begin, we assume the two noises to be

ﬁpl and ﬁpz. If the apertures did not exist, then the two noise scurces
may be assumed to add in quedrature, i.s.,

ﬁoz = ﬁpl‘? + ﬁpzz . (132)

If the input imsge is rectangular with durstion x, and 1¢ both noise
sources are white, then

8.2 = [lg8)° + ()P 0x, . (133)

Both aspertures increase the nolse integration distance by =n amount £

where



Fig. 59 Apertures Which Both Follow and Precede Points of Noise Insertion.

E =1+ (2?4 (2 (131)
o [£]

where 5., and § o are the noise equivalent apertures of the first and
second aperture respectively. Since the first noise source precedes
the second aperture, the first noise must be corrected for a finite
noise spectrum. The correction fector, T', is equal to

3
Py (135)
1+ (;;- + 2(;:) ]
and the noise becomes
B2 = [ligd)?r + (e hex, (136)

1né




Both noises are increased by £, the noise incresse factor, but, the
noise which precedes the second aperture is filtered by it.

We turn next to the effect of apertures on periodic ineges.

A one-dimensicnal pettern such as the conventionsl bar pattern is
aperiodic along the bars and periodic in the direction transverse to the
bars. Comssquently, the analysis above appliaa along the bars but changes
are needed in the periodic directiox. If the inmput to a linear semsor

is periodic, the output will also be perlodic. The output and input
periods (frequencies) will also be identical.

We suppose first thst the MTF precedes the point of noise in-
sertion. Then, the primary effect of the apertures will be to decrease
the signal modulstion. Since the period, or noise integration distance
is unchanged (at leest for the higher spstial frequencies) the per-
ceived noise is unaltersd as well. According to Schade, the mean signal
associated with a bar pattern of spatial frequency N after the bar
pattern has passed through sn aperture of MIF, ‘Ra(!i) is given in terme
gi a square wave flux response RSF(N) which is numerically equal t«

- IR_(B)]

aﬂ(“)'fi izl—i-a-.-- for k odd. (i37)

If the MIF pracedes the point of noise insertion, the typical elementary
SNBy;“equation [see Eq. (4)] becomes

* ae,- (2] B2 (99

[ 2 2,..12
[eG ot I /zgt;v]

BB ey




In the sbove, we have ignored the effect of the sperturss along the
length of the bars.

When the aperture follows a point of noise insertion, the
aperture also filters the noiss as 3t did in the speriodic case. The
noise filtering function for the periodic case is given by

B(N) = (139)

N o2
o 1B ()| a8
R
This factor multiplies only the noises introduced prior to the location
of the aperture. For example, the MIF of the sensor IRdT(N)" would
usually filter the photoelectron noise of Eq. (139) but not the preamp

SRy, = [‘f‘;"]é E"i'l;( D ity (140)

[eGaﬁ(N)iav + Ipz/zm’v]é

3.3 Effect of Lpe;;-tures on Signal-to-Noise Ratio

We have derived and discussed the effect of finite sensor
apertures on image waveforms and noise, in some detail. We now combine
these effects with the elementary sensor model. For this purpose,
we rewrite Eq. (64) below as

t.e 2 5 QGTCui
MRy = [%']& ¥ 2. ;2 I (11)
[Gp ety + I,7/288)]

which was derived for a sensor with only two noise sources; phot o~

e;ectron noise and preamp noise. A typical semsor of this type is shown

iis



DEFLECTION COILS

- FIBER OPTIC FACE~
PLATE

63 FOCYS ELECTRODE HR
. =G CONTROL GRID
G4 FIELD MESH .

G2 ACCELERATING ELECTAODE

Fig. 60 Schematic of an EBSICON Camera Tube.

in Fig. 60. The lens represents an aperture preceding the point of
phoboelectrm noise insertion (at the i.n;mt photocxthode) while the

i ey ot i

target follows the pimt.oelsctron noise input. but mcedas ‘the
preamp noise introduced at the target lead. The lens MIF is
designated Ra‘L(N) and the target MIF is B’or(“) .

The effect of the apertures on an speriodic object is to

mcreaaet!wnniselaavingsisnalmmd malm inﬂreasesthe
perceiwd photoelectron and preamp noise as doea the target, btrh the

target also has filtering effect on the photoelectrom noise, Quantita-
tively,

te
R S . ——
o= e Lavm(ﬁ)lé ‘N EG xyri iy, + Iaf'mrv] ¢

19



whero £y = &y * &y and € 15 given by Eq. (120) and Ty = Ty " Ty
and T is given by Eq. {128). For one~dimensional bar patterns,
both the lens and target reduce signal modulation while the target
has a filtering effect on noise. These effects are inciuded in the
aguation below as

YA DL ... WA
@ [gym(n)jz . N ['}Tzer‘ﬂ(ﬁ)im + 1:92/2A£v3

where R (N) is given by Eq. (139).

In this section, a theory of the effects of gpertures on image
detectability hes been presented for stationary imsges. In the next
section, the effects of imsge motiom are included and in section 5, the
preliminery attempts to verify the theory of aparturés experimentally
will be discussed.
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4.0 Effects of Image Motion

Except when an object moves relative to a stationary background,
relative scene/sensor motion is degfading to image quality. These degrading
effects can be divided into three distinct mechanisms; the effect of the
motion on the observer directly, the interaction of image motion and camera
exposure time, and sensor time constant effects. These various effects were
previously considered in Ref. 2 in some detail and will be further considered
herein. In general, the effectz of image motion on the observer are
considered to be nearly negligible for the image motion rates commonly
encountered in television practice. The interaction of image motion and
exposure time is considered to be quite sericus as can be discerned from
the analytical treatment in Section 2 of this report. Alse, sensor time
constants can be limiting to system sensitivity and dynamic range.

In this section, motion experiments were performed to test tLhe validity
of certain of the image motion concepts and to gain further insight into
the image motion problem, Specificully, psychophysical experiments were
performed using moving bar patterns and the complex images (vehicles) used
previously in the recognition experiments. The vidicon camera was used to
generate the imagery. In these experiments, the light level was high
enough gco that sensor time comnstants are mearly negligible and the primary
effect of motion is due to exposure time, Finally, further analyeis was
performed on sensor lag data previously taken for the purpose of improving

the analytical sensor models.
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Fig. 61 Txperimental Set Up for Motion Experiments

For bar patterns, the current motion MTF model was used (motion effects
only--not lag), and it appears to be adequate for the particular case
considered. FPor the vehicular imagery, an aperiodic model was applied with
apparent success but the resuits must be considered tentative. The sensor-lag
effects were and still ure the most difficult to model although some
correlations between observed image degradation and lag measurements are
becoming apparent.

4.1 Psychophysical Experiments Involving Image Motion

The experimental set-up which was used for the motion experiments is
shown in Fig. 61. A continuous strip of 35mm film was moved, at a constant
speed, past the vidicon camera. Speed could be varied from less than 60
seconds per picture width to faster than 5 seconds per picture width. Motion

could be either from left~to-right or right-to-left. For the experiments
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with vehicle imagery reported here, a film‘sﬁeed of 10 ;econds per picture
width was used and the motion, as seen on the monitor, went from left to
right. Four vehicle images were used, a tank, a van truck, a truck with a
radar antenna ;n top and a mobile derrick with a bulldozer blade. The order
of the images on the film was randomly chosen as was the signal-to-noige
ratioc of the image., Thres observers participated in the experiment. A total
of 600 data points were taken.

Display signal-to-noise ratio was calculated ae follows. The broad
area form of the SNRD equation is used and for convenience it 1s repeated

here as

¥
- a
SNR; = [21: sfg ——-KdA] SNR,, (144)

where t = 0;1, Afé = 12.5 x 106 Hz and SNRV is the peak-to-peask sighal
voltage (with image motion) in the image divided by the RMS noise voltage.
The value of a/A that was used was the area of the image, a, on the phsto-
surface divided by the active area of the photosurface, A, assuming a perfect
lens with no MIF's effects. The factor df:Kd ‘in the equation comes from the
agsumption that we are to calculate SNRDI of an equivalent bar pattern basis,
that is, for recognition, the bars are each a/8 in area (see Fig. 3 of
Section 2), In Table 6, the walues of a/A and the unattenuated SNRV values
are listed for the images which were used in this experiment.

In Fig. 62, the calculated valgzs of SNRD are plotted as a function of
corrected prcbability for the four images. The average SNRD—T value, at the

50% probability level is 5.9. This is 80% higher than that which was

obtained for the same targets when stationary.
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Target (a/8) SNRy
(Zero db Level)
Tank 000702 1
Derrick 000514 «95
Truck .000649 .80
Radar Truck .000602 .90

Average a/A = .000615

Table 6 Values a/A and SNRy, Used for Motion Experiment

100

Corrected Probability
B

Display Signal-to-Noise Ratio

"

Fig. 62 Corrected Probability ve Displsy Signel-to-Noise Ratio
for Target Recognition - Speed 10 Sec/Picture Height
Tank © , Truzk O, Derrick e , Rader Truck©® , Televised
Images at 875 Lines, 25 frames/sec, DV/DH = 3.5
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The above calculations ignored the MIF's associated with the lems, the
camera, the interaction of camera exposure time and image motion. In the
following these MIF's will be included in the smni caleculation by using
the aperiodic form of SNRDI as developed in Sectiom 3.

The aperiodic form of samDI is

2e Afv a ¥
pr " |E &, K A SRy (145)
¥ Yir
where ¢ 3 account for the ircrease in the perceived noise due to the
*1 Yir

spreading of the image by the various MIF's. If the width of the actual

image is X and the length is y_, then E ¢ is given by

*r Vit
3 2 (5N
z “f = 1 4+ -!‘-) +(—-T.
I Yir %0 *o

s\ 2 % o ) s 2 ¥
.+ _ e 1 Iy ;
+("o) 1 +(Yo) + (Yo) (1s6)

shere the subscri:ts L, T ard M refer to the lens, camera tube, and motion

respectively. The values of SL, 61. and EH are calculated from

b s — (1467)
L RQL fmoljzdﬁ
e -—--L*y—
T Ha,r f&'ﬂ" an (148)

i
= (149)
ke Faal 2 an

and the rest of the terms are as before.

In Table 7, the values of 61.’ 5_.[, éH‘ LI txrr, and ﬁym. that are
uged for calculating Eq. (145) are listed. There was some vibration in ocur
experimental set up due to the blower on the light hex and an sstimete of
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Condition| X, Yo 5y, by

: :
Yur_%

tatic 2.53x10°3 4. 05x1072] 7.91x107%} 4. 11x1073 1.01

Potion 2.53x10-3] 4.05x10°2] 1.17x107 4.11x10"3 1.05

Table 7 Parameters Used in Calculating SNR, for Aperiodic Target

-

the overall MIF of the lens, jncluding this vibration, was made from the
static squara wave response of the systems with the blower on. This data

48 shown in Figure 63.

Using the numbers from Table 7, we find that, statically SRRD_T = 2,2
whereas dynamically SNRan =72.5. The two results are nearly the same and
their difference is Qell within a reasonable experimental error.

To continue, we will show that the measured dynamic pattern square
wave response is only slightly smaller than that obtained by maltiplying
the sensors static square wave response times the sine wave respomse for
linear motion assuming complete sensor integration for one frame time

(1/25 sec here). Assume that
RS{M(N) = RO 4:)) RSQ(N) (150)

where RSQH(N) is the dynasmic square wave response, RSQ(N) the static square
wave response of the sensor, and RO(H) is the sine wave response due to the

interaction of limear motiom aud the seansor integration,

126



in referemce (2), it was shown that the sine wave respuﬁse due to the
interaction of linesr mction and sensor integration is g-iven by

sin (~» Wy, t,f/»iY)

Ro® = SRTT I (151)

In laboratory measurements, it is the usual practice to epecify the bar
pattern velocity in terms of the number of seconds, ts, required for one bar
in the test pattern to traverse the long dimension of the field of view.

Using this formulation, pattern velocity is

&
o]

8
for our 4/3 aspect picture and Eq. (151) becomes
sin (2x BthBta)
F{om) = Ir Ht£/3ts (153)

Eq. (153) is plotted in Fig. 63 as the circled points, c;, t;nd the meas;xred
gtatic square wave response of the camsra and lens is shown by the open
squares, {J . The product of the two, Eq. (150), is showm by the solid
circles, e, in Fig. 64 and the measvred dynamic square wave response 1sa
shown by the solid squares, 8 , in Fig. 64. As can be seen, the measured
and the calculated results are nearly the same. For s given spetial frequency,
the measured curve !s about .80 times the calculated curve. It is believed
that this discreps:cy is due to the lag of the vidicon. Lag will be
discussed further in the next section. The dynamic square wave pattern
response of Eq. ..5U; is converted “o a dynamic sine wave pattern response,
Ran’ using Eq. (154), successively, starting at high line numbers where me

is nearly zero and working down towerds lower line numbers.
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Fig. 63

Relative Response vs Spatiel Frequency for Motion
Experiment O Static Case with Blower on, o Pure
Motion, 10 Sec/Picture Height for a Frame Time 1/25 Sec.
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R, =& [pmp:) - § Rl + £ Refsm - - ] (154)

In conclusion, it is seen that by including the KIF for sensor 2xXposure
time for linear motion and the effects of MIF of the sensor, as given by
13 *pr and e)'m: in the SWR, celculstion account nearly totally for sotion
effects when aperiodic targets are used, Purther confirmstion of this
should be obtained using other speeds but, as of now, the conclusion seems
reagsonable and will be used. Of course, if the sensor had a great deal of
lag, a-counting for motionm by the above method iz inaccurdte. More work
remains to be done in this arvea.
4.2 Analysis of Senser Motiom Data

It was seem in the last section that the dynamic square wave respomse
of the laboratory vidicon which was used for the psychophysical experimencs
was only slightly lower than that predicted by the product of the vidicon's
gtatic square wave response amnd the MT¥ that is characteristic of an
ideal integrating surface. It is of interest to investigate whether such a
simple result can be extended to other camera tubeg as well. In the following,
experimental results confirm that this wodel can be used for resgistive ses
silicon diode targeted tubes such as the EBS {f the tube is operated at high
target voltages (low lag) but the results are seen to be extremely optimistic
if the target is operated at low voltages (high lag).

The analysis which follows is an extension of that which was reported
in Ref. (2). The measurements were made on a Westinghouse WEK~31841 camera
tube operated at high (20 volts) and Iow (7.5 volts) target voltages. At

the high target voltage, camera lag is small whereas at low target voltage,
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camera lag is high. This tube employs a 40 s diameter photocathode of the
multialkali type, a minifying diode electrostaric image section and a
resistive gea type silicon diode array target of 25 mm active diameter with
2,700 diodes per linear inch. The readout beam is magnetically focussed and
deflected. The picture aspect ratio was 4/3 (width-to-height). Measurements
were made under standard TV scam conditions utilizing two interiaced fields
per frame. The preamplifier noise was approximately 12 nA (rms) at a band-
width of 12 MHz. Measurements wvere made of the static squave wave response,
of dynamic square wave responsc using a moving resolution test chart, of
buildup and decay lag, and of the static and dynamic limiting resolution,

Dynamic amplitude response measurements were obtained by imaging a
slant burst pattern from an RCA P-200 resolution test cuart onto the tube
photocathode. The pattern was affixed to a continuous transparent belt
that could be run at various speeds across the field of view of the camera
tube. The pattern was illuminated from behind and the image adjusted to
the proper size. The illumination was adjusted to give a static signal
current (in excess of the dark curremt) of 400nA. The signal modulation of
the line bursts was displaved on an oscilloscope and the percent modulation
was read directly from the oscilloscope presentation, With this chart, a
bandwidth of only 4 MHz was required which resulted in a significant decrease
in noise and allowed the direct reading of the oscilloscope with a reasonable
accuracy for chart speeds as high as 2.5 seconds per picture width,

Because of the test chart design, it was found necessary to adiust the
chart speed for each resolution line mumber in order to obtain an eguivalent
single speed corresponding to that which would have been used with a

vertical bar chart. Chart speeds were employed that gave equivalent vertical
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Fig. 65 Static Amplitude Response for WX31841

ﬁar chart speeds of 60 sec/picture width, 20 gec/picture width and 10 sec/
picture width. Measurements were made at target voltages of VT = 20 volts
and 7.5 volts for resolution line bursts of 100, 200, 400, and 600 TVL per
Raster Height.
In Fig. 65, the static square wave response is shown and in ¥igs. 66,

67, and 68, the dynamic square wave response are shown. Also indicated im
the figures are the theoretical curves which were obtained by multiplication
of the static square wave response aud the motion MIF. TFor a target voltage
of V& = 20 volts, the low lag case (3rd field signal i5m197), the measured
data and calculated datae are similar for chart speeds of 10 and 20 seconds

. per picture width (the average difference is 24%), and for 60 seconds, the
aessured results are within an average of B% of the predicted numbers. With

a target voi:age;af'vr = 7.5 volts, the high lag case (3vrd field current is
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Fig. 66 Dymamic Amplitude Response for Pattern Speed of 60 Second/
Picture Width Q VT = 20V, = 7.5V for WX 31841 - Solid
Curve Static Case @ Theoretical :
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Fig. 67 Dynamic Amplitude Response for Pattern Speed of 20 Seconds/
Picture WidthQ VT == 20V-,lVT = 7.5V for WX 31841 - Solid
Curve Static Case @ Theorctical

132



gt >
100 TR e R
EEO RN BROLREE E S b - Fwide :
- s ta% § b4 x -'fj
k ™ et by e 5e e
L1 4 B2 DS P ah ot
p s : -3 %
80 R - e - .
» WS SIEDNE PN o ]
Ho3i3aee. TR BEET MBS
i% BRI N ! o
- j e 2, e 135
60 E= 3 %ql fas e
L b4 R . ) M g
4 Xt ey 3 o
b e
40 Y

'S
% & CRE% BT

Percent Response

=]
it
{
4

LR " ot :
g R P e pd
A R 4 B =
H % : . it bty iy

4

0 100 200 300 400 500 600 700 800
Television Lines/Picture Height

Fig. 68 Dynamic Amplitude Respunse for Pattern Speed of 10
Seconds/Picture Width O V., = 20V.@V,, = 7.5V for
WK 31841 ~ Solid Curve Sthtic Case @ Theorctical

= 47%), the measured result 1s on the average 49% smaller than the calculated;
the difference is the largest for the fastest target speed.
Plots of the buildup and decay values are shown in Fig. 69. To within

the experimental accuracy the sum of the two values at a gi.em target

voltage is unity. If ¥ is the fraction of charge neutralized during ome
readout, then as is showm in Ref. (2), the buildup lag = ¥ (5 -Y)/4 and
the decay lag = (4 -7v)(1 -7Y)/4. In Fig. 70, a plot of ¥ is shown as a
function of target voltage which was obtained for buildup lag using the
data from Ref. (2). From Fig, 7u, it is seen that ¥ = In VT'
For the above, the buildup and decay lag are defined as follows. A
- small spot of light is imaged onto the center of the input to the camera
tube and the resulting signal current as 2 series of pulses, one for each

T successive field, is displayed on an oscilloscope., The cccurrence of a
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pulse is mid-time between the beginning and end of any field. This time

is given a field designation. At the sane time during a vertical flyback

the illumination is turned on, The field prior to this is designated zero
and that following the onset of illumination is denoted one. Thus, the
illumination is turned on mid-time between the zero and first field readouts.

The light remains on for a sufficient number of fields to perqibfe'steady

-

state to occur and then mid-time between two succesaiyeffiéld readouts the
illumination is removed for an equal number ofjfiéi;s. The build up lag is
defined as the ratio of the third fieldf;uf;;nc (after turn on of the light)
to the steady state value times EQO*Q;; the decay lag is definsd as the
ratio of the third tield cg;réﬁz (after turn off of the light) to the
steady state value tgmes”iOO,

’ Similarx gprfﬁ; measurem.nt of dynsmic amplitude response, measure-
ments/gere‘;;de of the tube dynamic limiting resclution by imaging & 100%
A.coﬁt;ast Westinghouse vertical bar resolutiom chart om the camera tube and
determining the minimum illumination required to permit perception of various
resolution line numbers. For these tests the tube was operated with target
voltages of 7.5 and 20 volte with the chart stationary and moving at speeds
of 60, 20, 10 and 5 seconds per picture width. All measurements were made
with a photocathede potential of -10Kv and a video bandwidth of 12 MHz.
From the resulting data, curves of limiting resolution as a function of
photocathode illumination for the various rates of image motion were
generated. These are presented in Fig. 71 for a target voltage of 20 volts
and Fig. 72 for a target voltage of 7.5 volts,

Curves similar to those shown in Figs. 71 and 72 were generated using

35% contrast patterns and are shown in Figs. 73 and 74. One image speed
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wag used, 10 seconds per picture width and the two target voltages used were
20 and 7.5 volts. For each target voltage with the 35% contrast pattern,
the loss in sensitivity due to motion is approximately the same as that
measured for the same speed with the 1007 contrast pattern.

Assume that the threshold SNR for the low lag situation is a

D-T’
constant, independent of pattern speezd. Then, for a given pattern speed,
the incraage in light level that is required for a given line number should
be inversely proportional to the dynamic flux factor. Let the pattern
speed be v and the line number N. Statically, the required light level is
ES and dynamically, the required light level is Evs' If the static flux
factor is RSF(N) and the dynamic flux factor RVSF(N) then, if linear =otico

alone accounts for the charge in light level, we have that

RvSF(N)

Eg
vSE- T _ 8 (155)
Rep(M) B g

For the calculation of RSF(N) and RvSF(N), the static and dynamic sine wave
response is used, respectively. The dynamic sine wave response is calculated
from the dynamic square wave responge as discussed above. Our assumption of
constant SNRD_T, independent of pattern velocity is found to be only
approximately true. The departures are the largest at high iine number

and high pattern speeds, and increases in E, of a factor of 2 larger than

S
that expected by Eq. {155} are found. The results are further off for the

high lag case, an added increase in the photocathode illumination from 2 to
3 times over that used for the low lag case were found. Thus for high lag,

discrepancies (increases) as high as a factor of 5 or more greater than

that expected from just linear motion and sensor integration are required.
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5.8 Pavchophysical Experiments lnvolving Semsor MI¥

In most of the previous psvchophysical ssperimesrs, the 2ffects of
sensory sysiem WIF's were avoided Ly using electromically gemersted ismgery
or a high resclutica TV camera and, test inages whose details were lavge
erough to preclude serious imsge smearing effects. In Section 3, we
discussad general theories concersiing the effects of sensor ¥Mi¥F's on
periodic and aperiocdic test objlects. While the theory s believed 1o be
sound and has been shows to asvcount for most of the first ovder offects
observed experimentally, specific psvchophveical experiments hsve not been
performed in the pset to verify the thecry inm detsil. It should be cbserved
that certain of the effects asre not strong variables and beceuse of the
statistical nature of the psychophrsical experiments, difficuley in verifyiug
the theory with high confidence may be expected. However, the exzeriments
performed and discussed herein do tend to confirm the general theowy.

The experimencal set-up of Fig. 75 use used to perform the ;swchophysicsl
experiments. The test {mages are projected on the faceplate of & high
resolution 1-1/2" vidicon operated at highiight video signal-to-noise ratios
of 50:1 or better. The camera and TV monitor were nperated at 15 frames/
second with B75 scanning limes {825 sctivel. Band-limited white nolse of
Guassian digtribution was mixed with the crmera penerated sigmals. Both
the signals and noise were passed through identical filters (ncise equivalent
bandwidth of 12.% biHz) prior to miming in the momitor. The woniter
luminance was aspproximately 1 ft. Lambert unless otherwise gpecified. The

displayed pictuce height was 8" and the observer-display distance was 28".
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The MIT of the set-up (vidicon and iens} was chavged by defocusing the lenms.
Ia Fig. & the overall WIF's that covresposied to three exper iovotal
conditions ave showm. For Case A, the lens wex in focus, for Case B, the
lens is sommdsat out of focus, and for Uese U, the lens is wery math ot of
focug. The values of xﬂ, and ;!51'%%;‘_‘(s for the three veses sre listed is Iable B
whhets S&Q? o EQL sre caleuisted from Dgs. (5 end ). ﬁﬂ,”.« is the owerall
5& av calosisted fros Fig. 74,

HMost of the erperimests vere pericvesd usisg the WIF of cither Lose
A or Case €. The methoé of limive degcribed i Bef. {21} wes uged v Lake
che dsts. The cemers viewed 5 tramsparesdy which sentained & mmber of
patrerss of differsmy freguency. The video sigmal-to-asise patios weee

systemarically varied ia 1 b steps wp and down, and st esch step the sebject
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' Bar Patterns of ?ariahle”hpect,

Fig. 77
Circles Used for

was fequired to specify the highest frequency pattern whicn could be barely
resolved. Four different {mages were used, isolated circles, {solated bars,
bar patterns of varfable aspect, and .  patterns of constant aspect (5:1).
A photograph of the isclated circles, isolated bars and bar patterns of
variable aspect is shown in Fig. ?7 and in Fig. 78 a photograph of th;:
constant aspect bar patterans is shown. Table ¥ lists the line nusber, N,
for the waviows imsges calcvlated from

¥ (i—) - (156)
wbere B is t&tﬂfectiw weight of the trepsparency {(that which is projected
onto the photecathode of height .& %ﬁ; « ¥ where &Pﬁ is the photocathode
QMM!M * is the width of & Bar. Sx is the bar width on the photo-

um Slso listed itm Table ¥ s the bar lesgrh/width ravio, B For
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Fig. 78 Bar Patterns of Constant Aspect Used for Experiments

the isolated circles, an equivalent square is assumed, one whose area is

the same as that of the circle, e.g.

g, .
‘92 : P
x, = (-;;m ) s €157}

vher# D is the diamster of the circle.
For bar patterns, smm is calculated on the basie of the total ares

of a bar. Specifically, the equation

9% |
2t n_Af, R (N)
s - [ —x i"] =f (-%‘-) : (158)
HEy‘ n

iz used. In che above, Al is the pesk-to-peak signal current for a bLrosd
ares pattern (uriity sodulation transfer function) and I n is the rms noise

that is added to the ca.era generated image. Real cameras, of course,
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Isolated Isolated | Varisbls up.ct “Constant. Aspect
Circles Bars Bar Patterns Bar Patterns
N n, N n, N n, N n,
I % 5.3 % 5.3 w5
o 1 261 19.0 261 19.0 20 5
731 1 357 25.8 357  25.8 29 5
184 1 M 35.6 4L 35.6 3% 5
300 1 625 45.1 625  45.1 M5
3 1 760 54.8 760 54.8 635 5
866 1 900 65.0 %00  65.0 729 5
1090 78.6 | 1090  78.6 800 5
1205 88.6 | 1205 8.6
605  116.0 | 1605  116.0
1780  125.0 | 1780  125.0

Table 9
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bave a response that 1s.a function of frequency and the value of A1 in

the video channel for squire wave: mmu beco-n Ai p? ‘the: peak=to-peak
value of the video signal wvhen the _frqqncncya.cﬁccne;ltc included. ‘That

is,
i = 81 Rg(W), (159)
and
, 2 n Af, ¥ i\ Rgp® o e S s i
Bt ™ | T2 | (—) == 60y
| IE T |
where gsp(n:) is the valus of the flux factor at N, R-sq(l'l') 4s the value of

the squave wave response at N and Aip_p_ the value of the pesk-to-peak
signal corresponding to N as measured in the cutput of the video channei.

Alternately, one could measure Ai for a broad area pattern and use Eq. (158).
In any cvent, g-y is given by

2 ]
Eo= J1+ (=) + (Y] 161
y [ (“‘v“et. ) . (“v‘“e'r)z] ety

where

N = ﬂno,‘m)j,"‘ dN (162)

and
f‘ 'rml (163)

For calculation purposes, t, the integration time of the eye is taken to
be 0.1 sec and a , the picture aspect ratio is 4/3. At low spatial
frequencies the displayed images approach a square wave vhile at high

spatial frequéncies, above about 300 lines/picture height for Case A the
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displayed images were nearly pure sine waves,
For the isolated bars and circles, the aperiodic object orm of the
signal-to-noise ratio should be used for caicalatins.suanl and it is

repeated here as

_ ) 2nvt A€ ¥ 1
SNRpx k'( o ﬁ. %

Xy

(164)
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where

2 2 2 2 ¥
N N . N {_R
¢ = |1 +._._\ Fl=Y 111+ P - (165)
xy { (ﬂel'f ‘(NeT) [ (“vNeL) (nv“ett)]

For the first experiment (called experiment #1), the constant aspect

bar patterns were used. The experimental conditions were the same as those

uged previously (10 months earlier) which were reported in AFAL-TR-72-229
and the purpose of the present experiment was to establish a "bench mark’
between the previous and the new results. Experimental conditions are
listed in Table 10. Five subjects participated. In Fig, 79, the data from
the present experiment is shown by the open circle points, o, and the
original data by the solid circle points, o. A comparison of the two shows
that there is nearly a constant percentage reduction in the threshold SNRDI
at a given line number for the new data. This difference was quite
unexpected. In the original and the present experiment, the brightness of
the room surrounding the monitor was approximately the same, .05 ft.lLambert.
The experiment was repeated with the same subjects with the room
brightness surrounding the monitor equal to 1 ft. Lambert and the data is

plotted in Fig. 80 with the threshold SNRDI values plotted in Fig. 79 by
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i | ) 6) 1 )
1 |constant Aspece | 1 o.0s} A 1 | 20f ers| 25 | 19
2 |Constant Aspece | 1 f2 | & |5 | 1230} s ]| 25 80,88
3 |Constant Aspece- | 1 |1 Al | ar]ens] s | m
1 Critical ' : 1 1 ’ i
4 |Electronic Squares| 1 o.0s] Ao | & § 720 s2s | 30 82,83
5 |Constant Aspect 11 | 3 | s | weo] ss| 25 | 8,85
i a8
6 | Constant Aspect 111 c 5 953 | 875 25 86,87
. 88
7 |Constant Length 1 ]1 A 6 1730} 875§ 25 89,91
8 |Constant Length 111 C 5 1400 875 25 91
9 | Isoiated Bars 1]1 A 6 1730 | 875 25 91
10 | Isolated Bars 111 C 5 1400 875 25 ' ¥4
11 } Isolated Circles 1]1 A 6 1730 875 25 93
12 ] Isolated Circles 1]1 c 5 1400 875 25 93
13 |} Tactical Targets 1]1 A 5 1000 875 25 32,94
14 | Tactical Targets 1 C 1000 875 25 93
15 | Tactical 10 Sec/PW] 1 |1 D 3 600 § 875 25 --
Table 10 Experimental Conditions
NOTES:
(1) Average Monitor Luminance, ft-L
(2) Average Background Luminance, ft-L
(3) MIF Case A, B, or C Used
(4) Total Number of Observers
(5) Total Number of Trials
(6) Number of Scan Lines per Picture Height, Interlaced
(7) Number of Frames per Second Noise Bandwidth 12.5 MHz,

Viewing Distance 28 inches, 8-inch High Monitor
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