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the square data points, O . As can be seen from ; comparison of the
squares and open circle of Fig. 79, the effect of the surrounding bright-
ness was negligible but, again lower threshold values of SNRDI were
obtained than were obtained on the previous program.

After carefully checking the experimental set«up, recalibrating meters
and oscilloscopes, checking terminations, lens focus, camera MIF, and
signal currents, a third experiment was performed with one observer in
which an attempt was made to be much more critical in establishing the
criteria for resoiving or not resolving of the bar pattern. 7he background
vas &t 1 fr. Lambert. The threshold SNRD results are shown in Fig. 81 by
the square data points and then for experiment #1, by the open circles and,

again for comparison, the original data from Ref., (2) is shown by solid

circles. It was hypothesized that a more critical criteria for bar pattern
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Fig. 82 The Display Signal-to-Noise Ratio Experiment
recognition would correépond with increas;d SNRDI values and indeed, as is
geen in Fig. 81 at low 1ine numbers, this hypothesis is born out. However,
virtually no change is observed at higher line numbers. A conscious change
in the threshold does not account for the change in the experimental results.
Why then are the present results different?

For both of the present experiments and the previous ones a more Or
less constant pool of about 10 pecple were used. All of these people were
involved in numerous other resolution experiments between the old program
and the new and it is postulated that the difference in the curves reflect
the learning curves of the subjects. Time did not permit rerunning of the
experiments with untrained subjects.

As a final check of the calibration of our equipment, an experiment

was run using the set-up shown in Fiz. 82. The set-up involved replacing
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the vidicon by the electronic pulse gemerator and operating the monitor

at the lower scan rate. The subject had to say in which quadrant of the
display the electronically generated squsre was, Position, size, and SNRD
were randomly varied. In Fig. 83, the threshold values of SNRDI as a
function of sgquare width (expressed in number of raster scan lines for
convenilence), is shown for the present experiment by the open circle points,
o, and the results from the previous experiment [ﬁef. (2 i], yerformed a
year earlier by ;.he open squares, O . No difference between the two
results can be seen and it is concluded that the experimental set-up is
correctly calibrated and that, most likely, the differences which were
obgerved for the bar patterns recognition experiments werec due to observer
training.

Part of the problem with the bar pattern experiments is that there
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was no way to judge the correctness of the observer's response. An
observer said he could resolve a given pattern but thia is highly subjective,
and, apparently the criterion (be it unconscious) changed with training.
For the detection of squares, we know if the subject was right or not and,
indeed we can correct for random guesses. Bar pattern recognition could be
made less subjective if an element of correctness/wrongness was introduced
such as having a break in a bar and asking where the break was or maybe
using different size Landalt C's with the position of the break randomly
varied and again asking where the break was. Time did not permit testing
of either of these hypotheses. A comparison of the new data discussed
above and that which will be discussed below dosg show that a high degree
of consistency exists for similar experiments and we believe tlat valid
conclusions can be drawn from these experiments.

For the fifth experiment, set-up B for the MIF was :sed, Again the
constant aspect pattern was utilized and in Fig. B4, tae probability versus
SNRDI is plotted as a function of different spatial frequencies. In Fig. 85,
the threshol” SNRDI values are plotted versus spatial frequency. A
comparison Figs. 80 and 85 shows that nearly the same SNRDI values are
obtained for the two MIF cases with slightly closer agreement being obtained
at the lower frequencies than at the nigher frequencies. Finally, experiment
gsix was performed with case C's MIF and the constant aspect patterm.

Probability versus SNR. for this case is plotted in Fig. 86 and threshold

1

SNRDI versus spatial frequency is plotted in Fig. 87. Comparing Figs. 80

and 87, we see that again for low frequencies, the results are nearly the

same for Case A and Case C MIF's but for higher frequencies, lower values

of threshold SNRD

1 is obtained for Case C than for Case A. The above
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results are sumssrized in Fig, 88 for the comstant sEpodl palternms for
Case £, 8, apd C WI¥'s. The wsluas of R, are somewhst lower for Case B
and € thas A for higher spotisl freguescivs. Ope most be careful in
comcivding thar lowser mm velues sre obtaiosd with poor WIY. Comparing
the spread in the dals st low freduencies wbere the enperinental socurscy
{s the best shows & fairly large spresd im the dsta so the diffecente is
probably sot very sigeificast.

Iz mest b slso hept in mind that the caloulation of mg_ inclodes the
MI¥'s cffect on signsl snd on pofse. For & #iver lin vaabey god mb value,
& much higher video sigmal-to-noise racic is required for Cage C MI¥ than
for Case & MAF. The experimentslly determised threshold vilues of ﬁﬁg sre
somewhiat lower for Case C'sz NIF then these for Case A%s and as was mentioned

the differences may be reflecting experiowntal ervor. Mors likely, we beifeve,
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Display Signai-to-ticice Ratic

Pig. 89 Probability of Bar Pattern Recognitiom for
Constant length Bar Patterns - Case A MTF

ig that Tor poor WIF's, osur formulation for SHRQ is rather pessimistic,
that is, the MIF's do not degrade the images detectability as much as
theory would indicate. 1In any event, for the seme broad area video signal-
to-noise ratioc, the becter the MIF is, the more detectable the image is.
Experiment 7 used Case A MIF with the bar pstterns of variasble aspect
and the experimental results are shown in Figs. B8Y and 90. For comparison,
the results with the constant aspect patterns are also shown in Fig. 90
and as is seen, the two cases are very similar for all but the highest line
o e s .
Experiment & utilized the variable aspect pattern with Case C MIF and
the threshold sxxn vs spatial frequency curves for Cage A and C are plotted
in Fig. 91 . A somevhat lower result was obtained for Case C than for Case

£
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Fig. 92. Exp. No. 9 and 10, Threshold 3NRpy for Isolated Bars for
Case A 0 , Case C O MIF's, O Electronically Generated Squares

The patfern with the isolated bars was used for the next two experiments,
Case A MTF in experiment 9 and Case C MIF in experiment 10. The threshold
SNRDI versus spatial frequency plots for the two cases is shown in Fig. 92.
The data is virtually the same up to a spatial frequency of about 500 lines/
picture height and then the data for Case C rises at a nearly constant rate.
A rise in the thresholé curve for Case A MIF is suggested at very high line
numbers, N = 1780. A comparison of the data from Fig.83 for the
electronically generated squares and that for isolated bars of Fig. 92
shows that the two sets of data are similar at low line numbers, the Case A
MIF data being nearly the same as that for the electromnic generated squares.
This of course is not a surprise. At low line number for Case A, aperture
effects are minimized ard the results should be similar to those measured

for the electronically generated squares where aperture effects are
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negligible. This is further evidence that the present experimental set-up
is functioning correctlv,

The paﬁtern with the isolated circles was also used with Case A MTF
and Case C MIF and the threshold SNRDT is plotted versus spatial frequency
for the two cases in Fig. 93. Again, it is found that the data is con-
sistent with that measured with the aperture free, electronic-target
generator,

For aperiodic targets, from the comparison of the experiments with
isolated bars and circlea and those of the aperture free squares, it is
seen that the thgory as given by Eqs. (164) and (165) is confirmed, within
experimental accuracy, for MIF's that are quite different from one another
(Ne = 252 for Case A and N, = 69 for Case C). Furthermore, it is seen that

for bar patterns, the theory as given by Egs. (160), (161), (162), and (163),
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N Y,

Fig. 9% Photographs of Models Used for Becognition Experiments - Upper left,
Tank; Upper Right, Van Truck; lower Left, Half Track with Antenna;
and Lower Right, Derrick Half Track.

gives a somewhat pessimistic result (smaller SNRDI) for poor MIF's than it
does for good MIF's. In effect, a system of poor MTF would actually perform
scmewhat better than the theory would suggest. The differences are in

such a direction as to help the system designer.

Using the experimental set-up of Fig. 1, experiments were performed on
tactical targec recognitions using Case A and Case C to establish the impact
of MIF's on real target recognition. The transparencies which were used
were made from high quality photographs of vehicles amid a uniform white
background. The photographs were taken at a depression angle of 452 from
the horizontal and perpendicular to the vehicle's longitudinal axis, i.e.,
the sides and tops of the vehicles were imaged as is shown in Fig. 94,

The vehicles included a tank, a van truck, a half track with top-mounted

radar antenna and a tracked bulldozer with derrick. The arsas of the
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various vehicles were approximately 0.057 in? on the 8" x 10.7" display
znd subtended angies of about 0.34° by 0.68° at the observer's eve. The
vehicle types and video SNR were randoely varied; and the probabilities

of recognition, corrected for change, were determined. The SIRBI'-: for
the various images were calculated on the basis of the area of a bar
whose length and width are equal to the length of the vehicle's image and
the width of the vehicle's image divided by 8. This is in accord with the
equivalent bar pattern concept discussed in AFAL-TR-72-229, Ue note,
however, one difféerence between the csisulations for the bar ratters and
the vehicular image's snm. In the case of the vehicular fmage, the
signal amplitude was measured froe the background signal level which wes
approximately constant, to the peak object signal level. For the "equivalent

bar patterns,” the signal levels were measured in terms of the mean aignasl

excursion within the bar pattern ares in the perfcdic direction. Had the
peak-to-peak excursions sbout the average signal within the vehicle arex
been used (when the object is imaged against a unifore background), the
thresholds mm would have been somewhat lower.

These difficulties result from the necessity of definting an image ares
and a signal éexcuzsion inm order to calculate an mm threshold. 1In this
commection, we observe that tue criterioc for bar pattern recoguition s
that the observer must be sble to discern & modulavion withis the bar
pattern whereas for vehicle image recogmition, the vehicle's outline must be
discerned. This outline may have periodic featuves but is more likelv to
be aperiodic.

Specifically, the mm wns calculated from
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= | 2caf -‘;-Tg :
K1 [:’JV&\J SRy (166)

vhere mv was the largesi zero to peak voltage in a frame of the image
divided by the EMS value of the noise. The value of a/A that was used was
the actual area of the image, a, on the rransparency divided by the total
area of the transpavency, A, that was viewed. The factor of 8 in Eq. (166),
comes from the assumption that we are (2> calculate SER;, on an equivalent
bar patiern basis, thar is, for recognition, one whose bars are each a/8

in area. In Figs. 95 and % , the probability versus SNRDI is plotted

for tactical target recognition for- Case A and Case C, respectively. For
Case A, the average threshold SNRm is 3.2 vhere as for Case C, the

average threshold SKRDI is 4.3 ; a value that is 347 higher than that for
Case A.
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Fig. 96 Exp. No. 1. Tactical Target Recognition for Case ¢ MTF
¢ Tank, ® Derrick, O Truck, © Radar Truck

In Fig. 97 , we show the signal excursions for the tracked bulldozer
on selected horizontal lines from the top to the bottom of the vehicle with
line 1 being just above the object and line 17 just below. The MIF which
was uged was Case A, These traces were taken on every other line from a
line gelector oscilloscope. The dominant features of the bulldozer shown
pictorially in Fig. 94 can be located in the traces of Fig. 97 . The
boom arm is in traces 3 through 6, the cab in 6 through 8 and the bulldozer
blade in 9 througﬁ 13. The boom appeared to be the mest characteristic
feature and the width was of the order of 1/8 width of the bulldozer.

Strictly‘speakigg, the tactical targets are not either periodic or
aperiodic in structure. However, as is discussed in the section on motien,
if the aperiodic form of the SNRDI equation is used together with the

assumption that the original dimension, X, Yy, can be associated with an
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Fig.97 Waveform of Derrick Half Track Along the Horizontal as a Function
of Vertical Position of Scan Lines.

equivalent bar pattern (e.g. with bars Yo long and x°/8 wide for recogni-
tion) then the static and motion results can be accounted for by the same
threshold SNRDI value. TFurthermore, as we will now show, the same value
SNRD also holds for widely different MIF characteristics as well.

The value of apericdic SNRDI is calculated from

ZtAfv XYy, %
Mor = o e, 8| v (67

£
Xt Y

where

N2 /802
e =i+ () (2 (16€)
Xy VLT *o *o




and

1
8, = wm=— (169)
L NeL
1
BT N (170)
eT

Using Eqs. (167), (168), (169), and (170), we have that for Case A
SHRDI = 2.2 whereas for Case C, SNRDI = 1.7 and the two values of SNRDI
are somewhat closer in magnitude than those obtained ignoring MIF effects,
The fact that the SNRDI for poor MIF's is smaller may indicate that the
effects of the poor MIF's are not quite as bad as the SNRD equations would
suggest. A similar result was obtained for bar patterns and we tentatively
conclude that our theory is too pessimistic for very poor MIF's. Much
more zxperimental data needs to be taken for different MIF cases to

establish the limits of our theories.
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6.0 Measures of Image Quality

There has been considersble interest by researchers in the
optical and electro-optical field in finding a single measure of image
quality. Such a number might be useful in compsring and specifying
electro-optical components and may also be used in the design of the com~
panents. A specific design example is the ahapel of an MIF curve. In
many cases, an MIF can be optimized for either s maximum low frequency
response such as curve A of Fig. 98, or for a maximum high frequency
response at the expense of the low frequency responsec as shown by
curve B of the same figure. With the curve A, aperiodic signal levels will
be generally higher than with curve B while with curve B, high frequency
periodic patterns can be discerned that cannot be seen at all with an MTF
corresponding to cwrve A,

To resolve fine image details, a sensor's MTF, projected into
object space must bz sufficiently high relative to the scene objects
of interest. While a high MIF is a necessary condition, it is not
sufficient. A fine grain photographic film mgy produce very high resolution
of a dsy-ligitted scene but be next to uzeless in a dimly 1it cathedral.
For the indoor scene, the photographer msy need to select a coarser grain
film of higher sensitivity. Similarly, a high resolution vidicon cannot
compete with a moderately low resolution, low light level television at
night but on the other hand, the high resclution vidicon camera will
far outclass the LILTV by day. It is thus readily evident that picture
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Fig. 98  Two Modulation Transfer runctions. Curve A Illustrates a High,

Low Frequency Response While Curve B Illustrates a High, High

Frequency Response,
quality is a function of both resolution limiting parsmeters such as
the sensor MIT's and the sensor sensitivity. The picture quality
can also be a function of the sensor's dynamic range and the scene
itself,

To begin this discussion, we will first discuss the MTF related
parameters and their effect on image quality. These factors have been
the object of the most concern from a historical point of view.

6.1 MIF Related Image Quality Parameters

In 1881, Lord Rayleigh prorosed a resolution measure for
optical devices using two point source images. As discussed in Section
2, a lens images a point as a blur. As two point images are brought

closer together, a point wi’'l be reached where they are no longer resolved

as two points, but as one. Lord Rayleigh's eriterion, however, demands
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that the two images be reaolvéd and the“crit.ém was set so that the
minimum signal excursicn between the pesks of the twe points and the
valley between be 19% or more. This criteriom is Judged by many to be
too severe, e.g., thrt the points can be resolved ss two with a much
smaller signal excuraion. However, as we have noted above other
factors must be considered. With test point images of low intemsity,
a 15% signal excursion may not be enough .

The modulation transfer curves such as those shown in Fig. 98
have been used in a similar manner. The "limit of resolution" has
often been taken to be that spatial frequency st which the MIF has fellen
to some low value such as 5% or 2%. The 2% figure is especially popular
since it is often assumed that the eye cannot detect image contrasts
below about 2%. However, image contrasts lower then 2% can be
discerned by the lmaided aye under many conditions. AIBe in many
electro~optical sensors, the displeysd contraet mgy be many times higher
than the scene contrast. This is particulerly true for FLIR squipments
in the 8 ~ 13 u band. With inherent scere contrasts of only g few
percent, the displayed image contrast will usugily be near 1(0£,

Thus the oye's 2% "sontrast 1imit" has little merit a8 a criterion when
the displayed image contrest is varisble.

However, the modulation “rancfer function hae & strong effect
on picture quality. As we have shown in Sections 2 axd 3, the modu~
lation transi'er_ function can both decresse perceived signal and increrse
perceived noise. It also limits the size of the smzllest scene detail
that can be seen. We note again before proceeding, that the smallest
detail that can be seen is not only a function of the MIF but also of
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the signal and noise levels and therefore a good semsor NIF alome
does not guarantee high resolution. On the other hand, 2 high resolution
of scene detail will not be obtained without s high MIF.

An MTF is synonysous with the frequency response of an electrical
filter. &s is well inown, a wide frequency response is need ¢o transmit
short pulses and similarly a wide MIF is need to transmit point or line
images. Electrical engineers are fond of the concept of eguivalent
bandwidth which is defined ss the width of a rectangle whose area is the
same as the area under the MIF curve. OSince the value of the MIF at
zerc frequency is unity, the width of the rectangle (or equivalent
bandwidth) is equal to

=
Nb = jo ]RO(NX&N . (171)
Corresponding to Nb, there will be an equivalent impulse response
width, 5,0 , where

5y, = ;}; . (172)

As is evideni, the larger the bandwidth Hb’ the smaller will
be the equivalent impulse response width. Since the displayed image's
detail is the convolution of the input image with the sensor's impulse

response, a wide impulse response width will result in a loss of image
detail.

The Eq. (171) can be written in two-dimensional form as

(,7) = [7 [7
N,Gxy) = [ [, IRO(NxNy)} dN N . (173)

This equation has been related directly to the Strehl measure of image
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Fig. 99 MiF, Equivalent Bandwidth M2 and Nuise Equivaient Bandwidth vs
Spatial Frequency for a Typical 40/4,0/25 T-EBSICON Camers Tube.

quality (Ref. 9).
Schade (Ref. 9) has proposed the noise equivalent bandwidth s
N e’ 25 & summary messure of quality where

@ 2 :
Ne=Jo IR(M[*an | (174)

Since RO(N) has a maximm vaiue of one at zero frequency (for a linear

system) and falls off with frequency, Schade's measure weighs the

low frequency response more heavily than Bq. (171). The equivalent

and noise equivaient bandwidths are shown for a typical MIF in Fig. g9,
Ancther figure of merit that has been extensively used is the

acutance of un image (Ref. 10). The acutance is obtained in the

following manner. A sensitive surface is partially covered with a knife
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Fig.100 Output Waveshape ( ) for a Step Function Input (- - -).
Slope of Output Waveshape, Ag;/Ax; is used to Find Image
Acutance.

edge and exposed to light. The light in the illuminated ares does

not stop at the knife edge but is diffused into the shielded region by
reason of reflection, refraction, diffraction and scattering within the
surface. Thus, the distribution of photoelectrons generated (or density
of exposed grains in a photograph) instead being a step function

assumes the typical S shape shown in Fig. 100, The slope of the S-shaped
curve at any point is Ag'(xi)/Axi. The slope is determined for every
position on the curve gt equally spaced increments Ax; and summed to

give the expression
-2 2
e = z(og;/8x,)%/n (175)

where n is the total nmumber of Ax increments. The acutance is defined

as
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Exz

Acuytasnce = —-i-i-’-—— s (176}
8

where Iz3 is the magnitude of the step iu exposure. Acutance has been found
to correlate with image sharpness.

Acutance bears a strong resemblance to Schade's Ne. The
derivative of the unit step function r_l(x) is the impulse response
ro(_t)_, i.e.,

r (x) = ad; [r_,(x)]
ar_(x,)
) - A (177)
A%y
and

. [ntxr__l(:lcj_)]:a L L bey 2

Axi nIs Axi

~ 2 roz(x)dx ; (178)

and by Parseval's theorem,

Mg = [ 2] 20k = [7r “(x)ax (179)

ae can be seen N is equivalent to, if not exactly the same as

acutance.

Hufnagel (Ref. 9) evaluated i measures consisting of the
one and two dimensional forms of Ne and Nb He notes that none of
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the functions meet his test for a measure “that is not invalid."
(Hufnagel rates a measure "not invalid" if the cbjective ws subjective
rankings of image quality plot as a rising straight line.) However,
he claims the best results for the Strehl measure for photographs with
substantially zero grain. For photographs with grain, he found a
quantity Qt"?' where

j‘j Ro(nxxv o oN_

1+8 6]’6]‘ |R (NN y)l F(Nxﬁy)éNdey

which he dubs a grain modified Strehl measure. The above equation has
the form of a signal-to-noise ratioc for an aperiodic image.

Most of the work in defining picture quality measures has
been performed using photographs. The usual procedure is to mske photo-
graphs with lenses of different MTF's (but MI¥'s which are similar in shape).
Observers are asked to grade the resulting pictures in order of "quality."
It is not surprising that the pictures taken with the lenses of highest
MIF proved to be the best or that the integral of the highest MIF
(whether squared or not) has the largest numerical value.

A measure based on MTF glone applies only when the image, and
the eye observing the image, is compl-tely noiseless. Note also, that
it may be necessary to include the observer's MIF in certain image
quality determinations even if the noise is essentially negligible.
However, no photoconversion process is completely noise-free and under

many conditions, picture quality may be primarily limited by noise
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rather than MIF. Indeed, much of the apparent lack of straight line
correlstion between image quality and a summsry measure based o MIF
alone may be due to the neglect of the nolse.

Ir any event there is 3 growing belief thst a sumary
measure of image quality must be bazed on signal-to-noise ratio amd
efforts in this direction: are being =de.

6.2 Signal-to-Noise Rgtio Relsted I . ‘kality Pargmeters

As n Tirst step in de® g w imege quality sessure based
on signal-to-noise ratio, Sooder ef. 4. . ~roposed that the messure
be the integral of the disp’~: <o - L rtac above the
ooserver's threshold (SNRp,) as illustrated in Fig. 101. The solid
curves represent the image signal-to-noise ratic obtainable from the
sensor's displsy at two different light levels sand the dashed curve
represents the observer's threshold signal-to-noiss ratic requirement.
The area is that between a given solid Iine and the dashed line.
Mathematically, the erclosed &mn area, called the !‘!I‘F'-A is given hy

MIF, = [7 [SNR(N) - SNR,(N)] &N . (181)

SNRj, for periodic bar patterns, is proportional to Pﬁ,(N) the square
wave flux response and is inversely proportiocnal to N, the spatial fre-

quency, i.e.,

o Rgp(N) ‘
SNRp ¢ — N (182)

as N approaches zero, SNR.D approaches infinity. Even at low N, SNRD
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becomes very large:. However, the SNR, also increases at low spatial

frequencies and thus imtegral of Eq. (181) should have s finite value.

MTF is, of course, a function of the observer viewing distance since

viewing distance influsnces the lowest spetial frequency ohservable.
MIF,, generally weighs low spatial frequency response even

mmmwythmdwsﬁeamtmmmofﬁemlw

fraquency response has been one of the major criticisms of Re.

Schade (Ref. 4) aisc notes that MIF, while generslly a valid guide for

systems with similar MTF's and noise characteristics is inappropriate for

systems with dissimilar characteristics. In Schade's new measure,

the balanced threshold resplution beccne;s the image quality criterion.

By balanced resolution, Schade mesns the average of resolution cal-

caulated for periodic and speriodic teat petterns. Since periodic pattern

detection weighs high spatial frequency responsé more heavily, the
balanced resolution concept would presumably remove some of the heavy
low spatial frequency response bias of N o*

The goal of meny resesrchers has been to find a single
unitary measure of image quality. As we have shown, a single unitary
measure is unlikely because of the dependence of image quality on image
exposure and on noise. Rather than a single unitary measure, a function
will result. It is agreed that the function should be based on image
signal-to-noise ratio but that integral measures such as l»ﬂ"é‘A may
not result in the most useful form.

We currently favor the threshold resolution approach. An
imsge quality measure such as M'I'E'A msy show the relative "goodness" of two

systems but the measure cannot be used to predict system performence in
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the field. Threshold resolution incorporates ail of the‘ system parameters
including image exposure tine, light level, image stgbility, sensi-
tivity, photoconversion noise, system generated noises, MTF and etc.
Also, it can be used directly to estimate field perforamance — at least
on a first cut basis. The previcus complaint was that threshold resolu-
tion only applied to periodic bar patterns. The balanced resolution
concept which has been discussed at some length in Section 2 circumvents
this difficulty since it includes aperiodic objects. However, the method
of weighing the aperiodic and periodic resolutions remain as an issue.
We note that Schace's balanced resolution concept includes dynamic range
(grey shades) which has not been included in the discussion of Section 2.
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