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ABSTRACT

The work described in this report provides basic information which will
allow partial production of a standardized image quality test set. Factors
affecting the production of a standardized imagery test set concerned digi-
tal image processing procedures and image reconstruction . Imagery consisti ng
of one scene from a Texas Instruments F U R sensor tape, one scene from a
UPD-4 coverage of Griffiss AFB, NY and two scenes from a Wild RC-8 Mapping
camera were qualitatively evaluated by a photo interpreter from Rome Research
Corp. (Mr. Petroski). The imagery was evaluated both in hard copy (digitized
scenes wi th perturbation on film) and soft copy (digitized scenes wi th per-
turbations using the RADC/Image Processing Facility). A total of 144 Images
was der ived from four test scenes and we re eva luated against an origi nal set
of imagery that was used as a base for comparison.

The information gathered included relationships between perturbations
and image quality as expressed by per cent utility under perturbation , iso-
preference contours (pleasing to the eye) across modes of perturbation,
verbal description of effects, and image quality as a transitive (comparative)
characterl stic.

Results indicate that the combinati on of sampling rate inclusive of
source (sensor) Imagery character i stics , structure (characteristics of dis-
play) and optimi zation (modulation transfer function ) of the entire digital
(processing) system, and the physiology of the visual system, lead to bounds
on digital image quality .
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SE CT I O N I

INTRODUCTION

Digital processing techniques have become commonplace
in th eir applications to imaging systems such that the need
is long overdu e for a digital imagery test set. The objective
of this exploratory investiga tion is to determine preliminary
criteria for such a test set. Necessary prerequisi tes which
are first investigated includ e considerations of image quality ,
detailed analysis of the elem ents peculiar to digita l imagery

and subjective tests of imagery degraded by ba sic digital
param eters .

The image quality considerations are intr oduced in Sec-
tion Il wherein an imagery source , digita l processor , and ob-
server are each evaluated as elements in the imagery chain.
The representation of imagery by digi tal techniques and the
processing of digital imagery is placed in proper perspective
by considering the source characteristics such as its spectral
pr operties , and the observer characteristics.

The sampling and reconstruction of two -dimensional imagery
signals are the basic functions peculiar to digita l imagery and
these are analyzed In Section III. A 1i a~ ing and quantization
noise are emphasized.

Section IV provides the conditions for and the results of

subjective tests. A trained photointerpreter is used to
evaluate the effects of basic digital degradations. Di fferent
imagery sources are used and inc lude visual , FLIR an d SAR.
Digital degradations include additive noise , line jitter ,
quant i zatlon , and aliasing.

Finally, in Section V preliminary criteria for the digital

imagery test set are given and several examples of candidate
tests are provided. The use of Moire ’ patterns, wh i ch are
ideal ly suited for analyzing the str -ture of digital Image

patterns , is included in this Sectiov ..
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EVAL UATIO N

Surprisingly little is found in the open literature on digital image
quality . This preliminary investigati on including both subjective and ob-
jective techniques forms a basis for the definiti on of a digita l imagery
test set.

The recomended test set cri teria should include measurements in four
categories of system performance: non-linear amplitude transfer character-
istic , non-uniform MTF response (for frequencies up to one-half the Nyquist
frequency), non-linear geometric response, and noise effects in general .

Digita l imagery, based on its periodic or array structure, has inter-
esting properties which provide simple tests for many, if not all , of the
categories of system performance.

A wide variety of alternatives were considered in the search for dom-
inant factors of digital image quality . These included physiology of the
visual system, source imagery characteristi cs, structure and optimizations
of digita l image systems, and experimental evaluation of a prelimi nary sub-
jective digita l image test set.

A list of the objective di gital image quality factors was determined:

a. Image extent in number of pixels.

b. Image sampling rate.

c. Image sampling structure .

d. System MTF (Modulation Transfer Function ) below the Nyquist rate.

e. Prefilter MTF response above the Nyquist rate.

f. Postfi l ter MTF response above the Nyquist rate.

g. Number of quanti zatlon levels.

h. Quantization intervals.

i. Gray level reconstruction (false contouring).

Preliminary objective test images suitable for non-mechanized use by an
observer were developed to determine the presence or absence of many of the
image quality factors listed above. The most novel of these are relatively
unique being based upon Moire ’ pattern comparisons against reference images.
A quick guide to system MTF up to the Nyquist limi t was also presented.

10



The following is required in the continuation of efforts to develop a
standardized digital image test set:

a. Subjective evaluation of the complete set of objective image qual-
ity factors previously listed .

b. Development of finished forms of test imagery from the preliminary
concepts described .

c. A survey of current state-of-the-art di gital image subsystems in
reference to the list of obj~ective image factors.

d. Di gital image processing procedures and algori thms and their in-
herent affect upon image quality .

e. Display technology concerning the modulation transfer functi on and
equipment characteristics as they pertain to image quality assessment.

f. Image reconstructi on equipment as they pertain to the production
of a standardized imagery test set.

This initial study has provided the framework for a digita l image test
set wi th continuing efforts re~on.nended for detailed specifications andconstruction of a test set. One development which was started in this ef-
fort and worth explori ng further is the relationship between MTF response
and aliased distortion . In addition , this study has generated computer
programs for the subjecti ve evaluation of digital degradations which would
prove useful for simulating the performance of the sensor portion of the
total dig ital imaging system.

ANDREW PIRICH
Project Eng ineer
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SECTION I I

THE IMAGERY CHAI N

The objective of this Section is to provide introductory
discussions of a digital imagery system in order to define the
criteria for a Test Set. The essen tial elements, or functions ,
of an imagery system are first discuss ed , and are then followed
by considerations of performance. Thus , the notions of imagery
evaluation and image quality , so imp ortant to the test set
definition , are first introduced.

The linking of imagery informa tion between an input source
and the output observer is termed an imagery chain. The sim-
plest case in whi ch only a source and observer are present is
called the natural imagery chain as depicted by the Figure of
2-1. The observer is a human who visually observes the source
representation be it F U R , synthetic aperature radar , or a
visual photographic sensor. The human , being the end user of
the imagery information , is the final judge of what constitutes
“good” performance. This subjective nature of this performance
and the limited body of knowledge on the psycho-visual aspects
of the human observer presents a rather primitive, although to-
date adequate , status.

An image processing functi on when added between the source
and observer constitutes the general imagery chain of Figure 2-2.
With the mushrooming of comput er technology and the ability to
pro cess, or transform , imagery Informa tion almost at will , the
basic questions of imagery eval uation and performance become
more paramount. For example , the image quality , presumed for
a given observer ’s task, can be drastically altered by con- V

trolling the detailed spectral response of the imagery . The
developments of digital image processing have advanced to the
point where basic questions of image quality , especially
digital image quality , need to be answered.

This Section provides an introduction to the essential

it
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Figure 2-1. The Natural Imagery Chain
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Figure 2-2. Inclusion of Imagery Processing
Into the Natura l Imagery Chain
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V
functions of the digital imagery chain in the following para-
graphs. The source and observ er of the natural imagery chain are
discussed in Sections Il -A and Il - B respectively. The governing
characteristics of the image processing subsystem under consid-
eration here will be digita l , rather than photographic , electric ,
or acoustic in nature. The fundamental characteristics of the
digital image processing subsystem are discu ssed in Sections
Il-C , II-D and II-E. In each of these subsections the broader
view is taken in lieu of more specific and detailed concentra-
tion upon the narrow present state -of-the-art considerations.
These narrower consideration s are addressed in Section III.

Once a digital processing subsystem has been inserted into
the natura l imagery chain , the impact on performance must be
evaluated. Imagery evaluation procedures are considered in
Section l I -F . The question of what constitut es image quality
will also be found relevant at this point. The prime indica-
tion of the state of relevant knowledge is that no consistent
definition or measurable indicator of image quality has yet
emerged. This problem is further considered in Section II-G.

A. T HE NAT URAL IMA GERY SO URCE

Not totally as conjecture , the natural imagery source can
be pictured as shown in Figure 2-3. With some abstraction ,
various naturalistic relationships combine with laws of nature
to produce objects; i.e., material bodies of specified composi-
tion occupying specified positions in space. These material
bodies , as a function of their material properties , produce
potential visual features. Usually these features are surface
phenomena (shape , size , roughness , texture) but are occasionally
vo l ume tr i c ph enomen a ( g low , t rans lucence , density). Under self-
or external illumination , these features are converted to a
luminous field, and then are subject to various atmospheric and
optical effects. Upon being subjected to a final perspective

13
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transformation , the luminous field is considered an aerial
image suitable for input to man or machine.

The simpler portions of the natural Imagery source have
been reduced to theory . Certainly the nature of projective
transforms has been understood for a few centuries. The various
atmospheric and optical effects have been catalogued and to a
large degree :nanageab ly reduced to formula. Bas ic  laws of
1nterre 1at~onship of reflectance , transmittance and absorption
as a function of i l luminat ion have been developed.  In e f fec t ,
all of the image modifiers of the image source are reasonably
well understood. What is insufficiently well understood is
the bas ic  s t ructura l  in format ion conta ined in the image. For
i ns tance , it is not presently possible to reduce to formula
answers to the questions: “How are the image reflectance and
t ransmit tance functions of the image features developed? ”  or

“How are the object functions of the environmental relation-
ships deve loped?”

Present efforts toward characterization of the structural
information of an image is simplistic. Nevertheless the
data so derived is useful in determining the impact of current
s ta te -o f - the -a r t  image process ing subsystems . The character i -
zations include measurement and/or modelling of the image spec-
t r u m , ampli tude distr ibut ion , second-order s t a t i s t i c s , etc .

The spatial imagery spectrum is currently the most useful
form of structural  data to be ex t rac ted  from the image. Th is
spectrum data which var ies w i th  c l asses  of source imagery is
par t icu lar ly  useful in determinin g des i rab le  d igita l  sampl ing
f requencies , f i l ter  rol lo f fs , and bandwidth reduction parameters .
The approach taken here is to intuitivel y arrive at an appro-
priate model for image source spectra and then demonstrate that
the model is cons is ten t  w i t h  the actual  spect ra  of severa l
image sources.  One dimensional  s igna ls  are assumed; however ,
the resu l ts  are eas i l y  extended to two dimensions as required.

15
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Consider the hypothetical one -dimensional image gray level
pr ofile shown in Figure 2-4. The variou s gray levels could
correspond to different objects in a scene , each havin g a
different gray shade value. The transitions then are the
object boundaries.

In order to develop the image source model , it is necessary
to determine the probability of one or more gray level boundary
transitions in an interval of length i. In a scene , these gray
level transitions usually occur at the boundaries of material
ob jec ts .  S ince the boundaries of ob jects  in one part of the
scene do not affect the boundaries in another part of the scene ,
and these boundaries are randomly distributed in most natura l
or man -made scenes , the boundaries are easily seen to be
Poisson distribut ed. We shall assume that for a given class of
imagery , there are a gray level transition boundaries per unit
length; of course , a can vary from one class of imagery to the
next.

With these assumptions the orobability of k transitions in
the interval T is given by

Pk (T) ~~~~ e~~
T/k:

In which case it can be shown that the probability of no tran-
sitions in t is P0(r)= e~~

t . (It shou ld be noted that we are
considering the probability density function for the number of
gray level transitions in an interval r; this is not to be
confused with the probability density function for the gray
levels themselves.)

The autocovariance function , C(t), is given by the
definition

C (t) E{(f(x)-Ef(x) )(f(x+r)-Ef(x+r)) }

16
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where E{ - } denotes the expectation operator. It will be
assumed that Ef(x )=Ef(x+r )= 1 . Let T denote the number of
transitions in gray shade in (x,x+r ). Fur thermore let A and
B represent the gray shade value at x and (x+r) respectively.
Then

C(t) = E [(A_ 3i )(B_ l .i)IT OI pr(T=O)

+ E [(A_~i)(B_~i) IT� 1~ pr(T�1 )

It is easy to see that

EI (A_p )(B_ ’u )IT
~OJ = E(A—i i )2

It is also true that

E~ (A-u ) (B-MflT~ IJ = -

This can be shown as follows. It is trivially true that
E(A-~ )=O. Fu rthermore , the variates (A-a) and (B-1.i ) are
conditionally independent given T�1 since if a transition
occur red between x and (x+t) then (f(x)-~ ) will be unrelated
to the value of (f(x+t)-~ ) for imagery . Hence the result
E(A-1 .)(B-p )=O follows. It should be noted that the variates
(f(x)-r) and (f (x+t)-IA ) are, in general, not independent: it
is only when they are conditioned by the event T�1 do they
become independent.

It then follows from the above that , if

a2 Ef f(x)_ii~
2

then

C(T) E(f(x)-i~
2 e~~ tI

so that

18 
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S(w) = 2 
2 = F{o2e~~ f T I } -

w +c*

In this case the image spectrum rolls off at 6 dB/octave (20 dB/
decade) and is characterized by a 3 dB corner frequency of w

0
a

radians/sec. This type of spectrum is referred to an RC spectrum
since it would also result from passing white noise through an
RC lowpass filter. It has thus been shown that an RC spectrum
is a plausible model for imager y sourre spectra.

In order to demonstrate the validity of the RC model , it
is necessary to compare actual imagery source spectra to the RC
spectrum model. The results nf real -t ime spectral analysis of
analog television signals ind icate that television si gnal

spectra rolloff at 6 dB/octave until the upper frequency limit
of the band l imited television signal is reached. Further sup-
port for this mod el for source imagery spectra was obtained
during the study by computing and examining the Discrete Fourier
Transform (OFT) of horizontal , vertical , and diagonal lines of
several images of interest from Section IV . It should be noted
that these DFT’ s are not the source spectra but are based upon a
representation of the source spectra obtained after scanning ,
sampling, and quantizing the original source image. This scan-
ning and sampling process introduces secondar y bandlimitings due
to the lowpass nature of optical lens and the finite bandwidth
of photodetectors and the associated electrical circuitry . More
importantly , the original image was undoubtedly purposely band-
limited (prefiltered) to less than one-half the sam pling rate
before sampling and quantizing to minimize aliasing degradations.
For these reasons , the spectrum that exists just prior to sam-
pl ing and quantizI~~j is more properly called band l imited RC
(BLRC). O’Neal [2] has derived an anal ytical expression for

the autocorre latton of BL u. spectra , w ith the corner frequency
(normalized by total bandwidth) as a parameter. Autocorrelation
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curves corresponding to BLRC spectra with various normalized
c~ rner frequencies are shown in Figure 2-5. With this in mind ,
the OFT results obtained in the Image Processing Laboratory ,
Figures 2-6 through 2-8 , were compared to the BLRC spectrum.
The good agreement also supports the use of an RC image source
spectrum model , if it is assumed that secondary band l im iting is
due to the presampling filter in the scanner.

B. THE OBSERVER
We only consider the human observer. Without too much

conjecture , the human observer can be pictured as shown in
Figure 2-9. An image is perceived by one of the two sensor
modes, to be discussed bel ow. The output of the sensor
operation is then subjected to various feature and object
extractors which operate on the sub-conscious level of the
brain and are thus a ’toma tica ll y performed by the human.
The resulting features and objects are then passed on to the
higher levels of the brain where scene interpretation occurs ,
also on the sub -conscious level. Where there Is time and
opportunity, the conscious level of the brain can perform
intellectual processes to further refine the visua ) response.

Little is understood about the internal processes of

the human observer . What is known is something of the physio-
logy and performance of the sensor precesses. The sensor of the
human visual perception system Is the eye/optic nerve combina-
tion. It Is well known that the first stages of this
comb ination are a lens, followed by a field of photodetectors ,

f .’llowed by postprocessing. The light distribution formed by
the lens of the living human eye on the retina has been

measured and found to be tht .ll ne spread function.

20
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n(x) exp (- a J x I )

For white light and a normal pupil diameter of 3 mm ,a has a
value of about 0.7. The one -dimensional MTF of the lens can
thus be computed to be

2a 1.4
H t w )  = ____________

0.7 +~

which is found to be that of a lowpass filter. The -3 dB
point occurs at approximately 6.6 cycles/degree.

There are two types of detectors in the retina , rods and
cones. These each have different functions. The rods function
primarily at low light intensities and are insensitive to color.
The cones function at norma l light level and are sensitive to
color. The cones are distributed at maximum density at the
center of the retina and are responsi b le for normal vision.

~hey are power -law detectors ; i.e., their output is proportional
to the input light energy . This is experimentally expressed
as Fec hner ’ s logarithmic law. The base of the logarithmic
function has experimentally been placed at .29 to .33 depending
on whether the source ‘Is psychological or psychophysical data.
The logarithmic detector action can be used to explain the
phen omena of “brightness consistency ” - the fact that the same
object observed under diffe rent illumination levels appears to
maintain a near uniform brightness. Figure 2-10 (a) contains the
intensity profile of an object, one under normal light leve l and
the other under five times as Intense an i llumination. The
object to background intensity difference is 1 under normal
light and is 5 under the more intense light. Figure 2-10 (b),
however , shows the relative intensities after detection by the
eye. The object to background and background perceived inten-
sities now remain reasonably constant in both cases thereby
illustrating the phenomenon of “brightness constancy .”
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Obv ious ly ,  however , the eye detection system -Is not an exact
logarithmic function. Figure 2-11 is more exacting. Figure
2—11 (a) shows the subjective brightness as a function of the
image luminance for viewing of an image In a darkened room.
Figure 2-11(b) shows the same relationship for viewing of an
image in a lighted room. In both cases , it must be noted that
the eye can slowly adapt to the average background -image
luminance. The various curves of Figure 2-11 represent dif-
ferent adaptation points. For any particular adaptation and
background light level , there exists a roughly exponential
curve relating image luminance and subjective brightness.

From the above it can be shown that the first two sensor
stages of the eye cannot account for the observed MTF response
of the eye. Postprocessing of the visual image is required.
Anatomically this can be modelled by the backward inhibitor
network of Figure 2-12. This is one of four such model types
proposed for neura l networks. Assuming no self - Inhibiting
action and exponentially decreasing inhibitory interaction
otherwise, this postprocessing stage ‘.an be shown to be a
highpass filter with a response w h ich can be widely adjusted.
Under these condi t ions , the human MTF can be seen to be a
nonl Inear function of the Image modulation level as shown In
Figure 2-13. The utility of such a response is not fully
understood at this time but matches experimental data. This
response is thought to reflect one extreme of the self-ad just-
ment behavior of the eye following some Internal criterion of
adjustment for ‘Image quality. Figure 2-14 shows another such
indication of the self -adjusting behavior of the eye to image
content as a function of visual angle , contrast , and background
brightness. When any combination of these factors falls below
the curved surface, image discrimination will fail , while a
combination falling on a point above the surface permits seeing.
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C. MAJOR COMPONENTS OF THE DIGITAL IMAGERY PROCESSING
SUBSYSTEM

A Digital Imagery Processing Subsys tem is composed of the
elements showfl in  Figure 2-15. Generically, it consists of a
conversion process which converts the aerial image into a digi-
tal representation. Once the d i gital image has been appro-
priately processed , it is converted back to an aerial image
for viewing by the human observer.

It is most instructive to the purposes of the s t u dy to f i r s t
view the process on an abstract level. Just as one can plot
i ndividual numbers on a graph or as positions in three -dim in-
slonal space, so can an eqtire image be thought of as occupying
but a single point in an infinite dimension space. Thus image

and image 8 can occupy positions in this space as shown in
Figure 2— 16(a) . The digital input conversion process partitions
this space into regions such that if an input image lies in a
particular region R , then the output of the digital image input
conversion process is the code symbol R. In Figure 2-16(b)
three such regions A , B , and C are shown. The symb ols A , B ,
C thus are three separate digita l images. Now if input images

~ and ~ are input to the digital input image conversion process ,
the digital images A and B would be respectively output.

The digital image processor most generally is a many to
one mapping between d ig ita l images as shown in Figure 2-16(c) .
In the example shown , the digital images A and B are processed
into the digital im u ges 3 and 2 respectiv ~ ly.

The dig i ta l m m ~~. r~ttput conversion process is then a
mapping back into image space on a 1 to 1 basis , i.e., one
digita l Image gives one point (one aerial image) in image
s p a c e . Th i s action is shown in Figure 2— 16(d) .

If the action )f the entire d i g i tal image processing sub-
system is sought , then the composite input conversion , digital
processing mapp ir~~, and output conversion action must be deter-
mined. This is shown In Figure 2-16(e). the composite of the

33
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(a) Input Image Space

- Input
Image ~ lnput

Digital Image ~
Image A Digital

~~~~~~~~ g i ta1 

ge B

(b) The Digital Image Input Conversion Process

Dig i tal Di gi tal V

Ima ge Ima ge

(c) The General Digital Image Processing Mapping
Figure 2-16. Abstract Representation of the Action Taken By V

A Di git al  Ima ge Process i ng Su bsystem V
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(d) The Digital Image Output Conversion Process
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(e) The Composite Image Processing Subsystem Action

Fi gure 2-16 (Continued). Abstract Representation
of the Ac tion Taken By A Digital Image

Processing Subsystem
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ac tions of Figures 2-16(b), (c), and (d). Here it is seen
that any i n put aerial image lying in Regions A , B , or C w i l l
result in output aerial images I , I I , or III respect ively.
Thus if image ~ i s  i n p ut , image III will be output , or if
image ~ i s  in p ut , image 11 will be out put.

From the abov e discussion three important conclusions
eme r ge . F i r s t , in a digital image processin g subsystem , many
input images may result in the same output image , or conversely,

an y two specific inp ut images may result in the same output
image. Second , the output image need not bear any resemblance
to its input ima ge , or conversely, i t  may b e a r  an y r e s e m b l a n c e
to its input image. Fin ally, the response of the di g ita l image
subs ystem to any ima ge (such as a test imag e) in no way i~
necessaril y indica tive of its response to any other fmage.

W hile the above conclusions are true , current useful

theoretical approaches to the digita l image processing sub—

system are more restrictive . These processes are discussed In

Sec tions 11-0 and II-E . Current state-of-the -art hardware

implementations are even more restrictive. These are con-

sidered separately in Section III.

D. THE D I G I T A L  IMAGE C O N V E R S I O N  P R O C E S S

Since there are no digital imagery sources in nature and
since the perceptual system of the human observer Is ill -
equipped to directly deal with the digital image once formed ,
there must exist conversion processes as shown in Figure 2-15.
Current examples of hardware realizations of the input conver-
sion process are CCD-TV , half -tone lithography , and laser beam
scanners. Current examples of the hardware realizations of the
output conversion process are digital CRT monitors , half-tone

printers, and laser beam reproducers . Implementation specific
data is conta ined In Sect ion  III. The u t i l i t y  of the present
discussion is that it is more specific than that of the prior
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section but is general enough to encompass the majority of
future s ta te -o f -a r t  deve lopments .

At the usual theoretical level , a digital Image can be
taken as a finite collection of finite valued integers . Given
this , an i mmediate relevant question arises; “Is it possibl e
to develop digital image input and output conversion processes
which will in all cases produce an output image identical to
the input image?” The response Is NO , since there are infinite
numbers of possible input images but only a finite number of
digita l images. This succinct observation brings one rap idly
to the crux of the matter - “With what quality does a given
output image(s) approximate its input image(s)? ” Since a
general definition of image quality definition has not yet been
agreed upon , the above question of image qual ity will be
indirectly pursued.

In Figure 2-16(a), if image a is output when image a is
input , then the image quality of the interven ing processes can
be said to be perfect for that image. If , however, an image is
output which is sufficiently close to image a , then the image
quality of the intervening processes should again be good. If ,
however , an image is output at a yet greater distance from
image a in image space, then it is reasonable to assume that
the image quality is not as good since the two images will be
more dissimilar. Thus it Is possible to loosely associate image
quality with distance in image space , in that as the output
image draws closer to the input image it Is reasonable (but not
strictly necessary ) that the image quality o4 the output Image
should increase. It is possible therefore to replace the
desire for d i g i ta l  convers ion  processes  of high im~* quality
by the des i re  to min imize the a.verage d i s t ance  between an input
image and output image In image space . Th is  average d is tance
is w ide ly  referred to as the average mean square error of the
output image re la t ive  to the input image. It is poss ib le  to
show that the average mean square error can be made as - 

-
.
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r
E . D I G I T A L  I M A G E  P R O C E S S O R

The di gital image processor (DIP) is a digitized version
of the “ Ima gery Process i n g S u b s y s t e m ” of Figure 2-2. Hence It

is typically a specialized digital computer performing one or

more algor ithms on the digital data.

There are several different ty pes of digital image pro-

cessing in use today . One of the first uses was that of data
com pression where the DIP reduces the amount of digitized data
needed to represent an image; typically the DIP would then
inclu de a TV camera , A/D converter , orthogonal transform
algorithm , a co mmunications channel , a receiver , detransformer ,

0/A converter and finally, a TV monitor.

Ano ther common type of DIP is one used for image restora-
tion . H e r e , the digita l computer attempts to correct or com-
pensate for the optical imperfection s of the imagery processing

subsystem . F o r  e x am p l e , the DIP may introduce an effective

change in the M T F  to compensate for the TV camera ’s MTF so t h a t
the visual h i g h frequency content of the scene is more readily

v i s i b l e  to a human observer.

Yet another type of DIP is that of image enhancement. This 
V

c o n s i s ts o f performing operations on the image to make it appear

more pleasing to the eye or increasing its utility to a human

observer . To date , image enhancement consists mostly of ad hoc

techni q ues , al though the potential to incorporate knowledge of

the human visual system appears to be good. One arbitrary exam— V

pie of image enhancement is g ib en in Figure 2-17 for whic h the

out put is not necessarily a replica of the input but has certain

desirable features enhanced.

~~~~~~~ 
-~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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(a) The input
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(b) The output

FIgure 2-17. Results of an Arbitrary Digital
Ima ge Process i ng Action
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F. IMAGE EVALUATION

Evaluation of the changes effected by a digital processing
subsystem can be accomplished by any of the three measurement
methods of Figure 2-18. In contrasting the three methods it
must be noted that the three methods use significantly different
evaluation structures , a n d  t h u s , the evaluation outputs can be
expected to be quite different in content. The choice of eval-
uation technique will , therefore , be conditioned on the end use
of the output evaluation.

The mathemat ical approach is wel l suited to the measurement

of sys tem parameters against mathematically defined specifica-

t i ons  s uc h as

• Modula tion Transfer Func tion

• Si gnal-to-Noise Ratio

• Gra y Level Mapping

• Resolu tion

• Area Equ ivalent MTF

• Dynamic Range

The sub jective approach is well suited to the cataloging

of human perceived changes engendered by the digital system such

as

• Cr ispness

• Br ightness

• Loss of Detail

• A ppearance of Spurious Patterns

• Sparkle

• Con trast

The objective approach is well suited to the determi nation
of impa irment or facilitation of the observer ’ s r e a c t i o n s  s u c h
as
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• Detection Time

• Accuracy of Reco gnition

• Mensuration Abili ty

G . I M A G E  Q U A L I T Y

There exists no commonly accepted definition of image
quality in the literature. In the case of interest here , i .e.,

the insertion of a digital imagery processing system into the
natural imagery chain , image quality can reasonably be taken
as the percentage measure of how well output Images approxi-
mates their respective inp ut images for the task at hand. The
following problems aris e, however:

• What is the appropriate measure of image quality ?

• What is the set of input images to be consi dered?

• What is the task at hand?

An appropriate measure of image quality is not yet recognized in

the literature. However , i t is generally thought that the par-

ticular measure of average mean square error between input and

ou tput image is not appropriate. For the purposes of this

re p or t , an d particularly Section IV , the measure is indirectly

def ined as the percentage utility of an output reconstructed
di gital image to the inpu t Image , as verbally expresse d by a
trained photoint erpretator.

The set of in put images to be considered is u su a l l y
in directly defined by examples or modelling such as performed

in Section Il-A. Section IV considers that the Input image
ensemble can be adequatel y specified by a few well chosen

e x a m p l e s .
The task at hand is a critical question. It could range

from artistic evaluation to target detection. In Section IV the

t a s k  a t  h a n d  Is indirectly defined by asking the trained
photoint erpretator to assess the images based upon his expe-
rience in photo interpretation.

I
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Although image quality has not and can not be definitized

here , it is interesting to note what some of the desirable
properties of a measure of image quality should be if it is to
be mathematically useful and logically sound .

First , the condition of equality of image qu ality should
be an equivalence relation. That is , the following should be
obeyed:

(1) Symmetric Relationship

Any given output image s h o u l d  p o s s e s s  the
same image quality relative to the input when
compared with itself. This is patently true.

(2) Reflexive Relationship

If two out put images A and B possess equal

image quality , it should not matter that B is
being compared to A or that A is being compared
to B. This also is patently true.

(3) Transitive Relationship

If (1) two out put images A and B possess

equal image quality and (2) the two output images
B and C possess equal image quality , then (3) A
and C possess equal image quality . Many observers
question if this is true. For instance , (1) if
an output image A containing much noise seems to
possess upon comparison with image B containing
no noise but low dynamic range the same image
quality , and (2) if image B seems to possess
upon comparison with image C containing jitter
the same image quality , then (3) it is not
n e c e s s a r i l y  apparent that image A containing
noise will appear to possess the same image
quality as image C containing jitter when
directly compared. This problem Is experimentally
addressed in Section IV . ~~~
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The equivalence relation is ba sic to the formation of any
mat hematical measure. Should the equality of image quality not
exist , there will be littl e means by which a body of image
qual ity theory can emerge.

Second , images should be rankab le in terms of image quality .
That is , if the qual ity of image A appears better than that of
B , and in dependently, the quality of B appear s better than C ,
then when directly compared , A shoul d also app ear better th in C.
Obviously, if this does not hold , it will  be im p ossible to
obtain a measure of image quality . This condi tion is further
considered in Section IV .

T h i r d , image quality should ideally be a metric , i .e . ,
the closer the output image is to the input image, the better

should be the quality. One common example of a metric is the

mean squared error (MSE) criterion. In some app lications, th is

is likely not to be true since for instance , one can m a k e  an
ou tput image very similar to the input image except for a

blackening of a very small area. The quality will drop pre-

ci pi t a n t l y , h owe v e r , if that blackened area happens to contain

the target of interest but the MSE will be little affected if

the blackened area originally contained the target of interest

i n a d a r k  b a c k g r o u n d .
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S E C T I O N  I I I

S C A N N E R S  AND R E P R O D U C E R S

In this section , the theoretical and practical aspects of

the scanning and reproducing of source images are considered.

The image degradations introduce d by spatial sampling and

reconstruc tion are discussed in Section I ll -A followed by a

discussion of the image degradation due to quantizing noise in

Section Ill-B. Finally , some of t h e  p r a c t i c a l  as p ec ts  of i ma g e
degradations introduced in the scanning and reproducing process

are examined in Section I ll - C.

A.  S P A T I A L  S A M P L I N G  AND R E C O N S T R U C T I O N

Two fundamen tal operations are performed by the scanner

in any digita l imagery system: two-dimensional spatial sampling

and quant izing each of the resulting analog values to a finite

number of bits; i.e., a form of the general finite orthonormal

approximation and digitization process , Section II-E. The

resul t of these two operations is a digital repres entation of

the source ima ge that is discrete in both space and amplitude.

The dig itized image may be thought of as a two-dimensional

matrix of sample val ues , in which each sam ple value is allowed

to have one of a finite set of values. For conven ience , t h e
Image is considered to be one-dimensional for the remainder of

this section since the conclusions are readily extended to the

two -dimensional case. In addition , some of the discussion is in

In terms of time signals rather than spatial images. The corre-
spondence between one -dimensional spatial images and time - signals
Is straightforward.

I
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1. The Nyquist Sampling Theorem and Tim e-Limited Real Signals V

T he Nyquist Sampling Theorem states that any function f(t)
containing freq uencies no high er than W can be perfectly recon-
structed from its samp les t a k en 2W s econ d s a p a r t. S i g n a l s
w h i c h  are s a m p l e d  l e s s  fr quen t ly  than f 5 =2W s a m p l e s / s e c o n d
s u f f e r  a type of d e g r a d a t i o n  c a l l e d  “ f o l d o v e r ” or al l a s i n g ,  i n

which high source frequency comp onents masquerade as lower

fre q u e n c y co mp o n e n t s  i n  th e r e c o n s t r u c t i o n  p r o c e s s .  A s u b t l e t y
involved in any pr actical application of the Nyquist Sampling
r heorem is due to the fact that any real-world signal of prac-

t ical interest is finite in extent (time or space) and cannot

therefore be truly bandlimited in the stri ct sense. This

i m p l i e s  t h a t  the samp led  s i g n a l  canno t  be r e c o n s t r u c t e d  e x a c t l y
for any finite sampling rate ; however , t h e  e n e r gy of t he  e r ror
s ignal can be made as small as desired by incr ~ a~ i na t h e sam-
pling rate. A result due to Landau and Po ll ak ~

3’ q u a n t i fi es
the tradeoff between sampling rate and error signal energy

as f o l l o w s :

if x(t) is time -l imited to T seconds and the

s ignal energy that falls outside the bandwidth

B Hz is less than or equal to k times the total

s igna l  energy , then the energy of the er ror
s ignal between x(t) and an approximation con-

structed using 2TB signal samples is less than

12 kE .

Us ing the results of reference [3] , siepian [4I has  p ropose d

meaningful defini tions for band l imited and time-limited signals

usin g the notion of “ d i st ifl gu i shabi l ity at level E . ”

One of the measures of image quality that is directly

related to the spatial sampling rate is spatial resolution;

a nother measure of image quality related to spatial sampling

rate is the degree of a l iasing degradati ’on p r e s e n t . The
relationships and tradeoffs among image bandwidth , i mage

48 
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r e s o l u ti o n , sampling rate , a n d  a l i as i n g e f f e c t s  a re c l a s s i f i e d

in the following paragraphs.

2. Image Resolu tion and A l i a s i n g

The original image to be transmitted possesse s a cont inuous

spec trum of spatial frequencies much as shown in Figure 3-1 .

W hen this image is (ideally) sampled at the scanner , the sam-
p l i n g  pr ocess drastically modifies the original image spectrum

as shown. The sampled spectrum is composed of an infinite

number of original image spectra spaced at interval s 
~ 

(the

sam pling rate) apart. When the transmitted sampled image is

rece i ved  a t the r e c o r d e r , i t  i s  d e s i r e d  to d i s p l a y no t t h e
sampled image itself , but a reconstruction of the original

image. This is accomplished by trying to retrieve the spectrum

of the or iginal image by isolating the fundamental spectrum

(cross hatched in Figure 3-1 and other figures) of the sampled

image . This may be accomplished by placing the sampled image

through the lowpass reconstruction filter shown in Figure 3-1

which “ removes ” all ima ge data above spatial frequency 
~~~~ 

to
provide the reconstructed spectrum for display. Note that if

the repeated spectra of the sampled image overlap as shown

i n F i g u r e  3- 1 , then the isolation action of the reconstruction
f il te r is imperfect and some spurious detail called a l i a s i n g ,

due solely to the sampling process , enters the displayed image.

Since it does not visually relate to the basic image data this

spurious deta il is normally perceived as image noise degrading

the quality of the display image.

A gra phic example of the a l iasing effect is shown in Figure

3—2 , i n which a sinusoid of linearly—increasing (with space)

spatial fre quency (a “ c h i r p ” waveform) whi ch has also been

sampled at a fixed frequency f5 Is d ’ s p l a yed on a r e c o r d e r
ha rdco py output. In this figure , the ab scissa is spatial

location an d since the source frequency is increasing with

t i m e , a spatial frequency can be identified with each spatial

49
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location on the abscissa. Because the MTF of the recorder

a ttenuates all spatial frequencies greater than f5/2 , o n l y

the aliased frequency is visible on the recorder output. In

Figure 3- 2 the spatial frequency at spatial location x0 i s
ze ro. For source frequencies higher than f5/2 (at x 1 i n  the
figure), the MTF of the recorder attenuates the fundamental

(principal alias) and passes the aliased frequency . At x2,
t he source frequency is equa l. to f5 and the aliased frequenc y

is zero wh ile at x4 the aliased com ponent associated with 2f 5
has zero frequency ; the zero frequency display is evidenced

as the three widest black stripes in the figure at x0, x2, and

x4. Although it is incidental to the discussion of al i a s i n g ,

note the char’~e in contrast along the vert ical axis of Figure

3-2 w hich indicates that a l iasing is not a function of contrast.

In  g e n e r a l , there are only two ways theoretically to

V 
remove any spurious aliasing. The first is to move the spatial

sam p l i n g frequency up to an which is twice the spatial

frequency content of the original image and to move the recon-

struct ion filter lowpass cutoff to one-half that amount. The

results are seen in Figure 3-3 for this case. S i nc I~ the

repeated copies of the original image spectrum w i t h i n  the 5 V ~~ I VV ~~

p l ed  i ma ge do no t  now o v e r l a p, t hey  can  be c o r r e c t l y  s e p a r a te d

by the lowpass reconstruction filter without incurring any

image degradation due to aliasing. The only problem with this

approach Is that is is counterproductive in terms of conserving

image transmission bandwidth as it requires the transmission of

more data due to the higher sampling rate . The second approach
places a prefilter prior to the spatial sampler as shown in
Figure 3-4 in order to “remov~~’ all original image spatial
fre quencies higher than one -half the sampling frequency f5 .

This prevent overlapping of the repeated copies of the pre-

filtered original image spectrum. Since these repeated ~ copies
do not overlap, they can  now be c o r r e c t l y  s e p a r a t e d  by t h e
lowpass reconstruction filter without incurring any image
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degradation due to alias lng. The net result has been to reduce
the system resolution and eliminate aliasing degradation. As
pictured in Figur e 3-4 , the final reconstructed Image possesses
none of the degradations of a l iasin g , although the resolution
is poorer when compared to that of the original image.

3. Aliasing Considerations in Image Resolution Reduction

In many practical image scanning and recording systems

there exists a requirement for more than one avai lable resolu-
tion. This requirement can be met by always sampling at the
highest rate requir ed and reducing the number of pixels in the

digitized image whenever lower resolution is required. There

are several ways in which the number of digitized image pix els

could be reduced; the simplest of these , involves merely

re taining only the n th  pixel of every n th line. Theoretically

this action is equivalent to inserting a supplem entary spatial

sam pler into the system of Figure 3-4 at the location shown in

Figure 3-5 . The result of this reduced sampling rate is a

repet ition of the imagery spectrum at frequency intervals f
~

/n
w hich causes a heavy overlapping of the fundamental image

spectrum (crosshatched i n  F i g u r e  3-5). Since there is no re-
construction filter which can isolate the fundamental image ,
there will be considerable spurious detail within the disp layed
image as shown in the frequency spectrum of the reconstructe -d
image in Figure 3-5. This aliasing, of course , visually
appears as n oise-like detail degrading the image quality .

What modifications to this redundancy removal technique
are appropriate in order to reduce the excessive a l ias l ng
effects Incurred? From the sampling theory discussion of
Figure 3-4 , it Is clear that an appropriate prefilter must be
provided with a cutoff of 0.5 f5/n and that the reconstruction
filter cutoff must also be decreased to 0.5 f

~
/n.

If one now abandons the one -dimensIonal signal assumptIon
and genera l i zes  the resu l ts  to a two-d imens iona l  spa t ia l  Image,
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r
it Is clear that the 1’ redundancy removal” filter function of
Figure 3-5 must be a two -dimens ional filter function. Imple-

menting such a two-d imensional filter function requires enough

memory to “ sequentially assemble 11 the pixel values in a suffi-

ciently large neighborhood of each image pixel as the image is

point scanned. These neighboring pixel values are then pro-

perly weigh ted and summed to provide a single ou tp u t v a l u e
at each sampling instant.

The we ighting function corresponding to the ideal lowpass

filters shown in Figure 3-6 is a two- dimensional sin x function ,

which Is infinite in extent. Truncated x weighting func-
tions could be used to approximate the lowpass filter charac-
teristic. As an example of the a l iasing degradation that can
be encountered in practical resolution reduction operat ions ,
assume that the weighting function (one-dimensional case) is
uniform and encompasses a number of samples corresponding
to twice tl~e one -d imensional resolution reduction ratio , i.e.,
for a 4:1 resolution reduc tion , eight samples would be uniformly

weIghted.
The model for such a resolution reduct ion approach and

corres ponding spectra at key points are shown in Figure 3-7. In

Fi gure 3-7 , h 1 (t) is the digital decimatin g filter and h2(t) is

the interpolating filter which includes the model for the analog

Interpolation process (D/A converter , sample -a nd -hold post
filter). Note the presence of aliasing between 0 and f5/8 and
the unwanted spectral components between f5/8 anf

An alternative decimation approach that requires only ones

fourth (for the two -dimens ional case) of the computational
complexity of that shown In Figure 3-7 involves usin g only
four input samples rather than-eight (see h 1(t) of Figure 3-7)

to obtain each ‘ representative 1’ pixel. The penalty for this V

reduced computation requirement is that the a l ias l ng becomes
more severe. The principal (desired) alias of SE (f) in
Figure 3-7 Is contaminated only by side lobes of the remaining
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aliases for eight - sample decimation , whereas four -sa mple
decimation causes the principal alias of SE (f) to be contamin-
ate d by the main lobe of the nearest alias , in addition to the

side lobes of all the remaining aliases.

B. QUANT IZATI ON OF IMAGE SOURCES

In or der to transmit a representation (approximati on) of
an aerial image to another location using a digital channel ,

the source must first be sampled and then qu antized. The

ima ge degradations introduced , viz., alias in g and resolution
re d u c t i on , in the sampling process were discussed in Paragraph

I ll - A . The degradation s incurred as a result of the scanner

quan tizing Figure 3-8(a) and reproducer gray level mapping,

Figure 3-8(b), processes taken together , Fi gure 3—9 , w i l l  be
treated here. Three approaches of increasing complexity and

performance are described. This is followed by a discussion

of the quantizing performance criterion and the determination

of optimal quantizing characteristics.

1. Three Approaches to Quantizing

Assume that the sequence of numbers that results from the

sam pling of the image source produces Gaussian samples that are

independent. The simple st way to convert this sequence of image

sample values into a sequence of bits is to utilize a quantizer
having M uniformly spaced output levels to map each input sample

value into one of the M output levels.
The quantizing distortion that results is a function only

of the number of levels M and the spacing between levels. This

simple approach of digitizing the source sequence on a sample-
by—sample basIs requires r bits/sample where

r ~ 1092 M
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A more com plex quantizing approach treats the quantizer

ou tput as a M-ary source and assigns binary codewords to

sequences or blocks of quar i tizer outputs. As the number of

quan tizer output symbols per block becomes large , the m i n i mum
number of bits /sample can approach log 2M , where M need no t be

an integer power of the base two . No te that the two approaches

above yield an identical number of bits/sample in the special

case M= 2~
’, integer = r.

The third and most complex of the three quantizing ap-

proaches takes advantage of the fact that a discrete-time

Gauss ian source will not have equiprobable outputs. For any

source with a nonuniform amplitude p r obability density function ,
the M- lev e l quantizer output will exhibit an entropy that is

l e s s  th a n  l o g 2M bits/sample. The output of such a source

quantizer can be entropy coded with a number of bits/sample

that approaches the informational entropy of the quantizer

output.

2. The Quantizing Performance Metric

The performance metric for quanti zers is usually taken

as the mean -s quared error (MSE) between the quantizer input
(source) and quantizer n~~V~~~p u t .  Althoug h it is recognized that

mean -s quared error is an inadequate metric of subjective image

quality , it is a useful measure of ima ge quality in the sense

that , i f th e MSE i s ma d e s u f f i c i e n t l y s m a l l , the subjective

i mage quality wi l l  be perceived as being “good” r a t her th a n
“fa ir ” or “ poor ’ . Whichever of the three quantizing approaches

d iscussed is chosen for quantizing imagery , the quantizing

c haracteristics can be specified so that the quantizing dis-

tortion (MSE) is its minimum possible value. All that is

required is a knowledge of the amplitude probability density
function p(x) of the source , w hich can be used to specify the

quantizer threshold values x .~ and re presentation v a lues y~
by solving (numerically) the simultaneous equations
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y . f  i+1 xp(x)dx i = 1 ,2

and  us i ng

x .~ = (y1 -’-y 1_ 1 )/2 i = 2 ,3 •

I t is clear from the first of ‘~hese equa tions that the opt imum

representation level y 1 is the centroid of th e area of p (x)
b e tween  x 1 an d x~~ 1.

3. Source Coding Subject to a Fidelity Criterion:
S h a n n o n ’ s Rate-D istortion Theory

For all use ful quantizing characteristics the magni tude

of the MSE decreases as the number of bits /sam ple increases,
f

i.e., the channel bit rate can be traded for quantizing

dis tortion power c2 .

The lower boun d for this tradeoff is given by Shannon ’ s[~
]

rate- d istortion theory result

R(bits /samp le ) = 1/2 log 2 (~
2/ 2) V

w here

= input signal variance

and

a 2 / c 2 
=- signal -to- quantizing noise ratio

It is of interest to compare the performance of the three
quantizing approaches described previously to the rate-distortion

bound above. Figure 3-10 (taken from [6]) ind icates that entropy
coding of each un i formly -quantized Image -source sample (see the
I- (Q(v) curves) performs with in 1/4 bit of the rate -d istortion
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bound. The curves in Figure 3-10 desIgnated M(c 2) an d B (c2)
refer to block coding and sample -to- sample quantizing, respec-
tively, and show that even these relatively simple techniques
exhibit rate-distortion performance that is reasonably close
to the Shannon bound for moderate values of MSE.

As might be expected , nonlinear (nonuniform ) M- level
quantizers yield smaller MSE than linear (uniform ) M -level
quantizers for any nonuniform probability density function ,
although the difference is relatively small for Gaussian
signals (see Max [~

]) .
Curiously enough , if the quantizer output is to be entropy

coded , uniform (i.e., linear) quantizing gives lower MSE than
nonuniform quantiz ing, as proved first by Gish and pierce [8l~
and then by Wood [~

]. This result has been shown to hold for
any reasonably smooth probability density function , not just
Gaussian distributed signals.

Because of their relative simplicity of implementation ,

l inear quantizers without entropy coding are often used to

digitize image sources on a sample-by -sample basis. It can
be easily shown that the quantizing noise power is given by

~
2,12 (~ =qu antizer stepsize), regardless of the probability

density funct ion , if the number of quant i zer levels is not too
small. The signal -to - quantizing noise ratio (SNR) can then be
obtained If the stepsize can be expressed in terms of signal
power. One commonly used quantizer is the 4a quant izer in
which the maximum quantizer output level is designed to be
four time s the rrn s signal level; i.e., V peak =4

~1• 
Using the

relati onships

= total quantizer range/number of levels -1

2V 
• 8

= PjP = — , n = — bits/sample
(2 n_ ) 2n y

and NQ ~
2/12
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the resulting expression for SNR is

2 12(2 fl ) 2
SNR = a /N~ = 

28

or , in dB ,

SNR (dB) = 10 log SNR = (6n-7.27) dB

O f course, this expression is only accurate for signals whose

rms value a is one-fourth the maximum quantizer output level.

The corresponding derivation for full load sinusoidal
signals yields

V 

SNR(dB) = (6n+1.76) dB

A problem encountered in practic e is that real world

signals are seldom trul y stationary with respect to either

signal power or amplitude probability density function. This
fact results in suboptimum quanti zation. This effect can be
ameliorated by designing a suboptimum lo garithmic p -law quan-

tizer that performs well with a wide variety of probability

density functions over a wide dynamic range of in put power
levels . The performance of p-law quantiz ers is given ~o] by

SNR (dB) = 20 log ( ~~ 2 dB
\ log( 1+ p ) /

and for the commonly used p =255 system , this reduces to

SNR(dB) (6n-2.86) dB .

The rate distortion bound on SNR performance can be
obtained from
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_________ = R (c
2) = ~ log 2 (0

2/N Q ) 
= ½ log 2(SNR )

which implies

SNR (dB) = 10 log ic (2 2n ) = 6n(dB)

Since one bit is equivalent to 6 dB , the 4a quantizer and p -law
(p 255) quantizer perform within 1.2 bits and 0.48 bit of the
rate distorti on bound , respectively.

C . PRACTICAL DIGITAL IMAGE DEGRADATI ON MECHANISMS

It has been shown above and in Section lI-C that any dig i-

tal image conversion process must introduce image degradations.
It was also shown tha t theoretically, t h e s e  d e g r a d a ti ons  c o u l d

V be made as insignificant as de sired.
In addition to any theoretical degrada tion incurred , there

normally exists a larg e repertory of degradations encountered
due to practical impl ementation considerations. For instance ,
any structural or parameter change from optimal will result in
degradation. These changes can be due to noise , spurious sig-
nals , device limitations , design choice , the environment and
component failures. In the most general state -of-the -art case ,
general or thonormal operation , t h e  e f f e c t s  of these changes from
optimality are blurred across the imaQe . Thus the degradation

will subjectivel y appear as a general wor sening of Image
quality -ge nerally wit h li ttle specific to point to other than

loss of resoluti on , contrast , and mudding of Image detail.
In the case of spatially sampled orthonormal conversion ,

the effects of Image proc ess ing system changes from optimality
are much more distinct and differentiated than in the case of
general orthonormal conversion. Since spatially sampled ortho-
normal conversion is used In the vast bulk of current state-of-
the -art Imagery scanners and recorders , It becomes important to
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look more closely at their practical degradation effects.
First , note that the orthonormal basis used is the impulse
function. As a result , it will typically be found that any
system change from opt ima lity will affect only a very small
region of the image. This is largely due to the fact that in
this system any unit of data passing through the process con-
tains information only about a corresponding local region of
the image . If this data is perturbed by a system change , it
is normally seen as a localized phenomenon (which may apply

equally across the image). The eye of the observer , however ,
considers local imagery changes as imagery detail. Thus , those
system changes which result in nonhomogeneous imagery degrada-
tion , i.e. , localized changes , will be especially apparent.

In the case of digital scanners and reproducers , the
following is a list of commonly encountered practical departures
from theory , possible sources of the departure in terms of com-
monly encountered scanners and recorders , and the most likely
perce ived form of the resulting degradation.

Scanner

The Prefilter MTF Cutoff Frequency is Below Optimal

Possible Sources:

• System design

• The scanner optical path

• The scanner electronic circuits and
filters

Perceived Degradati ons:

• Loss of fine detaIl , blurring (higher
spatial frequ encies)

The Prefilter MTF Cutoff Frequency is Above Optima l

Possible Sources:

• System design
• The scanner optical path
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• The scanner electronic circuits and filters

Perceived Degradation s:

• False low spatial frequency patterns
instead of and at an angle to strong
high spatial frequency image detail
(such as waves at sea , plowed fields ,
shingled roofs , etc.)

• Periodic dropouts of thin lines at a
slight angle to the scanning raster
(such as seeing a dashed line wher e
a power line is known to be present).

• Regular structure or detail on a
boundary in the image known to be
short and smooth

• General mottl ing of the image

The Prefilter MTF Curve Shape Departs from Optim al it~y

Possible Sources :

• System design

• Optics

• Detector

• Preamplifier

Perceived Degradations:

• Decreased resolution (blurring)

• Ringing (appearance like ripples
i n wa ter )

• Increased raster visIbility

• Image too dark or too light
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The Sampling Rate Is Reduced Appreciably

Possible Sources:

• System design

• Electrical component failure in clocking
c ircuit

• Operator error

Perceived Degradations:

• Loss of fine detail (above 1/2 the  s a m p l i n g

rate)

• Ima ge degenerates ultimately to a matrix of

dots of varying intensity

• The effects (above) caused by the MTF

going above optimal

The Sampling Rate is Systematically or Randomly
Ve r t U r bed

Possible Sourc~-

• System design

• Elec trical cr iponent failure in clocking

c i r c u it

• Mechan ical scanning imperfections

Perce ived Degradations:

• General mottl ing (for high spatial

frequency perturbations)

• Image waviness or patterns in the image
Structure (for moderate spatial frequency
perturbations)

• Geometric- distortion accompanied by
effects (above) caused by MTF cutoff

going above and below optimal (for
low spatial frequency perturbations). 

V
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r
Th e  Spatial Sampling Structure Departs from Opt imality

Possible Causes:

• System design

• Electrical component failure in sync

circuit , line start circuit

Perceived Degradations:

• Effects (above) caused by MTF cutoff

going above optimal - generally along one

direction in the image , and simultaneously

• The effects (above ) caused by MTF cutoff

going below optimal -a long some other

direction in the image

The Di gitizer Levels are All Chosen Too Low

P ss jble Causes:

• System de sign

• Preamplifie r gain increased

• A/D malfunctioning

• Input image too light

Perceived Degradations:

• Total loss of detail in highlights
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The Digitizer L e v e l s  are Al en Too High

Possible Causes :

• Syste m design

• Pream plifi e r  gain decreased

• A/D malfunctioning

• Input image too dark

P e r c e i v e d De g ra d a t i o n :

• To tal loss of detail in shadows

One o r More Digitization Intervals is Enlarged

Poss ib l e  S o u r c e s :

• System design

• Detec tor/preamplifier gain curve departs

from opt imality

• A /D malfunctioning

P e rce i ve d De g r ada ti o n s :

• False con touring seen in detail-less areas

• Por tions of picture appear painted

• Loss of low con trast detail

• A pparent increase in image contrast

One or More of the D igj tization Intervals is R a n d o m l y
or Systematically Per t u r b e d

Poss ible Sources:

• Mechani cal vibrations

• De tector noise

• Pream plifier noise

• A /C malfunctioning

Perce ived Degradations:

• Spot noise in the image

• General mo ttling

• Granularity 
. . .



Re producer

The Gray Level Mapping Levels are all Chosen Too Low

Possible Causes:

• System design

• Insufficient light ou tput

• Insens itive output medium

• Am plifier gain too low

Perceived Degradations

• Ima ge is too dark

• Cannot see shadow detail

The Gra y Level Mapping Levels are all Chosen Too High

Possi ble Causes:

• System design

• Too intense a l i ght output

• Too sensitive an output medium

• Am plifier gain too high

Perce ived Degrad ations:

• Image is 11 washed out ,” flat

• Low contrast

One or More of the Gray Level Mapping Levels is
M i s c ho sen

Poss ible Causes:

• System design

• Am plifier/light modulator/output medium

ga in curve departs from opt imality

• D/A ma l functioning

Perceived Degradations : V

• False containing

• Masking of image detail

• Loss of contrast
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One or Mo re of the Gray Leve nterv a ls is R a n d o m l y
or Systema tica lly Pe rt u r b e d

Poss ible Sources:

• Mechanical v ibration

• Li ght modulator noise

• Amplifier noise

• Channel nois e

• A /C malfunctioning

Perceived Degra dations:

• Spot noise in the image

• General mo ttling

• Scan pattern becomes visible

• Granular ity

T he P o s t f i l t e r MTF Cu to ff Fre q u e n c y  is Below Qp~jjnal

Possible Causes:

• ~y s t e m  des ig n
• The re producer optical path

• The re producer electronic filters

Perceived De gradations:

• Loss of fine detail , b l u r r i n g

The Pos tfi lte r MTF Cutof~~ f~-eqy ency i s A b o v e _ Optimal

Poss ible Sources:

• System design

• The re producer optical path

• The repro ducer electronic circuits

Perceived Degradation s :

• General mottling of the image

• The image raster will become more
pronounced

75

_  ___ V VV V V V V~~~~~~~~~~~~~~~~~~~~~~~~~ V~~~~~~~~~~~~~~~~~~~~~~~~~~ V



• Ob ject boundaries known to be smooth

w i l l  b ecome ra g ged

T h e  P o s t f i l t e r  MTF C u r v e  De p ar ts f r om O pti m a l it y

Possible Sources:

• Sys tem design

• Optics

• Elec tronics

• L ight modulator

Perce i ved D e g r a d a t i ons :

• Decrease d resolution (blurring)

• R inging (appearance like ripples in water)

• Increased raster visi bility

• Ima ge too dark or light

The  R ep ro d uce d P i x e l  Ra te i s Re d uced  A pp r e c i a b ly

Poss ible Sources:

• System desi gn

• Elec trical failure in clocking circuit

• Operator error

P e r c e i ve d De g r a d a t i o n :

• Ima ge will degenerate u ltimately

to a ma trix of dots of varying

intensity

• The effects (above) caused by the post -

filter MTF going above optimal

t h e  Reproduced Pixel Rate is Systematically or
R a n d o m l y  P e r t u r b ed

Possible Sources:

• System design

• Electrical fa i lure in clocking circuit

• Mechan ical scanning imperfections
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Per ceived Degradati ons:

• General mottling (for high spati al

frequency per turbations)

• Ima ge waviness or patterns across the

ima ge structure (for mod erate spatial
frequency p erturbations)

• Geometric distortions caused by incorrect

MTF of the postfil ter

The Repro duced Pixel Structure Depa rts from Optima l ity

Poss ible Causes:

• System design

• El ectrical failure in sync circuit or

line start circuit

V 
Perceived Degradati ons:

• Systematic jitter of image detail

• Inco rrect postfi l t er MTF effects (above)
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S E C T I O N  IV

S U B J E C T I V E  E F F E C T S  OF S E L E C T E D  D I G I T A L  D E G R A D A T I O N S

Sec tions II and III consider the structural aspects of the
i ma gery c h a i n , methodolo gy of evaluation and the definition and
d es i ra b l e  fea t u r e s  o f a m e a s u r e  of ima ge q u a l i t y . T h e s e  sec-
tions do not , h o w e v e r , directly cons ider the questi on of how
s e n s i t i v e  and  c o n s i s t e n t  the h u m a n  obse rve r ’ s r eac ti on i s  to
v a r i o u s  di g i t a l  d e g r a d a ti ons  l i k e l y to b e e n c o u n t e r e d  i n
practice. Th is is experimentally considered here.

Sec tion IV -A discusses the test methodology , Section IV-B
presents preliminary image comparative test sets for a variety

of digital degradations and source imagery , a nd Section IV-C
provides indi cations of the sensitivity of a trained photo -

interpreter to various common digital degradat ion as well as

the consistence of his observation.
The com parative test Sets and corresponding indications

of the photointerpreter ’ s sensit ivity to the various digital

degrada tions should prove us eful to a variety of hardware
programs in the future.

A.  TESTING

The testin g procedure used was generally that of Figure

2-18(b), i.e., su bjective evaluat ions were sought of all per-

ce ived dig ital effects.

In order to choose representative examples of the above

imager y, a trained photointerp reter intimately familiar with

the RADC Image ry Data Bank , R ichard Petroski of Rome Researc h

Cor p ora ti on , wa -s asked to make an appropria te selection. The

following predigitized images were chosen for evaluation.
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• B/W Vertical Photograph y (RC-8 camera) over

Griff iss AFB , NY - approximately (1¼ ground ft.)2

per pixel.

• B/W Vertical Photography (RC-8 camera) over Griffiss

A F B , NY - approximately (8 ground ft.)2 p er p i x e l .

• In frared image (sensor not identified) over Parked

A l  r c r a f t .

• Synthetic Aperature Radar (UPD-4) over Griffiss AFB ,

NY .

Re presentative 256x512 pixel samples of each image were

chosen and used as the test reference (Figure 4-1). Each image

was then subjected to controlled intensities of digital degra-
dat ion in accordance with Table 1. Appendix A contains the
documentation of the methodology and computer programming

used . This methodology and programming has the unique feature

of being easily extendable to include other digital effects

Includ ing those encountered in a digital scanner.

The degraded images shown in Sect ion IV-B were obtained

i n h a r d c o p y  and  s o f t c o py form. The hardcopy medium was 3-M ’s

dry silver paper. The softcopy display was the Sony Color

Digital TV at RADC .

A tra ined photointerpreter , again R ichard Petroski of

Rome R e s e a r c h  Cor pora t i on , was then given the direct ions con-

tained in Table 2. The photointerpreter was permitted to

select his working environment and use whatever aids he desired.
The results of the above testing were collected and compiled.
Results are given in Section IV-C and Appendix B.

B . PRELIMINARY IMAGE COMPARA TIVE TEST SETS

The figures of this sect ion contain hi g~ qua l ity pho to-

graphic reproductions of the series of hardcopy degraded
imagery used in the experimental testing of this secti on. V 

V

80

= 
- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ V_V -~ ~V .~VV.~~~~ V .~ V ~~~~~~~~~~~~~~~~~~ V V —- VV ~~~~~~~~~~~~~~~



0

~~~ B/W vertical ph otography (RC-8
V V 

~~ camera) over G riffiss AFB , NY -

-~~ 

app X lflla te ly ( 1-1/4 ground

- - 
- --

~~ 
V ~~~~~~~~~~~~~

V V 

- V In fra red image (sensor not
o v e r  parked

Syn thetic Aperture Radar
(UPO-4) over Griffis AF B , NY

Fi gure 4-1 . Master Digital Images

81

-- _ _ _  _ _ _ _  - V .- 
~~~~~—— - --- V~_  V V~~ -VV



TABLE 1. LIST OF DIGITAL DEGRADATION & VALUES CONSIDERED

A dditive Gaussian Spot Noise

Mean  = 0

Standard Deviation = .3 , .6, 1.22 , 2.44,
4.88, 9.77 , 19.52 , 39.04% of the gray
l e v e l  dy n a m i c  r a n g e

A dditive Gaussian Line Noise

Mean = 0

S ta n d a r d  Dev i a t i o n  = .3 , .6 , 1.22 , 2.44,
4.88, 9 .77 , 19 .52 , 39.04% of the gray
level dynamic range

Gauss ian Line Jitter

M e a n  = 0

Standard Deviation = .05 , .1, .2 , .39 , .  78,
1 .56 , 3.13 , 6.25 pixe l s

~~anti zat i on

No. of levels = 32 , 16 , 8, 4 gray levels

Samplin g Reduction , High A l iasin g

Reduc tion Size = 1/2 , 1/3 , 1/4 , 1/5 of
or i l

Sam pling Reduction , Reduced A l iasing

Reduc tion Size = 1/2 , 1/3 , 1/4 , 1/5 of
original
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T A B L E  2 . P H O T O I N T E R P R E T A T O R  TEST
I N S T R U C T  IONS

(1) ~~~jec tive Verbal Assessment of Image Quality

A. Look a t each digitally perturbed image
in reference to the original and define
i ts percent utility to photointerpretive
t a s k s .

100% u t i l i ty - same  as o r i g i n a l
0% utili ty - of no use whatsoever

B. No te in words the nature and extent of
irterferen ce to image quality relating
to y o u r  p e r c e n t i l e  u t i l i t y  r a t i n g
assi gne d.

(2) Determination of Isopreference Contours of Image

Us ing selected images from one digitally
p e r t u r b ed se r i es , match them to images of other
series suc h that they visually seem to possess
the sa m e i mage  q u a l i t y.

(3) Crossc heck of the Transitiveness of Image Quality

Repeat Number (2) above.

(4) ~~~~~~~~~~~~~~~~~~~ o f Al i ase d Ima gery

For each ima ge pair of digitally reduced
spatially sampled images (high aliasing, l o w
al iasing) determine which possess the higher
image quality .

83
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They are included as a key component of this report since via
compara tive techniques , they  may be used  to e v a l u a t e  a c t u a l
digital systems for similar degradations.

Figures 4-2 through 4-5 illustrate the effects of pro-

gressive dig ital degradation on a high resolution B/W vertical

photograph , the top image of Figure 4-1.

Fi gures 4-6 through 4-11 illustrate the effects of pro-

gressive digita l degradations on a low resolution B/W vertical

photogra ph , the second image of Figure 4- 1.

F igure s 4-12 through 4-17 illustrate the effects of pro-

gressive digital degradations on an infrared image of parked

a i r c r a f t , the third image of Figure 4-1.

F inally Figures 4-18 through 4-23 illustrate the effects

of progressive digital degradations on a synthetic aperature

ra d ar  i m a ge , the bottom image of Figure 4-1.

C. RESULTS

The results of subjective photointerpretative evaluation

of the preliminary test set of Section IV-B are given here .

The preliminary subjective image test set was evaluated

accor ding to the procedure of Section IV -A and Table 3. The
results of the subjective hardcopy utility assessment of photo-
interpretative image content relative to the or igina .l dig itized
images are shown in Figures 4-25 through 4-29. The v a r i o u s
a bsolute sensitivities recorded should be useful in comparative

evaluations and the design of other imager y systems.
The figures , 4-24 through 4-29 show that the subjective

im age quality measure is a function of the form and degree
of the d i gital degradat ion. The subjective image quality is

also seen to be dependent upon the characteristics of the source

image. The interdependency of the form and degree of di gital
degradation with the characteristics of the source image are

found to be most complex and deserving of further study . No
immediate correlation between the image spectrum of the original
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Standa ;d deviation = .3%

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Standard deviation = .6%
of g ray  l e v e l  r a n g e

~~~~ “i’ ~~
* 

V 
-
. ~

. -A
- 

Standard deviation = 1.22%
of g ray l e v e l  r a n g e

V -

- , S t a n d a r d d ev i a t i o n  = 2 . 4 4 %
V of g r ay l e v e l  r an ge

Fi gure 4-2. Additive G a u s s i a n  Spot Noise
Applied to a High Res olution B/W Vertical

Diq i t i zed Photograph
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Figure 4-2 (Continued). Additive Gaussian Spot Noise
Applied to a High Resolution B/W Vertical

Digitized Photograph V~
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~~~~~Mi1V~19~
Standard deviation = .3%

,
. of gray level range

.,~~ 
-

~tandard deviation = . 6%
• c~f gray level range

~tandard deviation = 1 .2%
~f g ray  l e v e l  r a n g e

- - .

Standard deviation = 2.44%
of gray level range

Figure 4-3. Additive Gaussian Line Noise Applied
to a High Resolution B/W Vertical Digitized

Photograph
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F igure 4-3 ‘Continued). Additive Gaussian Lir:V Noise
Applied to a High Resolution 8/W Vertical

Digiti z~ d Photograph
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Sa mp l i ng R e d u c t i o n  = 2 
-

Sam p l i n g R e d u c t i on = 3

Sam pling Reduction = 4

Sam pling Reduction = 5

Figur e 4-4. Varying the Sampling of a High Resolution B/W
Ve rtical Digitized Photograph Under High A l iasing
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Sampling Reduction = 2

Sampling Reduction = 3

1 Sampling Reduction = 4

Sampling Reduction 5

Figure 4-5. Var y ing the Sampling of a High Resolution B/W
Vertical Digit ized Photograph Under Reduced Aliasing
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p

Standard deviation = 2 . 4 4 %
of gray level range

Fi gure 4-6. Add i t i v e  Gaussian Spot Noise Applied
to a Low Resolution 8/W Vertical Dig itized Photograph
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itt~ ~~~~~~ ‘ Standard deviation = .3%
of gray l evel ran ge

Standard deviation .6%
of gray level range

Standar d deviation • 1.22%
of gray level range

Standard deviation • 2.44%
of gray level range

Figure 4-7. Additive Gaussian Line Noise Applie d
to a Low Resolution B/W Vertical Digitized Photograph
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• ~~~ Standard deviation = 4.88%
of gray level range

Standard deviation = 9.77%
of gray level range

Standard deviation • 19.52%
of gray level ran ge

Standard dev iation — 39.04%
of gray level range

FIgure 4-7 (ContInued). Additive Gaussian Line Noise Applied
to a Low Resolution B/W Vertical Digitized Photograph
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~~~ 1Ip.’ tandard deviation — .05
pixels

Standard dev i at ion = .1
pixels

Standard deviation = .2
pixels

Standard deviation = .39
pixels

F igure 4-8. Gau ssian Line Jitter Applied to a
low Resolu tion B/U Vertical Digitized

Pho tograph
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Standard deviation = .78
p i xels

Standard deviation = 1.56
pixels

Standard deviation — 3.13
pixels

Standard devia tion • 6.25
pixels

Figure 4-8 (Continued) . Gaussian Line Jitter Applied
to a Low Resolution B/U Ver ti cal Digi ti zed

Photograph
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V

• Num ber of gray levels • 32

Number of gray levels — 16

Number of gray levels = 8

Number of gray levels = 4

Figure 4-9. Varying the Quantization of a Low
Resolu tion B/W Vertical Digital Photograph

1 
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__________________________ 
Sampling Reduc tion — 2

Sampling Reduct ion — 3

Sampling Reduction 4

Sampling Reduction • 5

Figure 4-10. Vary Ing the Sampling of a Low
Resolution B/U Vertical Digitized Photograph Under High Aliasing 
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- - .
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Sampling Reduction • 2

Sampling Reduction • 3

Sampling Reduction • 4

Sampling Reduction • S

Figure 4-11. Vary ing the Sampling of a Low Resolution
8/U Vertical Digitized Photograph Under Reduced A liasing

-~~~~~ — — -  
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‘ Standard deviation = .3%
~~~~~ ~~~~~~ . of gray level range

~~~~~~~~~

~~~

• ftT j
~~ Standard deviat i on = .6%

—p- . ..

1~l~ ~~~~~~~~ -~~

.u mJ! ii 
_____

- _ _ _ _ _ _ _ _

____ Standard deviation = 1.22%
o f g ray 1 e v e 1 ran g e

Standard deviation = 2.44%
-
~~~~~~~~~~ of gray level range

- _ _ _ _ _

Figure 4-12. AdditIve Gaussian Spot Noise Applied
to an Infrared Image of Parked Aircraft
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Stan dard dev i at ion — 4.88%
____ of gray level range

_  

1~~~~

_____  

____  Standard ~~~~atb o~~~ 9•77%

~~~~~~~
--w ~~~~~• - :~ j~

~~~~~~~~~~~~~~~ . -~ I Standard devia t ion • 19.52%
of gray level range

____ Stand:rd deviation • 39.04%

Figure 4-12 (ContInued). Additive Gaussian Spot Noise
Applied to an Infrared Image of Parked Aircraft
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Standard deviation .3%• 
~ of gray level range

, _.

Standard deviation .6%
of gray level ran~e

- 

Standard deviation = 1.22%
- of gray level range

Standard deviation = 2.44%
- of gray level range

Figure 4-13. Additive Gaussian Line Noise Applied to
an Infra re d I m age of Par ke d A i rcra ft
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- Standard deviation = 4.88%
of gray level range

• 
- 

~
- - ::. ~~ 

-
~~~---- -

~~~~~~
‘--

~~~~
=‘

~
-

____ _____ 
Standard deviation = 9.77%

- ________ T of gray level range

- -- Standard deviation = 19.52%

-
- 

- ~~ of gray level range

- Standard deviation = 39.04%
— 

- .  

- 

~~ of gray level range

Figure 4-13 (ContInued). Additive Gaussian Line Noise
Applied to an Infrared Image of Parked Aircraft
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____________ 
Standard deviation = .05

_____— Standard deviation = .1
____ 

pixels
_ _  

_  
• 

_ _

Standard deviation = .2
- 

- 

p i xe 1 s

- 
- 
- ~~~

- 
_____ 

Standard deviation = -39

Figure 4-14. Gaussian Line Jitter applied to an Infrared
T mage of Parked A ircraft
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- -

- 
Standard deviation = .78

.~~~~~ pixels
£

. . Standard deviation = 1.56

-

- -  

-

-

~~~~~~~~~ Standard deviation = 3.13

- 
~~~~~~~~~~ pixels

.~~~~ . Standard deviation = 6.25

- 

. 
~~~~~~~~~~ pixels

Fi gure 4-14 (Continued). Gauss ian Line Jitter Applied
to an Infrared Image of Parked Aircraft

~~~~~~~~ ~~.
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10
~lIIIIIFi ~ ~~~~~~ Number of gray levels = 32

~umber of gray levels = 16

Number of gray levels = 8
:~~~~

1~

‘r~ .~~~~~~~~~~~

p r
-- Number of gray levels — 4

-

F igure 4-15 . Varying the Quantization of an Infrared
Ima ge of Parked A i r c r a f t
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Sampling Reduction = 2

_ _  —
- 

Sampling Reduction = 3

- Sampling Reduction = 4

Samp ling Reduction - 5

Fi gure 4-16. Varying the Sampling of an Infrared
Image of Parked Aircraft Under High A ll as ing
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Sampling Reduction = 2

Sampling Reduction = 3

Sampling Reduction = 4

Sampling Reduction = 5

Figure 4-17. Varying the Sampling of an Infrared
Image of Parked Aircraft Under Reduced A l i as i ng
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Standard dev i a ti on = .3%
of gra y level ran ge

Standard dev i a tion = .6%
of gray level range

Standard deviation — 1.22%
of gra y level ran ge

Standard deviation 2.44%• of gray level range

Figure 4-18. Additive Gaussian Spot Noise Applied to
a Synthetic Aperture Radar Image
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Standard deviation = 4.88%
* 4 of gray level range

Standard dev i a ti on = 9.77%
of gray level range

Standard deviation = 19.52%
of gra y level ran ge

Standard deviation • 39.04%
of gray leve l range

FIgure 4-18 (ContInued). Additive Gaussian Spot Noise
Applied to a Synthetic Aperture Radar Image
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Standard devIation .3%
of gray l evel ran ge

Standard deviation .6%
of gray level range

Standard deviation = 1.22%
of gray level range

Standard deviation • 2.44%
of gra y level ran ge

Figure 4-19. Additive Gaussian Line Noise Applied
to a Synthetic Aperture Radar rmage
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Standard deviation 4.88%
-

• of gray level range

-p

Standard deviation 9.77%
of gray level range

Standard deviation — 19.52%
of gra y level ran ge

Standard deviation — 39.04%
of gray level range

Figure 4-19 (Continued). Additive Gaussian Line Noise
Applied to a Synthetic Aperture Radar Image
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Standard deviation = .05
pixels

Standard deviation = .1
pixels

Standard deviation — .2
p1 xel S

Standard deviation .39
pixels

Figure 4-20. Gaussian Line Jitter Ap plied to a
Synthetic Aper ture Radar Image
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Standard deviati on = .78• pixel s

• Standard deviati on = 1.56
• pix els

Standard deviati on = 3.13
pixels

Standard deviati on = 6.25
pixels

Figure 4-20 (Continued). Gaussian Line Jitter Appl ied
to a Syn th e ti c A per ture Radar Image
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Num ber of gra y l evels = 32

N um ber of gray levels • 1 6

Num b er of gra y levels • 8

Number of gray levels = 4

Figure 4-21. Varying the Quantization of a Synthetic
Aper ture Radar Imaqe
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Sampling Reduction = 2

* .‘ Samp ling Reduction = 3

• Sampling Reduction = 4

p

Sampling Reduct ion = 5

FIgure 4-22. Varying the Sampling of a Synthetic
Aper ture Radar Image Under High A l t astn g
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Sampling Reduction = 2

Sampling Reduction 3_ I

-

~~~~

..

_. Sampling Reduction - 4

Sam pling Reduction — 5

Figure 4-23. Varying the Sampling of a Synthetic
Aperture Radar Image Under Reduced A lias ina
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• Hi Resolution Vert.XOO 00 00 O a OD Photograph

Photograph
80 o IR Image

100 
~~~~~~~~~~~~~~~~~~ x Lo Resolution Vert.

•Radar Image
70

>-

.-. 60
—I

~~~50~~

10 

x 

~~~ ____ 
____

~~~40
30
20 • X

0 -T 1~~~~
- 1- I I

0 .3 .6 1.2 2.4 4.9 9:8 19.6 39

STANDARD DEVIATION IN % OF GRAY LEVEL RANGE

Figure 4-24. Effect of A~~itive Gaussian Spot Noise

• Hi Resolution Vert.
Photograph

100 — ____ 

x Lo Resolution Vert.

90 
Photograph

_____ o IR Image

70

\~~~, S \çRadar Image

I-
-J

~
— 50 x -  x

30
40

20 
N10

0 I I — ’  I —

O .3 .6 1.2 2.4 4 .9 9. 8 19.6 39
STANDARD DEV IATION IN % OF GRAY LEVEL RANG E

Figure 4—25. Effect of Additive Gaussian Li ne Noise

NOTE: the units of standard deviations correspond to the actual
values chosen for the tests and p rovide an approximate
logr ith mlc  s c a l e .

118

- . ~~~~.

____________________________________



• Hi Resolution Vert .
xoa xoa no Photograph

100 • •- • ...._ o— —_ ._ x 10 Resolution Vert.
____ •D ~~~~~90 - ç...~ Photograph

• o o IR Image
80 \%\

\ 

\S
\

\ 

\
\ 

a Rada r Image
70

>-

~~ 60 • \
a

~~~50 x

40

30

~~
20
10~ x

0 -T I

0 .05 .1 .2 .39 .78 1.6 3.1 6.3

STANDARD DEVIATION OF GAUSSIAN JITTER IN PIXEL WIDTHS

Figure 4-26. Effects of Jitter

• Hi Resolution Vert.
100 0 Photograph

x Lo Resolution Vert.90 Photograph
80 o  IR Image
70

50 X

> 6 0

I-.-

Radar Image

~~~40

30
20
10

O I I
256 32 16 8 4

NUMBER OF GRAY LEVELS

Figure 4-27. Effects of Number Gray Levels 

* 
-

I- 14*. -

119 
- , - -



• Hi Resolution
100 • x Lo Resolution
90 

~~~~~~~~~~~~~~~~~~~~~~~~~~ 

Vert. Photograph

Vert. Photograph
o IR Image80
o Ra dar Image

70>-
60

-J

~ 50 - x

~ 40. \~
30 -

20
10 — x
0 _______________________________________________________________

1 1/2 1/3 1/4 1/5
SAMPLING RATE

Fi gure 4-28. Effect of Sampling Rate , High Aliasing

• Hi Resolut ion
100 • • _ .. _ . O 0 Vert.  Photograph

x Lo Resolution90 Ver t. Photograph
8 0 •  o JR Image

I—
> 70 ~~~~~~~~~~ a Radar Image

6 0 ’

~~~50

~~~4O
30

x° 
~ a

20

10 __________

I I

1 1/2 1/3 1/4 1/5
SAMPLING RATE

Figure 4-29. Effect of Sampling Rate , Low Al iasing
NOTE: The Photo interpreter was allow ed use of a magnifying

g lass  to compensate  for the change in s c a l e  in these
sampling rate tests.
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TABLE 3. IMAGE EVALUAT ION FACTORS

1. Shap~ - Shape r e l a t e s  to the genera l con f igu ra t i on
of an object depict € d on the Image scene. Although
the shape of an ob jec t  as seen from above Is some-
times difficult to interpret , It often provides
the most important clue to identifi cation. Shape
is often distorted on radar and infrared Imagery
because of such factors as spot size, pulse length ,
beamwi cl th and fold -over (radar), and temperatur o ,
spot size , and field of view (infrared). The air-
craft attitude may introduce errors by pitch , roll ,
yaw , and improper altitude and velocity . These
errors are common on all three general imagery
types (photo , infrared , and radar). Distortions
on the image scene may a l s o  be caused by d ig i t i z ing
the original data. When evaluating an Image scene ,
the interpreter must consider shape distortion.

2. Size - Size relates to the dimensions , s u rface , and
volume of an object depicted on the image scene.
The size of one object can often be determined from
its relative size to other objects. Where accurate
dimensions are required , the scale of the digitized
image must be calculated. The closeness of the ob-
ject size on the digitiz ed image to the actual
object size will be the second factor considered
when ranking an image scene by qual i ty .

3. Sur rou nd i nq~ - Surroundings refer to the spat ia l
a r rangement  of obj ec t s  and their  re la t ionsh ip  to
na tural objects (background). For example , a ther-
mal electric power plant will have various target
com ponents (objects) surrounding it (suc h as a
transforme r yard , fuel supp ly, power line cuts)
which will enable the interpreter to correctly
identify the target by its surroundings. The loca-
tion of ~he target also falls into the category of
surroundings. When an image is degraded , cer tain
of the target surroundings may not be identifiable.
This will be the third criterion used when ranking
an image scene. This category can also be referred
to as the “minimum image concept” or “target skele-
ton concept. ’ Here the interpreter must decide the
mini num num ber of objects (target and surroundings)
that must be identifiable to correctly determine the
type of target present on the image scene. .

.
-
..
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TABLE 3. IMA G E EVAL UATIO N FACTOR S
(Continued)

4. Shade - Shade or tone refers to the brilliance with
wh ich light is reflected by an object. Without tone
differences the shapes of objects could not be dis-
cerned on imagery . The overall image shade/tone
quality will be determined during this fourth step
of the evaluation.

5. Shadow - Shadow describes the condition wherein an
Intervening object prevents the direct sun rays from
striking certain areas on the imagery . Shadows are
important because their shapes are indicative of
the profile views of objects , and can facilitate
recognition , as in the case of a church steeple
with the cross on the top , or a tall tower.

122 

—-~~~~~ •- -. --~~~~~~~~~~~~~~~~~~~~~ .-- -~~~~~~~~~~~



images , Figures 2 -6 through 2- 8 , could be found with the curves
of performance against degradation. This is thought to be due
to the fact that the photoin terpreter tends to concentrate on
targets while the spectr um data is composed largely of back-
ground data.

F igures 4-30 through 4-33 show comparisons of subjective
image utili ty as a function of display type. The result s
i nd ica te , as ex pected , that hardco py and softcopy utili ty is
roughly comparable when the same image detail degradation and
extent are shown on both ou tpu ts .  There appear s to be a slight
bias toward preference of softcopy over hardcopy products. This
b i a s  may be a function of the testing procedur e although the

softcopy evaluations were held more than 30 days after the
hardcopy evaluations due to the nonavailab l li ty of a softcopy
display at Harris ESD during this time frame . The apparent
preference of softcopy over hardcopy is probably due to the
fact that both the softcopy and hardco py curve s for no noise
start at 100% utility . This is probably not true: the basi c
utility of the noiseless hardcopy is probably better than the
basic utility of the noiseless softcopy . Furthermore , as noise
is introd uced , the softcopy would be affected less than the
hardcopy because the softcopy originally had more noise in the
form of scan lines , phosphor noise on the screen , etc.

Other tests were held to indicate the repeatability and
transitiveness (see Section II-G) of the photointerpreter ’s
utility assessment. The repeatability was on the order of 80-
90%. The utility assessment did seem to be transitive , thus the
subjective utility assessment Is an equivalence relation. As a
result , it appears reasonable to talk of equal quality of two
or more images even though they have been degraded by quite
different mechanisms .
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• Hi Resolution Vert.O CX OCX OCX OCx OCx
100 s—i—. • 0x Photograph (hardcopy)

90 N’ o Photograph (softcopy)0
80 - C Radar Image (hardcopy)
70 o\x Radar Image (softcopy)
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0 I I
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STANDARD DEVIATION IN % OF A GRAY LEVEL RANGE

Figure 4-30 . Effect of Additive Gaussian Spot Noise
(Hardcopy vs. Softcopy)

• Hi ResolutionOCX ~ X CX ax x X
100
90 

~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ 
Vert Photogra ph

° 
~~~~ 

(hardcopy)
o Hi Resolu tion

• \~ Vert. Photograph80
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~~~~5~~~4
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10 . 0

0 I I I
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STANDARD DEVIATION IN % OF GRAY LEVEL RANGE

Figure 4-31. Effect of Additive Gaussian Line Noise
(Hardcopy vs. Softcopy)
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X0 X0 0 • Hi Resolution Vert.100 ‘— __
~~~~~~~~~~~~~~~~~~ _ Photograph (Hardcopy)

90 o Hi Resolution Vert.
80 \ ~ \ a Rada~~~~~~~~~ d~~~~

Image (Softcopy)

\~
.05 .1 .2 .39 .78 1.6~~~~i ~~3
STANDARD DEVIATION OF GAUSSIAN JITTER IN PIXEL WIDTHS

Figure 4-32. Effects of Jitter
(Hardcopy vs. Softcopy)

C Radar Image
100 0 

~~~~~~ZD —~~~ _. x Radar Image
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Figure 4-33. Effects of Number Gray Levels
(Hardcopy vs. Softcopy) 
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S E C T I O N  V

POSSIBLE DI G ITAL IMAGE SYSTEM OBJECTIVE
TEST P A T T E R N S

A set of test patterns will now be given which can be used
to measure the various types of system degradations. Four basic
types of Image quality degradations of the imagery processing

subsystem are proposed as criteria for the Test Set : (a)

amplitude distortion , i.e., incorrectly representing the gray

shade at a particular point in the image , (b) the system induced
modulation transfer function (MTF), (c) geometric disto rtion ,

i.e., the “warp ing ” of the output scene due to system geometric

non- linearities , and (d) noise , which includes channel noise
(bit errors), quantization noise, aliasing noise , etc.

This section provides simple visua l methods of measuring

the first three types of image degradations mentioned above.

A. MEAS UREMENT OF SAMPL IN G RATE

The sampling rates of a digital imager y system can easily
be measured through use of Moire ’ patterns. The following
basis for a test procedure to determine the reproduction sam-
pling rate Is Illustrative:

( 1 ) Scan or re p ro duce a tes t i ma ge , Figure 5-1 ,

consisting of vertical lines , with a density
comparable to the scan density to be measured ,
and obtain a reproduced output.

(2) Lay the comparat ic’e test image consisting of
radial lines emerging from the center , Figure

5—2 , over the reproduced test image obtained
from the above step.

I_ _ 
_ _ _ _ _



P~ ttern fre4quency
1/2 sa m p l i n g  frequenc y

~ ~ ~ ~ ~ ~ ~ ~ 
‘~H ~ 

I

~ ~ ~~~~~ ~ ~ ~ ~~~ ~ 

~~~ i

~ ~ ~~~~~~~ 
h ~ ~ lu

F i jure 5—1. Input S a m p l i n g  Rate l e st Patt ern
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(3) The radial distance to the most prominent
Moire ’ pattern is inversely proportional
to the spatial sampling frequency of the
digital system.

Example results are shown in Figure 5-3 where the distance
c is inversely proportional to the sampling frequency of the
system under test.

The reasoning behind the test procedure can be deduced
from the details pr ovided in Appendix C .

The following questions and considerations are among those
which should be answered to reduce the above procedure to actual
prac tice.

(a) Two particularly interesting and important
things to note are that the figure of Step I
is input into the digital system and not the
figure of Step 2, and that the figure of
Step 1 has a pattern frequency of one-half
the digital spatial sampling frequency . See
Appendix C for the necessary expanation.

(b) The test pattern of the figure of Step 1 Is
specified to have a basic spatial frequency
one-half the sampling rate of the system to
be tested. If the digital image reproducer
only is to be tested , how can this be accom-
plished? If a complete digital system
including a digital image scanner is to be
tested , it is generally Impossible to meet
the above specification. How should the
test procedure be altered?
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THE MOST
~~~~.._— PROMINENT

MOIRE PATTERN

Figure 5-3. Exa mple Result s of Sampling Rate Test

131



(c) H~~4 can the sa p l i n g  fr equency be indicated on

th e co m p a r isi n image of the fi gure of Step 2?

A partial answer is to use concentric circles

i n d i c a t i n g  the spatial frequency corresponding

to the most si g n i f i c a n t  Moire ’ pattern.

(d) Since the sampling can occur along more than

one spatial axis simultaneously , how does
the technique given above apply?

(e) How can the above procedure be altered to

d e te rmine th e scanne r  sam p li ng ra t e?

Another , very precise , determination of the spatial sampling rate

i n l i eu  o f o t her s~ m~ iing ir re g u l a r i t i es fo l l o w s :

(1) Input t F e test pattern of Figure 5-1 into

th e system.

(2) Overlay the reproduced test pattern with

the original test pattern canted at a

sl igh t a n g l e .

(3) T he spacing between the Moire ’ p a t t e r n s
seen is proportional to the spatial

re production rate of the system under

test.

An illustrative example of the Moire ’ patterns to be ob-

tained is shown in Figures 5-4 and 5-5 . The slight bending of

the patterns is a result of sli ght variations in the reproduc-

tion rate acrc s tie image.

B. MEASUREMENT OF MTF

MTF Is a powerful and increasingly used guide to image

quality for ~he following reasons:

• The MTF of mul t i p l y  cascaded imagery system

components can be easily combined into a

sys t em MIF .
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Figure 5-5. Prec i se D eter mi nation of Spatial
Sampling Repr oduction Rate
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• The MTF can be converted into the “noise -

equivalent passband of the system , a

parameter of particular interest in analysis

of communicat ions systems .

• The MTF is a guide to the capability of the
sys tem to image various sized imagery detail.

Considered here is a technique by which the system MTF can be

measured. The te chnique is based upon a chirped spatial

fre quency procedure :

(1) In put a test image containing the luminance

fu n c t i o n  g i v e n  by

I( x ,y) = 1 + y s i nx 2 (1)

wher e the coordinate system is so chosen that

x corres ponds with the hon zontal frequency

a x i s  and y the vertical contrast axis.

(2) Take the result ing reproduced test image (an

example  is shown in Figure 5 - 6 )  and lay it
down bes ide  the or ig ina l  tes t  image.

(3 )  Back up from both test images until it
become s poss ib le  to draw a curve in each
se parating the regions containing percep-

tual sine waves from those not perceptual.
Ca l l  the curves a ( x )  and b ( x )  as shown in
Figure 5 -7 .

(4) Derive the system MTF by plotting

M T F ( x )  = ______

w ith results as shown in Figure 5-8.

The reason ing behind the procedure follows in Appendix E
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Fig ur u 5-6. A Reproduced Chirped Test Imag e
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P E R C E P T UAL , P E R C E P T U A L

P A T T E R N  I P A T T E R N
I,Y

N O N P E R C E P T U A L  N O N P E R C E P T U A L
0 SINE WAVE PATTERN o S I N E  W A V E  P A T T E R N
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THE ORIGINAL TEST THE REPRODUCED TEST
IMAGE I MAGE

Figure 5-7. Comparison of Chi m ed Spatial
Frequency Test Charts

C

THE SYSTEM

o 
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1I2 f~

SPATIAL FREQUENCY
R9162—148

Fi gure 5-8 . Example D erivations of MIF from
the Chirped Spatial Frequency Tes t
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The following questions should be answered prior to
reduc ing the above  procedure to p r a c t i c e :

(1) Can the system truly be considered lin ear?
If not , how does the concept of MTF apply?
I f so , what are error sources? See also
Qu es t i on  2.

(2) A chirped sine wave is not the same as a
sine wave (as required by the definition
of MTF). How does this affect accuracy
and how can any errors be red uced? Look
a t  v a r i a t i o n s  of ch irp r a t e

(3) Why does the procedure attempt to measure
MTF only up to one half the sampling fre-

quency of the system under test.

(4) Use of the perception threshold characteris-
tics of the eye could be faulted as relying on
a marginal and highly variable phenomena.
How does the proced ure described greatly reduce
any possible deleterious effects?

(5) What is a great advantage of the use of the
perception thresh old in the procedure? Con-
sider that most nonlinearities approach
linearity in the small signal case Does the
procedure at all times minimize the amplitude of
the signal? What digital nonlinearities may not
approach li near ity in the small signal case?
What is the effect of digitization upon the
procedure and indeed on any procedure designed
to measure resolution of MTF?
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I,

(6) How could the division indicated in Step 5
be simplified to a manual rather than ment et l
e x e r c i s e ?  Consider a test  s igna l  in Eq uat ~ on

(1)

I (x ,y) 1 + log (y )  s i n ( x ) 2

C. MEASUREMENT OF SAMPLING INHO MOGENEIT I ES

A common problem In di g ita l sampling is the fact  that
the sampling rate often varies across the image with attendant
effects. These inhomogeneities can easily be measured , in lieu
of other sampling degradations , by the following procedure :

(1) Scan or reproduce the test image , Figure 5-9 ,
consisting of horizontal lines and obtain a
reproduced test image.

(2) Lay a slightly enlarged transparent copy of
the test image , of Step 1 , over th e re p ro d uce d
test image obtained above, canted at a slight
angle.

(3) The Moire ’ pattern observed is a good approxi-
mation to the curve of the inhomogene lty of the
scan ra te.

As an example of the above procedure let Figure 5-10 be
the reproduced image . Note that it has a scan nonhomog eneity
which while present is difficult to fully quantify . Laying a
slightly enlarged canted copy of the figure from Step 1 over
Figure 5-10 gives the Figure 5— 11.

Since the theory behind the appearance of this particular
Mo i re’ pattern Is especially In t riguing, it is further con-
sidered In Appendix 0. It becomes apparent there , for Instance ,
that theoretically (and in practice to a large degree) any
degree of magnification of scanning Inhomoge neities is
possible.
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F igur e 5-9. A Test Image for Scan Reproduction

I - -
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Fi gure 5-10. The Reproduced V ersion of Figure 5-9
W i t h S c a n  N o n h o m og ene i ty
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The following questions are among those which shoul d be
answered to reduce the above pr ocedure to actual practice.

(1) How do other forms of dig ital sampling

degradations affect the accuracy of the
t e s t ?

(2) What are the second order effects of the
approximati on?

(3) What does “ slightly enlarged” mean in the
step of the procedure (see  Sec t i on  V - E ) ?

(4) What is the effect of chang ing the angle ~ i n
Figure 5-11? (The first order effect is simple
to obtain.)

D. M E A S U R E M E N T  OF R E P R O D U C E R  S A M P L I N G  S T R U C T U R E

Some i n d i c a t i on of the spot  shape and p lacemen t  s t r uc tu re
of the reproduc er can be o b t a i n e d  through the f o l l o w i n g  pro-
cedure In lieu of a microscope:

(1) Reproduce the mathematical test pattern of
Figure 5-12.

(2) Overlay the reproduced test pattern with a
transparent copy of the test pattern at
slight cant.

(3) The faint checkered pattern is a greatly
amplified copy of the output image .

Figure 5-13 Is  a representative example of results possible
with this method. In this case the Moire’ pattern structure
shows the microstructure of a 50% half -tone Image.
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E. OBSERVATION OF SYSTEMATIC AND RANDOM IMAGE PERTURBATIONS

A very common form of di g ital degradation is the systematic

or ran dom p e r t u r b a ti on of th e i ma g e r e s u l ti n g i n v a r i ous  su per-
imp o sed image textures and patterns. While it is conceivable

that these perturbations are functions of image content , the

much more usual case is that the perturbation will be independent

of the image detail and brightness. The most sensitive test for

this case wi l l  be to input a flat (dc , no detail , gray) image

of appreciable extent. Any observable detail within the out put

image wi l l  be due to degradation .

F . DETERMINATION OF THE IMAGERY SYSTEM GRAY-LEVEL MAPPING
AND NUMBER OF LEVELS OF QUANTIZATION

A test image consisting of a continuous gray-level wedge

is input to the scanner . The gray-levels of the output wedge

in the reproduced image can be visually compared to the ori-

ginal image gray-level wedge in order to draw a curve of output

to input gray levels. Ideally for maximum gray-level realism ,

th is curve should be a straight 45° positive slope line.

If the gray-level of the reproduced image wedge is com-

posed of easily discernible gray - level steps , then the number

of observable ste ps is equal to the number of observable quan-

tlza tion levels and of the potential for false contouring

within an image.

A quick test for gray-level linearity of an image system

Is as follows:

(1) In put a gray-level wedge into the scanner

(2) Overla y the output gra y -l eve ’ wedge from

the reproducer with a transparent copy of

the orig inal gray - leve l wedge. Turn this

copy over as required to get an inverse gray-

level wedge , i. e., decreasing density rather
than increasing density .
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(3) The resul ting image area cf the reproduced

image ov erlaid w ith an inverted transparen t

copy of the o r i g i na l  shou ld  be un i fo rm ly
gray un d t~r s t rong  li ght . ~n y dev i a ti on f r o m
uni forr~nty will be an indication of system

gray- 1€ ye 1 ~o ril ineari ty.
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S E C T I O N  V I

R E S U L T S  A N D  C O N C L U S I O N S

This study has taken an in - depth look at the problem of

defining and measuring the image Quality of a digital image

processing system. We have taken two approaches in an attem p t
to measure image quality. The subjective method whereby a

human observer judged the quality of degraded imagery in a

su bjective manner , an d the objective method whereby mathe-

ma tical or physical attributes of the imagery system were

measured in an objective manner.

The su bjective testing of imagery involved adding various

types of commonly observed noise or degradations to four dif-

ferent types of images. The subjective “ ut i lity ” of t he
degraded imagery was observed and tabulated. These results

will  enable a sys tem desi gner to predict the performance of

an imagery system for a number of common tasks when the system

has been corrupted with various types of digital noise or

deg rada t i ons .
The object ive method of measuring image degradations

invo lv ed the conceptual measurement of the following type
degrada t i ons :

• am plitude distortion ,

• modulat ion t rans fer  funct ion ,
• geometric distortion

The f o u r t h  ty pe of de g r a d a t i o n , ciass ified as noise , was  d i s-
cussed In this report although no simplified objective test
was inc luded . The al l asing noise , discussed in Section Ill-A

was exemplified by the chirp MTF test of Figure 5-6 although
the quantitative measure was proposed for the MTF not a l iasing
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distortion . One of the recommendations for further work is
the d e f i n i t i o n  of the trad e-offs in performance between the

c o n f l i c t i n g  parameters of higher resoluti on and aliasing error;

i.e., if the resolution of a digit a l  imaginn system is made

t o i nc reas e , then the a l iasing error will also increase.

A mo del of imagery was developed using the Poisson

distribution for the location of edges in imagery . This model

generated a spectrum model which is in close agreement with

empiricall y derived spectra for imagery .

A . S U B J E C T I V E  T E S T S

The following four types of images were evaluated: (a)

high resolution photograph , (b) low resolution photograph ,

(c) infrared image , (d) Syn thetic Aperture Radar image. Each

image was then subjected to varyinq amounts of spot noise ,

l i ne no i se , l ine jitter , q uan t i z a ti on l e v e l s , as w e l l  as
re duced sampling rates.

T h e r e s u l ts o b t a i n e d su gg es t tha t

• The source ima ge characteristics form strong

con t r i b u t i ng fac tors  to th e i mage  a u a l i ty of
a digital image processing system.

• Sub jective image quality is a more dominant

image quality factor than objective image

quality .

• The system parameters of the state -of-art

scanr ”’s and re producers can serve as dominant

image qua l i ty fac tors .
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B. OBJECTIVE TESTS

Several s imple non -mechanized tests were developed ,

inc l u d i n g  the use of Moire ’ p a t t e r n s , to measure the following

objective parameters of a dig ita l imagery system:

• Determination of Spatial Sampling Reproduction

R a t e

• Mo dulation Transfer Function Measurement

• Scan Nonhomo geneity

• Measureme n t of reproducer sampling structure

A s imple method to measure the imagery system gray-level mapping

an d the number of levels of quantization were also developed.

All of these objective tests are easy to implement and require

no special measurement equipment.

C . C O N C L U S I O N S

The evaluation of digita l image quality has lagged behind

developmen t s in the application of digital techniques to imaging

systems. Surprisingly little is found in the o p en l it era ture
on di g it a l  i m a g e r y q u a l i ty even  the i m p or t an t c o n s i d e r a t i o n s  of
MTF rol l off versus a l iasing errors. This preliminary investi-
gation including both subjective and objective techniques forms

a basis for the definition of a digita l imagery test set.

The recommen ded test set criteria should include measure-

ments in four categories of system performance: non -l inear

am plitude transfer characteristic , non-un iform MTF response

(for frequencies up to one-ha jf the Nyquist frequency), non-
l inear geometric response , and noise effects in general .

These criteria have their roots in linear system theory so
they should be good descriptors of digital image quality

especially for the important class of applications for which
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the desired output is a close repli ca or facsimile of the
input source.

Digital imagery , based on its periodic or array struc-
ture , has interesting properties which provide simple tests
for many , if not all , of the categories of system performance.
In particular , Moi re’ patterns can provide powerf ul measure-
ment techniques whi ch exploit the array structure of the
digital picture elements.

This initial study has provided the framework for a dig-
ital image test set with continuing efforts recommended for
detailed specifications and construction of a test set. One
development which was started in this effort and worth exp loring
further is the relationship between MTF response and aliased dis-
tortion. In addition , this study has generated computer
programs for the subjective evaluation of digital degradations
wh ich would prove useful for simulating the performance of the

sensor portion of the total digital imaging system
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A P P E N D I X  A

D I G I T A L  I M A G E R Y  TEST SET
PROGRAM DOCUMENTATION

Sof tware for evaluation of the Digital Imagery Test Set was

developed in the Certified Prooessing Laboratory (CPL) at Harris

[SD.

The har dware config uration of the CPL is shown in Figure

A- i. Main hardware equipments in this configuration are :

• Datacraft 6024/5 CPU
1.0 m icrosecond cycle time
8- bit and 24-bit I/O channels , and  ABC c h a n n e l s

• Core memor y (64K , 24-b it words)

• Car tridge Disc System , 5 . 4  by te
• Digital Tape Units

1 each (seven-track , 556/800 bits/inch)
1 each (nine-track , 800 bits /inch)

• Punche d card reader (300 cards/minute)

• L ine Printer (200 lines/minute)

• Analog - to-Digital and Digital-to-Analog
Converters (Harr is ESD Design)

• Teletypewriter , ASR-33 Console Telet ype

• Tektron ix Model 4014/15 Graphics Terminal

• Te ktronix Hard Copy Unit , Model 4631

• Harr is ESD Imagery Terminal

• CONRAC CRT D isplay

An overall v iew of the DITS software processi Hg system is

shown in Fi qur e A -2. The Diqita l Processing Subsyste m and the

Di gital Display Subsystem are shown in Figure A-3 and A-4 re-

spe cti ve ly.
A d igital tane with 6 image files was received from Pattern

Anal ysis and Recognition Corp. Contents of the tape are listed

in Table A- i . The data was digitized at 8 bits gray level per

pixel.
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Detaile d descriptions , documentation and pr ogram listings

of the software used to evaluate these images are con tained in

this Appendix. Section A contains program descriptions , Sec ti on
B provides program listings , and Section C contains the program

flowcharts.
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TABLE A- i

1. Synthet ic Aperature Radar (UPD-4)
over Gr iff iss AFB , NY - (512x512) p ixels

2. B/W vertical photography (RC-8 camera)
over Griffiss AEB , NY - (512x512) pixels
- approximately (8-3/4 ground ft.)2 per pixel

3. 8/W vertical photogra phy (RC-8 camera )
over Gr iffiss AFB , NY .- (1023x1024) pixels
- approx Imate ly (1-1/4 ground ft.)2 per p i x e l

4. B/W vertical photography (RC-8 camera )
over Floyd , NY resolution target - (1O24x1O24 ) pixels
- approximately (1-1/4 ground ft.)2 per pixel

‘ . B/W vertical photography (KC-1B camera)
over Wr ight Patterson AFB , Ohio - (1O24x1O24) pi xels

6. Infrared image (sensor not identified at this time )
over parked aircraft - (1024x1024) pixels.
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S E C T I O N  A

PROGRAM DE SCRIPTI ONS

PROGRAM NAME: PARCON

PURPOSE : Convert 8-bit packed data (32-bit word)
to Harris 6024/5 8—bit data.

DESCRIPTION AND The diqitized images received from PAR
METHODS : were 8-bit data packed 4 pixels/word.

Th is data was converted for use on the
H a r r i s 6024 /5 com p u ter .
An illustration of the difference in data
forma t s , and the conver ted format used
for actual processing is shown in
Figure A- 5.

INPUT VARIABLES : ITI - Input tape device number

ITO - Output tape device number

NWR - N u m ber of Wor d s /R e c o r d

NRF - Number of records/file

ITF 1 - Tape file number on
In put Tape
(99=End Pro gram)

ITF2 - Tape file number on output
ta pe

PROGRAMMING LANGUAGE: FORTRAN

P R O G R A M M E R :  G . R . C U T H B E R T
H A R R I S  ESD
( 3 0 5 )  7 2 7 — 5 2 8 4

C O M P U T E R  H A R R I S  6 0 2 4/ 5

OPERATING SYSTEM: SERIES 6000 DISC OPERATING SYSTEM
61516-01 EXTENDED NON-SA U FORTRAN
C O M P I L E R  R E V I S I O N  L E V E L  24 .083076
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PRO GRAM: DITS MAIN

PURPOSE: This is a driver program used to execute
one or a ser ies of image processing sub-
rou tines . The subroutine processed is
de p en d e n t  u p on the  v a l u e  of t he  v a r i a b le
I S U B  as l i s t e d  b e l o w :

ISUB SUBROUTINE CALLED

1 TODWIN - Write a desired window
to ta pe or disk

2 S P A X F M  - S p a ti a l  fre q u e n c y  t r ans-
form

3 GRALEV - Gray Level Histogram to
T E K T R O N I X

4 DUMMY - Not used at this time

5 DUMPSC - Dump a picture to the
scann  r

6 DUMPTV - Dump a picture to
CON RAC

7 G N C O P Y  - Co py a pi c t u r e  f r o m  one
dev ice to another

8 G R A M A P  - Gra y  L e v e l  Ma ppi ng
9 DUMMY - Not used at present time

10 JITTER - Introduce jitter into
an ima ge

1 1 GNO ISE - Degrade with random
G a u s s i an no i se

12 DIGOEG - Dig i t i z a t i o n  D e g r a d e d

1 3 H G H A L S  - S a m p l i n g  de g r a d e d , high
aliasing

14 R E D A L S  - Sam p l i n g  d e g r a d e d ,, re-
duced a l ias i ng

99 E N D  P R O G R A M

DESCRIPTION AND The progra m is modular in construction ,
METHOD: and future routines can be incorporated

w ith ease.

Format for in put to all programs from
cards is 8110.
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I N P U T  V A R I A B L E S :  I S U B  - Su b r o u t i ne to b e e x e c u te d
PROGRAMMING LANGUAGE: FORTRAN

P R O G R A M M E R S :  DR . R . H .  C O F E R , G .R . C U T H B E R T
H A R R I S  ~E SD
(305) 727-5284

COMPUTER : Harris 6024/5

OPERATING SYSTEM: Ser ies 6000 DISC O PERATING SYSTEM
61516-01 EXTENDED NON-SAU FOR TRAN
C O M P I L E R , R E V I S I O N  L E V E L  24 .083076
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PROGRAM NAME: TODWIN

PURPOSE: Wr ite a desired w ndow from an image to
a tape or disk file

D E S C R I P T I O N  A N D
METHODS : Any subset of an image can be written to

a new out put file by specifying the line
and n ixel parameters of the desired win-
dow

I N P U T  V A R I A B L E S : M ,N - Main picture size
(M = no of lines)
(N = no of p ixels/line)

MM - Location of first line in window
NN - Location of first spot in window
II - No. of lines to be transferred
JJ - No. of spots/line to be transferred
IDI- Inout file number
ITFI File no of input tap e/disc
ID2- Out put file no
ITF2 File no of out put tape/disc

PROGRAMMING LANGUAGE: FORTRAN

PROGRAMMER: G .R . CUTHBERT
H A R R I S  ESD
(305) 727-5284

COMPUTER: Harris 6024/5

OPERATING SYSTEM Series 6000 DISC OPERATI NG SYSTEM
61516-01 EXTENDED NON -SAU FORTRAN
COMPILER , REVISION L E V E L
24 . O83~ 76
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PROGRAM N A M E :  G R A L E V
PURPOSE: Plot a histogram of image grey values on

TE KTRONIX
DESCRIPTION AND Data is sequentially read from the input
METHODS: tape, the occurrences of grey values are

counted , and the mean is computed.
These results are then dis p layed on the
TEKTRONIX CRT.

INPUT VARIABLES: M ,N Pictur.. size(M = No of lines)
(N = No of pixels/line)

PROGRAM M ING LANGUAGE: FORTRAN
PROG*AMMER : G.R . CUTHBFRT

H A R R I S  ESO
(305) 727-5284

COMPUTER: HARRIS 6024/5

OPERATING SYSTEM : Series 6000 DISC OPERATING SYSTEM
61516—0 EXTENDED NON -SAU FORTRAN
C O M P I L E R , REVISION LEVEL
24.083076
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PROGRAM NAME: SPAXFM

PURPOSE: Out pu t selected spetial transform values

DESCRIPTION AND A spatial transform is executed on select-
METHODS : ed p ixels of an image using mathematics

equivalent to a Fourier trans fo rm. Ret.
suits are niotted on a TEKTRONIX £RT .

INPU T VARIABLES: IU — Row number of pixel
IV - Column number of pixel
AM INR - Minimum value for X -axis plot
AMAXR - Maximum value for X—axis plot
AMINA - Minimum value for Y - axis plot
AMAXA - Maximum value - for V—axis plot

P R O G R A M M I N G  L A N G U A G E :  F O R T R A N
P R O G R A M M E R :  DR . R . H .  C O F E R , G . R .  C U T H B E R T

H A R R I S  ESD
(305) 727—5284

COMP U T E R :  H A R R I S  6 0 2 4 / 5

OPERATING SYSTEM: Series 6000 DISC OP ERATING SYSTEM
61 516-01 EXTENDED NON — SAU FORTRAN
C O M P I L E R , R E V I S I O N  L E V E L
24 .083076
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PROGRAM NAME: DUMMY

PURPOSE: This is a dummy subroutine to allow for
further ex pansion of the main program.

DESCRIPTION AND Establ ish a temporary subroutine by a
M E T H O D S :  c a l l  s t a t e m e n t  and  an  execu ta b l e  s ta te-

m e n t
I N P U T  V A R I A B L E S :  N o n e
PROGRAMMING LANGUAGE: FORTRAN

P R O G R A M M E R :  D R .  R . H . C O F E R , G .R . C U T H B E R T
H A R R I S  ESD
(30s) 727-52 84

C O M P U T E R :  HARRIS  6 0 2 4/ 5

OPERATING SYSTEM: Series 6000 DISC OPERATING SYSTEM
61516-01 EXTENDED NON - SAU FORT RAN
C O M P I L E R , REVISI ON LEVEL
24.083076
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PROGRAM NAME : DUMPSC

PURPOSE: Ou tput an unpacked 6-bit p icture to the
s c a n n e r

DESCRIPTION AND
METHODS: 8 bit data is converted to

6 bit data and read out to the scanner
for a hardco ny

INPUT VARIABLES: 101 - Input device no.
ITF 1 - File no. on input  t ao e
II - No. of lines to be transferred
JJ - No. of p ixels/line to be transfer-

red
NFDPT - No . of first data point in a line

to be transferred
NBITS - No . of bits/ p ixel on inøut record

(6 bits or 8 bits)

PROGRAMMING LANGUAGE: FORTRAN
PR~
)GRA MMER : DR. R .H. COFER , G .R .  C U T H R E R T

HARRIS ESD
(305) 727-5284

COMPUTER: HARRIS 6024/5

OPERATING SYSTEM: Series 6000 DISC OPERA TING SYSTEM
61516-01 EXTENDED NON-SAU FORTRAN
COMPILER , R E V I S I O N  L E V E L
24 .08307 6

I
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P R O G R A M  N A M E :  D I JMPTV
PURPOSE: Dum p a picture to the CONRAC CRT

DESCRIPTION AND Th is subroutine has not yet been imp le~~
METHODS: mented

1 78



PROGRAM NAME: GNCOPY

PURPOSE: Dump a picture from one device to another
DESCRIPTION AND A ut iUty subroutine which gives the
METHODS: ca pability of transfer from disc /tape,

tape/disc or tape /tape. Uses BUFFER IN ,
BUFFER OUT techni ques

INPUT VARIABLES: ID 1 - Input device no.
ITF1 - File no. on input device
1D2 - Output device no.
ITF2 - File no. on output device
II - No. of records to be transferred
JJ - No. of pixels /line to be trans-

ferred

PROGRAMMING LANGUAGE: FORTRAN

PROGRAMMER: DR. R.H. COFER I G . R .  C U T H B E R T
H A R R I S  ESD
(305) 727-5284

COMPUTER: HARRIS 6024/5

OPERATING SYSTEM: Series 6000 DISC OPERATING SYSTEM
615~ 6-O1 EXTENDED NON -SAU FORTRAN
CnM PILER , R E V I S I O N  L E V E L
24 .083076

179

- — —_s~ ~~~~~~~~~~ _. ._ a—-.— - - — --- -- - ~— —-- -- - - - .--—-- —



P R O G R A M  NAME : G R A M A P
P U R P O S E :  C h a n ge g rey level values as desired

DESCRIPTION AND Gre y values are changed according to
METHODS: breakpo ints and the new desired grey

values input to the subroutine on data
car d s

INPUT VARIABLES ID 1 - Device no. for input picture
ITF 1 - File no. on input device
1D2 - Device no. for output picture
ITF2 - File no, on out put device
IMAX - Total number of grey levels
II — No! of lines in picture
JJ - No! of pixels/line
11 ,12 - Grey level mapping values
13 - Flag to stop reading 11 ,12

PROGRAMMING LANGUAGE: FORTRAN

PROGRAMMER: DR . R.H. COFE R , G . R .  C U T H B E R T
H A R R I S  ESD
(305) 727-5284

COMPUTER: HARRIS 6024(5

OPERAT ING SYSTEM: Ser ies 6000 DISC O P E R A T I N G  S Y S T E M
61516-01 EXTENDED NON -SAU FORTRAN
C O M P I L E R , R E V I S I O N  L E V E L
24 .083076
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P R O G R A M  N A M E : J I T T E R
PURPOSE : Introduce random jitter to degrade a pic-

t u r e
DESCRIP TION AND
METHODS: Jit ter is introduced at random points In

an image through use of random number
ge n e r a t o r

INPUT VARIABLES: ID1 - Device no. of the inout picture
ITF 1 - File no. of input if tape
102 - Device number of output picture
ITF2 — File no. of ou tput if tape
II - No. of lines to be transferred
JJ - No. of spots/line to be trans-

fe~ red
ISD - Standard deviation
I MN - Mean
I S E E D  - Seed f o r  G R N  g e n e r a t o r

PROGRAMMING LANGUAGE : FORTRAN

P R O G R A M M E R :  G . R .C U T H B E R T
H A R R I S  ESD
(a05) 727- 5284

COMPUTER: HARRIS 6024/5

OPERATING SYSTEM: Series 6000 DISC OPERATING SYSTEM
61 516-01 EXTENDED NON-SA U FORTRAN
C O M P I L E R , R E V I S I O N  L E V E L
24.083076
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PROGRAM NAME: GNO ISE

PURPOSE: Introduce Gauss ian random noise into a
picture

DESCRIPTION AND Gaussian noise Is introduced into a p lc-
METHODS: ture through use a random number genera-

tor. The noise can be added to each pix-
el or by line.

INPUT  V A R I A B L E S :  ID1 — Device no. of input picture
ITF1 - File no. of input if tape
1D2 - Device no. of output p icture
ITF2 - File no. of output if tape
II - No. of lines to be transferred
JJ - No. of spot /line to be trans-

ferred
IMAX - Maximum picture value
I SD - Standard Deviation
I MN - Specified mean
ISEED - Seed for gm generator
ISL = 0 - Add a different RV to each

spot in picture
= 1 - Add a Different RV to each

line in picture
PROGRAMMING LANGUAGE: FORTRAN

PROGRAMMER: G.R. CUTHBERT
HARRIS ESD
(305) 727-5284

S 

COMPUTER: HARRIS 6024/5

OPERATING SYSTEM: Series 6000 DISC OPERATING SYSTEM
61516-01 EXTENDED NON-SAU FORTRAN
COMPILER, REVISION LEVEL
24.083076
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PROGRAM NAME: DIGDEG

PURPOSE: Picture is degraded digitally
DESCRIPTION AND The number of bits /oixel is changed by
METHOD: shifting bits out according to values on

input cards.

INPUT VARIABLES: ID1 - Device no. of input picture
ITF1 - File no. of inpu t if tape
102 — Devic e no. of output picture
ITF2 - Fil e no. of output if tape
II — No. of lines in output picture
JJ - No. of spots/line to be trans-

fer red
NBIT - No. of bits to be shifted (right)

PROGRAMMING LANGUAGE: FORTRAN

PROGRAMMER: G.R. CUTHBERT
H A R R I S  ESD
(305) 727-5284

COMPUTER: HARRIS 6024/5

OPERATING SYSTEM: Series 6000 DISC OPERATING SYSTEM
61516-01 EXTENDED NON -SAU FORTRAN
C O M P I L E R , REVISION LEVEL
24. 083076
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PROGRAM NAME : R EDALS
PUR-PO~ E : Reduce a p icture In size by low

al las ing
DESCRI PTION AND
METHODS : Reduce the size of an image by operating

on it in powers of two .
INPUT VARIABLES: ID1 - Device no. of Input picture

ITF1 — File no. of Inp ut if tape
102 - Device no. of outout picture
ITF2 — File no. of output if taoe
II - No. of lines to- be transferred
JJ - No. of spots/line to be tran-

sferre d
I SIZE - Power of 2 reduc tIo n s i n s i ze

- 
IMAX - Maximum Dicture value

PROGRAMMING LANGUAGE: FORTRAN

PROGRAMMER: DR. R .H. COFER, G.R. CUTHBERT
HARRIS ESD
(305) 727-5284

COMPUTER: HARRIS 6 024 / 5
OPERATING SYSTEM: Series 6000 DISC OPERATING SYSTEM

61516-01 EXTENDED NON -SAU FORTRAN
C O M P I L E R , R E V I S I S O N  L E V E L
24 . 0 830 76
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r
~POGRA M NAME: HGHA LS

PUR P O S E :  Reduce imaqe usin q high a l iasing

DESCRIPTION AND Reduce the size of an image by operating
METHODS: in powers of two

INPUT VAR iABLES: ID1 - Device no. of in out p icture
IFT 1 - File no. of input if taDe
ID2 - Device no. of output picture
ITF2 - File no. o~ out ou t if tape
II - No. of lines to be transferred
JJ - No. of soots /line - to be trans-

f e r r e d
ISIZE - Power of 2 reductions in size
I M A X  - Max i mum o i c ture  v a l u e

PROGRAMMING LANGUA G E: FORTRAN

PROGRAMMER: DR .R. H .  C O F E R , G .R . C U T H B E R T
H A R R I S  ESD
(305) 727—5284

COMPUTER: HARRIS 6024/5

OPERATING SY STEM : Series 6000 DISC OPERA TING SYSTEM
615 16-01 EXTENDED NON-SAU FORTRAN
C O M P I L E R , R E V I S I O N  L E V E L
2 4 . 0 8 3 0 7 5

185 

:

-- .—- .  — —- - — 
S



r
S E C T I O N  8

P R O G R A M  L I S T I N G S

U 1MENSJUN IhUP~1( 3 ’ 4 4 ) , l t 1 U F d ( I 1 ) 3 ê )
u AT L~ IC~~,1L fr ,IT 1Y /7 ,t~,1/

C
C C( INV1~~1 ~1— I4 IT PA C Pc€D L A r A  (3?—kil ~u’~1~) tu
C 10 IiA~~~ lS b 0 2 4 / 5  M — t ~IT I ) A T t .  (1’ ~~[ X E L / ~~~

)
~~)

C s~U~~U5 L 14,H1 J u S r I F 1 h~
C-
(. 1-’~~tJ u k A f r - M E t~ : I,I- f~I Cul ri~~I-j ~ T

U i.,~~~~~f. D A t E :
C
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C ITO — OuT p uT 1 A i — ~ U L V I C E
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C
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1)0 ~ 5 L~ ?,I1F~,~5 
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~u L u NT I~~UE
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C A - V U  CPi A i’~(,1 IF NEC~ SSA u’ ( Y

l~i-
; E C 3~~2
Ii- ( ~~~ .i~F .1 02’4 ) 1 Eiso ~ 1 7~1F( I .l .1O 2 4 ) ~~ EC 17 1
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CA LL JITflk
1,0 TI’ 10

lIuO c’’~.rI~n’E
C EXtCUTE SUbNU (JT1i~4~ bt~UISE — Li~~~l, kAL) E ~ 1Th ,.vANI u~u bA US S IA ~

,
C NOISE
I SUI3KOUTI(’. P ~‘AP ~I~~3LE S k t A O  I i ~ ~NoIsE
C 101 — DE~~1C 1 MI OF INI’UT t-’IC1 U~ E
C I TFI — PILE NO OF INPUT IF TAPt
C — DEVICE r’1O OF OUTPUT PjClU~ E
C I 1F~ Fi LE Nt) OF U (JTPU~ IP TAPE
C I I  — NI) OF L I ’~LS TI) PiE Ti~cAr ~SFE kR~.’)
L JJ — ~U OF sIdOI /LINE 10 tiE T~ ANSP EIH~Lf)
C - IMA X — MAX iM UM PICTURE VAL UE
(. 1St) — STA~&4~ t DEV 1AT IUr ’
C - 1Mt~ — SPECIE lEt) MtA’1
C 1S~ EU — SEEO FO1~ GR N GENE~~ATO ~
I. 1SL 0 — Aurl A DIIFii ~EwT ~ V Ii) EA CH SPOT I~ ~ iLlU M ~
C = 1 — A flt ) A D1FF€ ’ Ei~iT ~~ (U E~ c~ L1 .~€ I’~ ~ TcTu~ E
C
C AO (jt~~,t~000)I01,ITF1,1u~~,JIP2,I1,JJ
C RE~ O ( 1C m , ‘4000) I~~Ax , 1S), 1M~~, iSr E L’ , ISL
C

C A L L  LNU IS ~
GO 10 10

l ’~00 CI) r~TI N U t
C E XECUT E SUfIkO IJT1’~L L)1 1,DEI; — I)1I~ITI Z A T 1u~ ~~~;wAotD
C
C VAWI A ’4LLS kEAU I~ 

I)II;,)L&
C 101 — DEVIC E ~.O OF li~PuT I .LC 1UR~C I T F I — F 1L~ r.o OF jr~poi IF IA P~
C 102 — DE V ICE  Mi 0~ OUIPUT PLC IUKt
C h f ?  F I L E  I’. ’) O~ OUTPUT IF tA PE
C II NO oF LI NES i l l  hE ~~~~~~~~~~~~~~
C JJ — NO uF S~ 0lS/Lir~ Jo ~3E IWAN SI EkkF.1)
C NBIT — NO ~F Pills 10 S’iIf (CA~~~Ol tiE 0)
C
C AI)(1Ck ,’4000)1I)1,1TF1,iD~~,ITE2,1I,JJ, N ,ilT
I

C aLL 0 1 10F G
‘.0 TO 10

1 301) LO~ TINUE
C EXECUTE SUtiwOuTIt*.. ,iGriALS — SAMPL INI, UFb~ AuEU tilt,h A LA1 S~.

ING
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C VM~~1Ab LLS WL .~[) i~ h ,p~A LS
( . 101 — D~~V 1 C E  ~ O 0f lr~ ’UI ‘~1C 1 U ~ it. ITF I  — FILE r~~j (ii INPUI 1~ lAPt .
C j 0 g~ — O~~~1CE ~~~LI OF (jLJIPL’ ( P j C I U I ~~
C 1T F2  F1LI~ r~O u~ UUU’UT IF T A ~~C II NO OF LINt S It) ~E IwAN SFEI~~ED
C JJ — NO OF SP (.TS/LINL it.’ ‘~~ T HAN SF t . i~~~u
C 1S I Z i  — I’~Ov~t.R OF ~ ‘~b O O C i I O M S  Ii~ ~ 1Lt
C

f r E A~
) ( j Cp~, ’j f l Q O ) I L s 1 , J 1 I - 1 , j O ,~, 1 1 F 2 , I I , J J , I S I Z F

C
1.~LL ~1(MA LSt.,u lu 10

1’4 tJ 0 Cu’~J 1NUE
C t.x E C U T E  St,IftEUUT 1I’~L ~t.O~ LS — SAIVfrLIM, ,)Et~~.~Dt.I~C frF L) UC F() A L IAS 1r .eG

CALL P~EUALS
L,U TO 10

C
C INI) P~~O ;R ~~’
qgqq CW.TINut
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stJbROUIINt. TUu~dIN
CUMMON/II)ATA /JIIUF1 (L)096),IMUF2UUO9b)
i)ATA 1C~~,1L P,1TTY/7,b,1/

C
C 

- 
SuM I~OuTL NE PU~ PuSt :  ~R I1t A OESIKEt) ~ 1Ni)~~ ~EW- ’EN1 FKIIM

C T APE TO UISK
C .-- - . .

C INITIALI ZE IMUF I ANI) li3UF2
DIFI0 P:1,40~ 6
IBUF I ( K ) : O

fli TaUF2 (K)=O
C
C 
C REAL) IN N € C € S S A k Y  V 1 A ~sL~ Sr — MAIN FICTUKE SIZl: (fr:Nu OF L1n~t5,
C N=NO OF SPOL /LIr,1 )
C MM — LOCATION OF FIRST L11~t IN nINt)u~
C NN — LOCATION OF FIRST OES1RtO SpliT IN MM
C II  ~ NO (iF L1NtS 10 HE T rcAi.~Sf EkRLO
C JJ — NO OF SPOf/LIn~E TO I~E THANSFERKE I)
C ~~~~~~~ 1Di — INPUT FILE ~4UMbEk
C ITFI — FILL NO Of INPUt iF TA ~~
C — OUTPUT FILE NO
C ITF2 FILE NO OF O UTPUT IF t A P E  

D(IC~~,~1OOO)M ,~4,MM ,NN,II,JJ
_____ 

R&~AU( ICW ,b000) 101, flF 1,102,1 TF2

~~~E~~IM) iDi
REW IND ID~C SET THE. VA LUES (iF Ilv O p4t) A Nt) ILI~.€
1’dJHD (NN+JJ)—I 
.ILIr~E :(MM+II)—1

C
AU vAN CF TO C UMRE CT FILE. NO ii NE C ESSA RY
1F( I1F1.LE.1)(~O T O 3
00 1 Ic:2 ,LI FL

I CA LL AO~~(IU1 )
.~~ CON1IN U~

IP (ITF2 .LL .1)GO lu S
00 4 ~:2,1TF?

4 CALL AU P (I1~2)
S c-0r~T!NUL

C 
- 

A DVAN CE TO FIRS1 LINE I~ .~INDU W

-

: : E COPY
194

— .— . ,  -.- . 
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IF(MH .~~t~.I)r,O TO 70
I A DV : M M —~~

Ut) 05 $. : 1 , IADV
r~LIFFE K It~~IU1. I.~UF 1,R,N, IST AT )

50 CALL S IA T US ( IOI)
1,1) T O (50 , 65 , b O) . 1S T AI

e () ~ cITE(1 ITY,9010)
S IOê.~

h~ CO NT I I~UE.
/0  CONTINUt.

~EAO I~. b~1NOOi~ AN t )  ~.WITE TO DISit
0(1 100 l~~~M ,ILIN€
suFFE R I”I (IOl.IbU FI,B,N ,ISTAT )

es~~’ CALL STATUS (I01)
‘;u 10 (bO,85,90),ISTAT

~ O . , RIT E( I IT Y ,9 02 0 )
S I OP

~~ CoNTI NUE
C
C CHECK To SEE If THE WHOLE LINE. SHOULD GO TO THE DISK

IF (IWORI).EU.N)GU TO 300 
- - .  ----. - --

C
C TRANSFEK THE NECESSARY wOR OS 10 18UF2

t~O 200 K NN,IWORD 
- - . -  --.--...--

I(tç KK f  I
?011 1BU~ 2(Xtc ):IHUF1(K) 

. _•_•

~~~~~~

•-

~ 

.

C
C 

- 

~RI1E 1r~IS ~sUFFEN 10 THE 018K
BUFFIK UUT (IO2,1BUF2,B,JJ,ISTAT)

21 0 CALL STAtUS(102)
t.O TO (21 0,220,220),ISTAT

??u GO TO 100
C
C v~RI1E THE viHOLE LiNE TO THE U1SK

3(~0 Mt,FFER UUT(1D2,IBUF1,B,N , I S T A T )
214 0 CALL STAT U S(1D2)

GO TO(240,100,100),1STAT
100 CONTINUE 

. . . .  - .- .- ... - — -.

C
C 0*1* TRANSFE R SHOULD BE COMPLETE 

- -..

E P 4U FiLE. 102
REv* IND 101
R E I ~I NL) 102
RETUFiN

~U00 ~Ok
MAT(~~I10)

QOlu FU KIwA T (1X ,’EOF ENCOUNTEp~EO Zig AOVANC ING TO WINDOL~’’)

~020 ~uR4*T (1X ,’F OF ENCOUNTERED DURING VdINDOP P(~OCISSLN~~’)
ENL~

195 REST AVA!LAB~E COPY

. . .- - . _____________



SUrIROUTI NE S PA X F M ( 1 0 2 , N )
C OUT PUt SAMPLE SPA T IAL TRANSFORM VAL U ES

— -  CO OI~/ I T4/ IbUF1(~~0~ 6) ,Ih’J Fc~(4O9n )
U 1”iLN~~IUN IU(’,1~~), LV ( S 1 2 ) , A ( 5 1 2 ) , F ( ’,12) , r l (Sj ? )
OA TA IYIS/3HYES/

C A U — R0f~ NUMÔ ER
C IV — COLOe~N NUMMEM
C - 

~~~ — SQRT (IU**2+IV**2)—— (VALLJ€S FOR X — A X I S  P L O 1)
C A — AMP LITUOE VALUES
C 

- _  
PHASE VA LUt S

C 102 — DISK FILE OF P1CIU~~
C

P j 3. 1 4 1 S9 2 b S
t —— .- 
C PEAU IN X M IN ANt) MAX 

REA Li iN Y r’UN AN D MA~ —IN 1H3)
Ht.AO (7,5Il)AMIN~~,AfrA XR,AM j;~A ,AM A XA

- - -.s
~

- FORMAT (4F10 .3)
RUN: 0---r rc~tn I~tiF~ 

- -

~ S = 0 

~~ UN NRUI.+l
C MEA L ) IN SPATIAL SAMPLINI, FREDUE ”,CY LOC ATION S

- -  

I ~FA 0(7,2) 1UO ,IVD ,IFL AC ,
2 FUR M AT (2 1 5 , 1 I )

A(NS):0.

~ (NS ):0.
Ii J(NS):IUD

-- . 1V ( NS ) 1Vt)
____  

( NS) :StaRT C F LUA I(  I Ut)) L U A 1 ( IV O )
r FTIF LA i~.€ Q . 1 )  GO TO 3
Go TO 1C .

C START TsE TRANSFO RM PROCESS 
3 CONST :—o .2831853/FLOAT (N)

C oo THE ROwS I-IRST FUR M IN IMAL DISK ACCESS
REM1NL ) 11)2
Ut) 4 IX1:1,N 
IX IX I—1
MUFFEW 1N(IL)2,I’iu~~1.B,N,ISTAT)

REST AVAIL4CLE COPy196

—
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.~“ t. ’~LL S T A 1 U S ( I L ) 2 )
(10 ro (29 ,25 ,2~~) , jS 1 A T

c~~ 
( Ui~ T i i J IJE

C (‘ii IP’E COLu~;i~S i~E~ 1 P O ’~ ‘~i~~1i~4A L U1SP~ ACC ESS
DO ~8 iYI 1,~
IY:I Y I—1

C ~‘t. 1 1)~t S PO TS VA L 1~E
VAL :f  LU uT C IRUF 1 ( IY 1))
VML :1 .1* * V A L
A l i t )  Il~l t H F C T  AT ~AC r SA”.PLt SPA TiAL ~u~ ’~CY
00 ‘4 ( 1,f.S

( C , :C C J NS I *F LL ) A1  ( I X * l u U ( ) 4 - I Y * i V ( I c ) )
C T Fl-iPt ) RA t ~LY ~ 1O~ft kEAL P4l!t I IN P, IMA G P~~”iI 1i~ A

4 (y
~ ) : A ( P ) — V A L* S J 9 (  A RI;)

P (~c ) (K )# V AL *LUS (

~ c’.INrI’~UE
C
C ‘ii) El NA L Pui)Ct- .SSING

~~‘) 5 K 1 ,~ )S
A (,t ) : A ( r~j / F L ( I A T  ( N J * *2
PO~) = P( ~s ) , ~~L tIA r (N)**2

~ i4S’) LU ~ 1 Q. *A L O ( , l O (A  ( K )  **?$p (t~~)**~~~)

4 (~ ) :g~p4 S 1JL(J

~‘ CO~ TI’~tit.

•~h Fu RIiA T ( SA j~PLE~~,u ,v,AMP L IIuOt , ~t-’ASE’)
u~i 7 I:l,I~S
A ’

~~t,:P ( j )  *57 .2957b
I t.r I T E C 6 , $ )  1,1 0 ( i ) , I V  (1) , M ( i J , AN G

& U R W A 1 ( 1 X , 3 L 1 0 , c ~ (3 X , l 1 5 . 8) )
CALL t ’ L( ,Tt T (4 ld JN ,NS ,I~

( I ) . u(j ) . U.~
),0 .0, o ,O,0.0 ,  I0,” , lO .U)

I~~(NRIJi\~.LT.3)G(i to 1(1 0

CA LL psOCtiPY

t ‘fl)

AVAI~~LE Cop y

_ _ _  

_  - -- --_



St.JHRO U IINt (,i
~A L EV

COM MON ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
CiI MENS1ON 1GRA (�5t ).AX(25~~),A~ (2Sc, )
OA TA ICR ,ILP ,J1r ’, /7,0,21/

C SU s O U1IN~ PUKPUSL. : PLOT A PIc1tl~~ ti1S1U~ RA ~ (jN T t ..K i ~~~~1 I N I X

C V ARIA IiLES :
C M ,N  — f IC 1U K E  S 1Zt  (r4:l~its u~ Li S, ”J:~ o t,F S~ UT~~

)
C 10 1 — Iri P~~T ~~lLt
I

ICW , 8000) lot,
c~~0t)0 f O R l~’ A T(~~~~I 1 0 )
I
C INJ 1II*LIZF. IGRA ~uFF EM

DU 10 1: 1 ,25b
10 It;p~A ( 1) :o

‘~SU~i ~O .0
A~~IV :FLijA1 (M)*p.LOAT (’~)

C
(. ( ;t T  I~ L)A IA , CCW NI (;~~A Y  V A L U E S
C ACC I. IMuLAT I. SUM FUR I’t.AN C A L C U L A t I O N

1)11 50 I :1, !i
r’U) FER LN(I01, I HUF1,b ,N , ISIAT )

?0 C A L L  S T A T U S ( 1 0 1 )
I;t) To (2U,~~0,3O),ISTA1

30 00 40 J:l,N

~AL :i~~UF 1 (J)—12M
A SUM = A S Ut~ + V AL
IV IBIJPI(J)

aO IGMA ( IV):IGWA ( IV)+1
50 LO N1INUE

C
£ - COMPUTE ~ t A r ~

4S U M :(A S (J ? ,/ A U I V )+ 1 2 t ~.
C
L Sti UP THE TE.SIKUNIX t,ISI ()

01) 00 I : t , 2 5 o
A * (I ):FLUAT (I— 1)

nO AY ( I ):f LtJAT ( It,KA( 1))

‘~W I 1€ ( ô , QQ 0 f l )A SU M
(
~ ‘~~u O L I ) W MA I ( 8 ( d X ,Fl O , 3 1)

nrc r A~ IA I ’  • ‘~‘“r rnr~uDL)l RV1J .~~.._t UJi’T
198
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C ALL INIII (%u)
CALL MIN IT 1
C.~LL TER M (1,1024)
C A L L  NP TSO250

C
C ,t.1 IPIE P4IN K M A X  FUR THF Y A X I S

= 10 0 00 . 1)

Y M A X  —10000.0

CALL MNM X (MY ,YM1N ,YSAX )
C A LL DLIMX (0 .O ,255.0)

CALL UL IMY (YMIN ,YMAX )
C A L L  V b A N S T ( 8 , S , 3 )
C ALL C P I E C K ( A X , A Y )
CAL L O S I ’ L A Y ( A X , A V )

C vs~~IIF  OUT THE M f A N

CA L L  P N IA P S ( 6O ,3 0 )

CALL ANM Out.
i~~Ii1 (I1K ,’4020).ASUM

‘~0d U  F I.’~~M A 1 ( 1 H + , M E A N

C
II~~1 A HAROCUPY
CALL IINPUT (IC)
CALL FII4ITT (O,0)

TURN
EN I)

SUSMOUTINE OUMMY
C i)UMMY SUti

X 1
N t i  URN
t sdO

~~r 4r  1 ’

. .AS[.E COPY
199



sUHkUUT1Nt~ DUMPSC
CUMMON/ IUA1A/ IhU F I (4 0 ’96 ) , I hUF2 (14090 )
UATA ICR , ILl’ , ii TY/ 7,b , 1/

C
C SUHROUT INF PURPtJSL OU1PUT A~ (JPA C P( EI) b — d IT
C P 1CU TF t h  TO SCA ~~ NL~~
C
C NEAL) IN Ne C E S S A R Y  V A l s 1 A ~’LES
C~~

” 101 — DISK FILE NUMr~~R
C Ilfi — FILr IsO OF INPUT If FAPE
C I I  — f~1) (IF LINES T o ~~ A I~S~- E~~~~ I)
C JJ — NO OF SPOT/L I NE TO hE 1RANS FER RED
C NFDPT — 1ST D A T A  POINT T I ’  p

~E I N A NS F L R r~E1)
C r~Fs ITS — NUMhER OF t i l l s/ P i X E L
C-

P E A O( J C N , 8 0 u 0)  101, IT F 1,1 I,JJ, N l - D PT , Nt 4 1 1 S
C A i )VANCE TO CORRECT FILE NO IF NUESSA RY

IF( IT F 1. LE. 1) G IJ T U 3
DLI 1 P( 2 ,ITF1

I CALL At )F (I0I)
- 3 C 0 N T I i ~U€

00 100 1:1,11
C G E T T~iE O A T A  F R O 4  T HE O ISK
C

MUFFEM JN (Iu1,Ibt I Fl, I4,JJ, IS 1A J )
20 CALL S T A T L J S ( l I ) 1)

~u TO (~~0, 3o , 3 o) , IS 1A 1
C
C CrIECK FUN h— L~I1 ON S— H IT O A IA

30 CUNI1N UE
1F(~JHI1S.1u. B) CA L L  S 1 A I3 IT (J J )
CALL OTSCAN (1P41Jf l, NF OPT,JJ, IERR)
I F(j F~~~ .NE. r j)wRi  T t ( 1 T  J Y , 9000)  J ENR

100 CONTINU E
C
C P IC TUN E  SHOULD BE PR OCE S SED

wRIT E (IITY ,qQIO )
RETURN

~thUu FuRMAT(.3 I 10)
900 0 F I I R M A T ( IX ,’E. RROR IN (JUIPU1 10 SCANNE R’ ,is )

~“ O 1U F U R M A I ( 1X ,’PICTU RE PRLJCESSEO ’
END

BEST AVAILABLE COPY
200 
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SII~-’i~ L,ii1 I I’.t s i  XII I T I- JJ
LJ~1M IJsi / I IA 1 A /  J E t U f 1 ( 4 0 ) ,j h ( i F? (~~ 0c~o)

s ~~~~ 1LP , ill Y/ 7 , o ,  1/
C
C S I~ NUu11i’~L PIJ~~P(i5 t :  CO’~ V t r ~ I k- HIT l )A IA TU o i i lT D A T A  ~~Y
C lUV 1~:t, Tw O L~,’3 (SHIL - 1 RIt , .-s l ~~
L

L JJ — NO OF PixELS/L I .~E
‘ ‘ I’ l~ 1:1 ,JJ

i t .) t r i U F i  (IJ~~i HiI- 1 (1 ).~~H1FT .—2
‘~~t liJ N~

I
I

‘Rrci A VAIUISL E COpy
2”1 

~~~~~~~~~~~~~~ 
-V I 

~~ H’
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I-
SLIBRO U IINE G NCUPY
(~uM r’it)N ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~— ‘ D A T A  ICN , I L P , l t TY / 7 , t , 1/

C S i I ’sR OUT IN~ PURPOSE : OU~~P A F I C l U~~t Hs tJ r~ ~~~ t ’Fv I CE
C 10 A r~O I h~~4
C ( L I S K  10 DIS’~

) (i’ Is” To IA PF )

C (I ‘E 1£ ’  T A P E )  ( I  AP E F e oi  SKI
C
C PS~~AI) A N ~E C p S S A R Y  VP ~~IA h LFS:
C It) 1 — I~~PUT DEV ICE ‘~ JMift~s
C I TF 1 — F ILE NO OF 114PU1 IF T A R t
C ID? — O U T P U T  D E V I CE  NUM P ER

C 1TF2 FILE NO lif UUTPUT IF IAPE
C 11 — NO OF LINES TO HE T N A N S F E ~~~Ei)
C JJ — i’~U OF SPOT/iI’~E To ~e 1~~A NS F E l’
C

)( Ilk , ei 000 )  101, h F  1, 11)2, IT F €~,II, JJ
C
C rS EW INI) T P-1 E D E V I C E S

Nt~~jNt) 101
C - ’
C A DV A N C E  10 CU RRE C 1 FILE NU IF N E C E S S AR Y

I F ( I 1 F 1 . L E . 1) G O  1 U 3
00 1 K :2 ,ITF 1

I CA LL A r J F ( J v J )
3 CONTIN U E

- IF( 11F 2.LL.1 G0 TU 5
00 ‘4 K:~~,ITF?

“ C U L L  AI )F (102)

5 C)~~TI~Iu~0(1 l O U  1 :1,11

C ‘, E T  TrI E I~~P~~T DAT A
HUFFEM IN( Iuj , I hUFl , 13,JJ, I S T A T )

20 C ULL S 1 A T U S ( j O 1 )
‘
I;’J TU ( 2O ,3 0 ,30), I S T A T

30 CoNT I ~~
C r~~I1~ bit O A T A  10 1HE OUIPIJJ D E V I C E

bUFFE R U U T (  1t)~~,IIIuF 1,h , J J , I S T A T)
50 CuLL ST A 1 tj 5 ( I ( )~~)

I;u T O (5D ,s0,00 ),JSTAi
nO CONT It .IJE

100 CO’~ T l~~UI-.
C I)AIA T R A N S F F R  SHO(J LI) PE LO MPLL1€
— Er~L) F ILE 102

Rtv, INO l U !
riRIIUIT1Y,çs000)
PE

9000 ~0R MA1 (I .~,’LOPY CUMPLE1cU’)
$000 F s J R M A I ( w I l O )

- 
END

BEST AV,U~2LE COPY 202
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SIIP.kUUTINE i .NA ?”A P
C0M~~O,~/I )A 1A/ IPUF1 (~40 ),(kuF-2 (o0~~s.)
DI’~lENS1f lP  T K (  IOu ), IO( lOu ), 101)1 ( b oO)
‘‘A lA ICR , JL P, 1TY / 7,~~, 1/

C f-’~~~Ros E—— ro P~~M 4P ThE G r i A Y  L E V E L  ~ F A A j P ~O0v ~
C V I A ~~L1- S TO HE REA L ) JN HY ORAMAP
C 101 — DEVICE NO UI- 1N~~U F PI C Tu RE
C I li — I — FILE ~,‘ I )  OF- INR I PT IF ~PF
C 102 — DEVI C t ND UI- uUI0IJT PIC1 (JkE
C h F ?  F I LE NO OF OUTPUT iF 1AP F
C IPAX — ~1A X 1 M UM PICTUR E Vu LUE
C II — NI, OF L INES 10 n E  Tr ’A rJ SF - E~~R ED
C JJ — 

~O oF S PU1S/ L I N~ TO H~ 1~~A NS~ L~~~Ef l
C S L I  UP 1NFE ~sNA L C~I NSIu ldNL, L I R I I S

~ AXHl S :1 ~)U‘ i A X P T S : l O O O
C N~~Au IN USt. ’uL V A R IA DL IS -

MEAD ( ICR , 80 (10)101,11 Fl, Iti~~, 1 ) F2. I A A X , l I ,  JJ
PIAX :IMAX+ I

C NUTE. THAT IH AX HERE NEFF-P S In Ttft T i 1 A L  Nt,rAf ER
C OF G RA Y  LEVELS
C
C RL.-d lN (i T HE D E V I C E S

,sL~4lNt ) 11)1
C A I~t.lA NCE lu CUR~ LC T FIL E NO IF I’.ECFSSARY

J I - (1 1 F - 1 . L E .l ) I,0 T0 3
Lii’ 1 K 2 , I T F I

1 CALL AOP(l[ ’l)
3 (t,NF1 ~jU~

I F (I T I - 2 . Le .1 ) . ( J  11I 5

DO
‘4 CALL uDF (102)
5 C(JNT IN II E

C RE AD IN ~NEAK ~oir~.Ts (‘F MAPPIN (; f UNCTI ON
1)0 21 IMP=1 ,KAX BPS
RrAO (ICfs ,8000) 11,12 ,13
Ir (13. NE.0) 00 10 ‘41
JN (IHP) 1 1+1

21 I((1BP):12
wR ITE (I TY ,31)

~ 1 f ( I R MA I ( ’  READ IN TOO frA~IY GRAY—LEVEL r~’APPj ’~, hR LA K P 1S—1STOP PLPfl,’)
ST OP

203 ~tJ AVALA~ E copy n, .
— ——s— ———.-.————--—--— — ‘----— —-- - .-,. -——---- ::::: ~- 
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- ‘I i f r t I ~~A X . L L . ~~A x P I S )  GO T u b
~— I 1 E (  I T Y ,51 )

~ l i ”~~~~~A~~~( ’  ‘~UI ~ N~J~Jt, K R~ PuR~’ FO R GRAY LEVEL HA Pl~1Nb_ S1( IPP 1NG’
S I U P

~ l~-P~~ I ,~ P — 2

1 *.) ‘~ i:l,IM A X
00 7 J :1, 1P4 P

7 I i - ( I .G E . I N(J ) . A N O .1.Lt . IN(J + 1 ) )  oo ro ll

~~
. FuR~~AT( ’ (t IE ( ; R A Y  L E V E L  S PtCIFI C4T IO N IS ARONG—STOPPING ’)

~ 10 I-’
1 1 CONT I~~UE

F L O A T ( L I t 1 ( J + 1 ) — I U ( J ) ) * ( I — I ~~( J ) ) ) / F L U A T  -
* (I~~(J + 1 ) — 1 N ( J ) )
Ifr ( X .0E.0)  IO UT ( I) : 1F1X (X - I - .5+ 1U(J) )  ‘ ‘

1 F ( X .L T . O )  IU UT (  1) :J F i x ( X + . ~4q ’# +1u(J )  )
° C O N T I N U e

C P~.N FONfr flit HAP PIN;
- tiO 100 1:1,11

hLJ FFEN J N(  101, IhI-JF1 ,FI,JJ, I S I A T )
?0 ( .ALL S T A T u S ( I I ) 1 )

(,tJ T U ( 2 ( , , 3 0 , 3 0 ) , I S T A I
30 (..L J N h I I ~IUE

Li t) LtO J~~l , J J
IV :II3UFI (J)+1 . 

-

‘40 IIIUF2(J) TUU F (IV)
C ~~i~L i E  OUT T nE MA RPEL) PIC 1UFIE

HU FF-ER (M 1T(102,Ir3UF2, r,,JJ ,A S TA T) 
‘ -

50 CA LL S T A T U S ( 102)
t;u T o ( S O , l O O , 1 0 0 ) , I S I A T

101 L u g J I NUL
C. CL O SE FIL e S ________‘ E r ~O F ILE 1t~

)
~REM IND 101

t E  TU R N

“OOIJ FUR MAT( H IlO ) 
-

~~~

I-. NO

1.,ó 
204 k~~

’.:

—- —— — - - - - -— — -- --- —



i t  ~~~( I 1~~~ ‘ I I  ~~~~
‘1’ / II. A I A / 1 -‘~ui i t  ‘4 tJ’~~n ) , I tUf ? I- ~4 u ~~c’ )

~ lL. i t -
~~ , ILr , I l l  Y / 7 ,n ,  1 /

L “‘ ,r’~,1h.I1 I i i  ‘t~r~ ’Sr — L’~ E4 1 t  k~~NI) ’j ~- L 1 A ~E J i I T E N

~~ ht~t iu1  1n~U- V A ~~J 4 r~L C S
1.. 11) 1 — u~ V I Ci- IL lIE I I-It ) ‘ k U  P1 1 1 (j ’~~.C I I n  I — l i L t  I ’  IF  f NPtJ i II- I~ t P~
C IL’ d — D E V I C E  ~~~~~~~~ u,- ~ I TI-’i ’J ~ I C I J ~~E

1 I I - ’ F ILl ‘.0 oF JU(I’U1 II- T A k E
1. 11 — N I  (iF L I  ~tS 1 L1 ~ E I f r A . ) f  tn-~~ u
C JO — ~iJ ul Spul S /L i  ~~~~ 10 n~ T ’ ~~s~~t E
U ’ I St — .~ I ~~‘1)A~~ 1~ u~ v i A l  I u~
I. I~ ‘~~ 

—

I Sr E i ’  — S E r~Li FUpi 1,N 4 (,E h f tk A  i
C
U 1 ’  T I  A L I ~J 1 r I O  I

i i  TO 1 1 , 4O~~
I e I ‘uF 1 (J

I ~~~I ~1) J~
j 1’— e V I - ~~’ L t S

~ i i i ,  (1 ~~ , i i i  ~~i i  ) 1 ’ l  , 11 r 3  , I (~? , IL ? , 11~ JJ
i - n  Ak) (1Cr’ ,”~O,)( ) 1 S ’) , J i ~~ , 1 S E e I )

1.
I ( _ ‘~V E t ~ I ‘~t A~~ i. ~ II) 0 EV  11) V L ( A I Ir ~i~ n~U I - ~l

S ’ ~~i- L O A I ( i S u ) / 1 O O o .
A ~~ Il’  FLu.~ I ( I’~ i)

1 i~’~~iJ I - i i T r-I E t ; E V I C F ” s

I N’’ i l l
a v A ~,i I- T I tUk ’-~E C 1  F- I I I -  f~~~i IF I:F C r~~S4RY
I P- ( I ll- i .Lt .1 )t ,u To -

I ~~~2 ,i I F - I

1 ( ,tLL uliE (101 )
.3 L i i  I lIiiIE

II-  (I lI -2 .LE .ifl;u TO 5
4 .\~~2 , j 1 I - e’

~ L~~LL ~~~~~~~ 
( J l ) , )

S L i . T  I i.ue
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‘ h I - F  E R I ‘~ ( J i l l ,  I ~~ii~ I , ~~,JJ, IS I  A I )
21’ (.4LL S lATU ~~(Jr ’I)

0’) TO (dfl ,?5,d5) ,IsIuI
C t ,L I ~ GA (IS~, J A j  ~ J Mi ll Sti Iii H

~ 5 CALL ~ Ntj ” 4 ( 5  H, IS EEI’ , S) , X ’ . E A ’ ,l
I i I T l 1 I- 1X(SAM R,O.’~)

C CLEA I- TPIL UUTPU I L hI ~.E 10 LI-~~(J

~~ ~ i) J 1,JJ
3u 1~~UF?(J ) ’l

L I - ( 1 A - ~S(1JIIT) .oE.jJ)i,U T J 9u
C ~‘ J T  j

~ m u ’  J Il T I - P
IF- ( 1J I T T  .I...E • Ii )O i  IL ’ Si.)
1J : I At ,S ( IJ I 1T +I
- I l
1, 1 ’  uO J:1J,JJ
ii ~J 1* 1

‘ iO I 1Ul-2 (J 1)~~In,L)F I (J )
(‘u TO 9v

50 LO,’ iT ILv UE
IJ~~TJ IT T s 1
J I :(j
lb hI) J~~t J , J J
J1 J I+ l

DL) iit ,-2 (J):1nUFI (jl)

~~‘i C Y’iIINUE
C
C P- U T IJUT ThE LINE

50F I-ER 0th (102, I JLIF2, M ,JJ, isTul)
70 CuLL S1ATIjS(ID~~)

(~ ii ( I) (7(l ,10O,1(lQ ),l~~ 1A T
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CALL ~~‘UI-M-(SAMP , I SEt- i ,S,., x - t A ’ )
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p
102 COhT1NU~

DL) 100 I:1,II,ISIZE
D0 i32 I’3~ i ,JJ

132 IBUF2 (13):0

~~
.l-)O 107 T 1 1 1 : 1, I SI Z E
P4UFFEK 1N (IO1,IaUF I ,t~,JJ, ISIAT )

20 CALL S IAT US (  101)
GO TO (20,30,30),ISTAT

—- mr’COn~rrTh1jE
‘~~ I C O L
DO 143 13=t,JJ,ISIZE
Ic I

~~~~~T 3 M A~~= I 3 + IS 12 E — 1
1)0 143 I4:I3,I3f~1AX

1 3muv2t K):IBiJF� (Ic)+IHUFI (II4)
107 CO~ T1 NUL

- 
L:L+1
rt ICOL

- DO iu’i IS I,JJ.ISIZE

— -j ’iii TRUF2’T K3=T BUF2C K)/ ISZ
C
C nP~ITE OUT TriE NOISY PICTUF~E

bUFFER 0U1 (I02,iSUF~~,h ,JJ ,ISTA1)
6’O C A L L  S T A T U S ( 1 D2 )

GO TO (bU,70,70),ISTAT
— 7O tOWflNUE - -

100 C ONT iN UE
C
C IrISERT Th~ ,jOTTOM bORDER

~O I04 1:1,JJ
11)4 IiiUF2 (1):0

DO I~5 r:L!1
bUFFER OUT (1D2, 1BUF2,I’s,JJ, 1ST Al )

‘iO 6 CALL STATUSCID?)
hiO TO (lOb,lOS .I0S),ISTAT

lb’5 COPTI PiUE
C 
_ _

C E I iTND”TWE bEv !CE3 
-

ENI) FILE 11)2
ø€~ IPiiIID1 

-

RETURN
$O0~ FOR~MATt8T1O )

INO
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SUHNO (JTINI IIG,- IALS
C~ ’r~M O N/ 1 O A T A / I B o F 1 ( ~~Q 9 6) , J H u Fe ( u o Q o )

- t.ATA ICI-’ ,I LP/7,6/
C SUP- INOU T INE  V 4 I 4 1 A P ~LES USEr) IN I’G NA LS
C 101 — l)Ev ICE r~u OF- INPU) P I C T u N E
C h I - i  — F I L E  NO OF INPUT IF TAPE
C 102 — OEV ICC NO uF O U T P U T  P IC T U k E
C 1TF2 FILE NO OF IIUTPIJ T IF TAPE
C 

- - 

II — NO OF LiNES 10 TRA IwS FEW P ’EU
C JJ — NO OF S PO T S / L i N E  10 81
C ISIZE — POPEs OF ? REOU CT I uN S IN SIZ E
C IIcA X — MAX IM U Ic P 1 C T U P ~E VALUE

C~~~~~~INTFAL ILE IBUF L IL. 1buF2
1)1) 10 1:1,/.4096

- IsUF I (I ) 0
1 0 1dUF2 (I):O

C
C s’EAD IN T’IE VARIA BL ES

— 
~REAO (IC P~,b0o0 )jl,1,1TF3 ,102, ITF? ,Ii,JJ,ISIZE

IF( ISIZ E.LE .o)R ET s J RN 
- ‘ -

C GET TI-Il- CO RRECT 9UPI A 140 CuLUM (~. OFFSETS- 
1RO IF- 1X (F-LOA J (h I .)* (i.— 1. /FLOA I (1SIZE))/2.)—1
ICO L IFIX (FLUAT (JJ )* (1 .— I • / F L O A T ( I S I Z E J ) / 2 . ) — 1
REãPU) 1HE INPU) AND -OUTPUT DEVICES
PrE~~J NI) 101

C~~
”
~~~A L)VANCE To CORRECT FILE NO IF NECESSA RY - -- --

IF (ITF1.LE.I ) (~O T O 3
t)o 1 c :2 ,J IF1

1 C ALL A DF- (ID1 ) 
_________- 

3 t T 1 NU~ 
- --________ -

IF (ITF2.L€ .1 )GO 10 5
- -  

O’) /.~ c :2 , ITF2
‘4 CALL ADF- (102)

~ CON TI NUE
C

iPt s~A1”FThN fHE PICTURt 
--

C
C i-V SEKI II’IE TOP bORDn R

L:1
i)o 102 I= 1,LRUW
L:L+1
~,~ FF(R I’)UT(102,IbUF?,b ,JJ,ISTAT )

1 03 CALL STATUS (102)
;‘) TO (1 03,102,102),ISTAT

102 CONT INUE
1)0 100 I:1,II,ISIZE
1)0 107 1111 1,ISIZF
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t-”~~FFER IN (IDI,HUFI,b ,JJ, ISIAT )
20 CA LL SIATUS (1I)1)

~,il TO (20,30,30),JSTAT
3” CONTINUE

io7 C O N T I~~iiE - -

~“TIO ~O J:I,JJ,ISIZI~
C SA MP LE TIlE IMA G E

I B U F ? ( K ) - I h U F I ( J )  -

50 tUNIINUE 
- - - -

L:L,1

C s~~ITE OUT THE NOISY PICIURE 
‘)~~ E~ ‘aUT(1D2.IBUF2,8,JJ,ISTAT )

60 CALL STATUS(102)
- 

~‘i TO (bo,7o,7O)~~IST AT
7 I )  CONTINUE

100 Co1~T 1 N U E ’ ’ ~~~ 
‘ “ - --

C
C 1~~~~~T IF BOTTOM BoRDER 

• 

~~~

01) 104 I:1,JJ
1O’4 114UF2(I) 0 - 

ISO 105 I L,1I
‘ FFEpi O U T ( 1 O �, 1~~LJF2,B,j J , iSTAtY

106 CALL STATUS (102)
- - Gu TO (106,105,105),ISTAT 

-

10 5 CONTINUE
C - - - - - -  -

C p4E,~1ND THE DEvICES
-- 
~~~~~~T~D T1 1. E I D�

kE,~IND IDL
~E TURN ~~~~~~~

“ - -  - - - ‘ - -  - 

~~~~~~~~

8000 F U R M A T ( 8 I 1 0 )
I Nt)
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S E C T I O N  C

P R O G R A M  F L O W C H A R T S

PARCON

I TAPE GENERATED N
r IBY BEG !

‘ ___________

R EAD I N :

L IMAGES IT !, ITO ,
NWR ,NWF ,

ITF1, ITF2

10
ITF1 YES

= 2
9

NO

ITF1 NO
>1

YES
15

ADVANCE INPUT
TAPE

2 
ITF2 NO

25
ADVANCE OUTPUT

TAPE

2 Sheet 1
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1 ~f)

lEND = 344 KK = KK+3
NREC = 342 JJ 1+3-1

I’
NWR 

l E N D  = 172 r IA= I B U F 1( J J ) . A N D . ’377

02 NREC = 171 IB=IBUF1(JJ).AND. ’ 177400
!C=IBUF1(JJ).AND. ‘77600000

DO 500 IBuF2 (KK)=255-(IC.SHIFT .-16)
IT= 1,NRF IBUF2(KK+1)=255- (IB.SHIFT .-8)

IBUF2 C KK+2 )=255- IA
I N I T I A L I Z E
I~~F~~~ UF 2 200

INPUT A 300
TAPE

RECORD 
_________________

/‘
~iITE THIS /I RECO RD TO I

KK = -2 / OUTPUT TAPE]

DO 300
I=1 ,IEND ,4 

_______________

WRITE EOF /
D0 200 _ _ _ _ _ _

J= 1 ,4

(~~~~~~JI NOTHE R FI L 
YE S

ci 
EXIT)
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D I T S  MAIN

c BEGIN ID
(I)— )~1O~~~

/ READ

/ 

I SUB 

/ ____

_ 
P

IN P UT ~~~~~~~~~~~~~~~~~~~ 
V ES

>ç E X IT

_________________ GO TO __________________

100 1100
ISUB ~ EXECUTE 60
=~ 

II TODW I N 
lI—~GISUBII EXECUTE 

ISUB1! EXECUTE
II 

=6 II DUMPTV J~~ 
L GNOISE

ISUB 

I’~
EAD JD2

~
N]1

~~,® 700JJ 1200

______________ SUB 

J[~~ E CUTE
=2 

ISUBJJ 
EXECUTE  

________p GNCOPY ll)~
D=12 L DIGDEG 

~ISUB 
fl~~EXECU T E ~~~~ 8001, 

1300 4,“~~~ II GRALEV 1SUB~~~ CUTE~}Q II EXECUTE 
______

=4 IISUBROUTINE 900 
=13 1[~ HGHALSIi _______ __________

500 
~~ ISUBLDUMMYI(

~~~ 

1400
I SUB ~) EXECUTE II >~:2~ 

9 UBROUT I ISUBII EXECUTE

~ 
DUMPSC loooL REDALS

SUB’1 EXECUTE

~~~ ~~~ JITTER

_ ‘~LJ
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0
CBEGI

~D
_ ___ _  

70
DO 100 I=MM ,I L I N E

I INITIALIZE I
I IBUF1 & I
I IBUF 1 TO I INPUT A

ZEROES RECORD

‘11/
85 YES 3

IWORD=N
READ M ,N ,MM ,NN

/
1D2 ,I TF2

NO

REWIND ID1 
KK=0

[REWIND 1D2

‘if ____ 
DO 200 K=NN ,I W O RD

t 
IWORD=( NN+JJ )-1 I
ILINE =(MM+II)- 1 I KK KK+1

4, IBUF2(K K)=
IBUF K

ADVANCE
TO CORRECT

OUTPU T 200
F I L E

_ _ _ _ _ _ _ _ _ _  2 ~~ W N D ~~~D
~ ADVANCE I 2

TO CORRECT I
OUTPUT I

FILE
2

WRITE ENTIRE
RECORD TO

END FILE 100

/ 

READ INPUT REWIND 101
RECORDS UNTIL 

_________________ REWIND 102
- 

INDO NO
DESIRED RECORD

IS REACHED
COMPLETEEXIT 2

Shee t 2
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3

co~st _6
~~
831SS

ID?

VIi)
I P~~~’ ~ ~~~~~~~~~~~I p~ It~ ~

~~~~~~~

~
j p

~
L=FL

~ L l
READ
jUO~pJD, 

~ 
4

~LP~G

3 ~~

~ES Sheet

3 

:-- -
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P

5 K=1 ,NS )
~~‘I,

A ( K) =A( K)/ FLOAT(N) **2
P (K)=P (K)/FLOAT (N)**2
ABSOLU= 1O. *ALOG 1O(A (K)**+P(K) **2
P(K)=ATAN2(A(K) ,P(K))
A( K)=APS OLU

7 I=1 ,NS ~~
I AN G=P( I)*57 .29 578

II CALL
PLOTIT

‘I,
I WRITE I /
I IU, IV ,A ( I ) j
/ ANG J

7

~~~~~ NO NRUN=3 
V E~(1~~~~~~~~~ J

( EXIT ) Sheet 4
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GRALEV

(J~~ EGI~1 111
_ _ _ _ _ _ _ _ _ _  

(~~~
o 60 1-1,256 )

1 FA~~
1)=1 1

f o  _ _ _ _ _ _ _ _

/ 
M ,N, 

AYU)=FLOAT(IGRA(I))]

‘[I

t 

INITIALIZE
IGRA AND
ASUM TO

ZERO

PLOT THE( DO 50 I=1 ,M HISTOGRAM
ON THE‘ii IL TEKTRONIX

‘GET INPUT] ‘1’/ RECORD J_ _ _ _ _ _ _ _ _ _  WRITE I
DO 40 J=1 ,N / ASUM /

‘I, \1fVAL= IBUF1(J)-128
ASUM=ASUM+VAL EXIT
IV=IBUF (J)
IGRA(IV)=IGRA(IV)

+1

I ASUM=(ASUM/
AD IV)+ 128

Sheet 5
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‘S

DUMM Y

(
~ 
BEGIND

X = 1

EXIT

Sheet 6
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DUMPSC

(~~fl (F~ED S~~~~T

IT 11,! (IBEGIN )
NFDPT ,NBIT ‘Jf

DO 10 I=I,JJ

ADVANCE TO \Jif
CORRECT IBUF1(JJ)=IBUF1(J

FILE  .SHIFT .-2

DO 100 1=1 ,11 
~I~5

:~~~~
N 

LEXITJ

_ 4

YE CALL 2NBITS SIXBIT (JJ )

WR I
RECORD

TO
SCANNER

100

EXIT

Sheet 7
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F
DUMPTV

NOTE: This subroutine is not imp lemented at the present time .

Sheet 8
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p
GNCOPY

(II BEGIN I)
0 > 1

[READ 101 ,
I ITF1,ID2

/
ITF2 , II ,JJ

‘11,
ADVANCE INPU
AND OUTPUT
DEVICES TO
CORREC~ FILE

( DO 100 1=1 ,11 )

/ READ INPUT
/ RECORD

‘if
I W R I T E  THE
I OUTPUT
I REC RO

100

END FILE
REWIND

DEVICES

c EXIT )

Sheet 9
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p .
GRAMAP

I ITF1, 1D2 ,/
ITF2 ,IMA X MAXPT
II,JJ NO

ADVANCE IN-
PUT AND 1

CORRECT FILES 3

MAXBPS= 100 
10

MAXPTS= 1000
IMAX=IMAX+1 IBP=IBP-2

1 IBP= 1,MAXBP ( DO 9 I=1 ,IMAX 3

I1,Ii ,13 
(~~O 7 J=I ,IBP 

~)

YES 

NO

IN(IBP) I14 1 ~=FLOAT( (I0(J+1)-IO(J) 1
IO(IBP)=I2 I *(I_ (IN(J)))/FLOAT

L (IN(J+1)-IN(J))

0 
ERRO: EXIT

IIOUT(I )=IFIX(X+ .5

L +1 0 ( J ) )

Sheet 10
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______ END F I L E

DEVICES

IOUT(I)=IFIX(X+ 1’
.499+10(J)) ( EXIT

( DO 100 I=1,1I)~~~

~1~I READ -

I INPUT

/ RECORD - -

C DO 40~~~1.JJ 3
IV- IBUF1(J)+1
IBUF2(J)=IOUT(IV)

/ WRITE
/ OUTPUT

/ RECORD

Sheet 11
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J ITTER

C BEGIN~) 0

~~~~~~I I N I T I A L I Z E  I 1IJ ITT =IFIX
IBUF TO 

(SA MP+O. 5)__1

F ZEROES ‘1’
CLEAR OUTPUT1
BUFFER IBUF2

___________ TO
/ READ 101,

/ ITF1,ID2 ,
lABSITF2 ,II,

JJ
‘if 

(IJITT )

/ READ / NO
ISO ,

IMN , [y=IABSç IJITT )
ISEED _______________

‘1~ 
1=0 

+

_______ .4 ,
SD =FLOAT(ISD) / ( DO 40 J=IJ ,JJ )

1000. 1’XME AN =F~~ A T ( I M N ) J1=31+1

~- 

IBUF2~J~ )=
REWIND 101 - 

IBUF1 J

ADVANCE FILES 40
IF REQUIRED

( DO 100 I=1 ,II ) \.~3/
4, 50

/
READ AN 1 

13 IJITT+1
INPUT / 

- -
=

- - -  - -

/ RECORD j

II CALL RNORM
( SAMP,ISEED , 13

~ S0,XMEAN )

Sheet 12
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(Th

( DO 60 J=IJ ,JJ ~‘1’
J1=J1+1
IBUF2 (J ) =
IBUF1 (J1)

(~~
~~12)90 -
f-

f ITE THE!
I OUTPUT 

~/ RECORDJ

100

END FILE ID~lREWIND ID1

‘If
~~~~~ 

EXIT )~~~~~

Sheet 13

1
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(ThBEGIN

_ _1 INITIALIZE ( DO 100 1=1 ,11 )
IBUF1, IBUF2

~~~~~~~~~

i

~~~~~~~~

5

TO Z E R O

READ 101 ,
ITF1, ID2 , N O

I TF2 ,II, - 
______________

JJ II CALL RNORM II
( SAMP ,ISEED ,~

READ IMAX , ~J SD ,XMEAN) 
~ISD ,IMN , II

ISEE D I ISL

INPUT
SD=FLOAT(ISD) RECORD // READ AN

/1000. ___________

XMEAN=FLOAT 30 4,
(IMN) ( DO 50 J=1~J~~~~)

~1i
REWIND 101

4,

ADVANCE YEFILES IF
NECESSARY ii CALL RNORM II

V (SAMP ,ISEED, II
SO ,XMEAN )

2

IBUF2(J~=IFIX(FLOAT(IBUF 1 (JJ
+S~ P+ O . 5 )

Sheet 14
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P P
______ 

END FILE
0 REW IND ID 1

I WRITE THE I
I OUTPUT

/ 
RECORD

4,
CALL RNORM
CALL RNORM
CALL RNORM

Shee t 15
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( BEGIN (i\

/ READ ID1 , I DO 100 I=1 ,II )
/ ITF 1 ,1D2 ,/ ‘.1~/ 11F2 ,II, /,‘ JJ ,N B I T I READ AN I

INPUT I
RECORD I

~~~~~~~~~~~~ N0 _‘41

DO 40 J=1 ,JJ 3
I 

I D~i 
IBUF2(J)=IBUF1 (J)/IDIV*

I WRITE /

/ ERROR / 
L

WR ITE THE ’
I MESSAGE / OUTPUT /
/ ON TTY / RECORD ,‘

~ ADVANCE TO I
CORRECT I

FILES

_ _ _ _ _ _ _ _ _  
END FILE I

102
IDIV=2* *NBIT R~~1ND

(4~ (E ~~Tj

Sheet 16
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HGHALS

_ _ _  
0BEGIN 

[ L=1INITIAL IZE
IBUF1 AND ____________

IBUF2 TO __________________
ZEROES (DC 102 I=1,IR0~i)

ITF1, 102 ,
READ ID1, 1__~i~

u IIIIJITF2 ,II, 
___________

JJ ,ISIZE

/ WRITE
OUTPUT

ISIZE~ 0 RETURN FILES 7YE

IIRCW= IFJX ( FLOAT ( IJ) *
(1.- 1./FLQAT (rsrzE))/ _________________2. )- i  (D~~ioo I=II ,I5I~~~ICOL=I FIX(F LOAT(JJ)*
(1. - 1./ FLOAT( IS IZE))/  ‘If2 .) - i  (DO jO7 I111=1,ISIZE)

_ _ _  ~1~
[REWIND lOll 

/

1 READ AN 7INPUT
RECORD

‘ifAOV~NCE
FILES IF

L~
E
~

ESSARY1 [ K=ICOLJ

4
ISheet 17
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P END FILE( DO 50 J-1 ,JJ ,ISIZE 1D2
I REWIND
w ID1

K= K+1 ‘J/
_ _ _ _ _  

EXIT D

r
L=L+1 

~tI WRITE
I OUIPUT

/ RECORD

INITIALIZE
IBUF2 TO

ZERO

~1~( DO 105 I=L ,I I  )
‘if[ WRITE

I OUTPUT

/ RECORD

Sheet 18

234



I
REDAL S

BEGIN

INITIALIZE
IBUF 1,IBUF2 4,TO 

(DO 102 I=1 ,IROW )ZEROES __________________

READ ID1 , 1 L=L+1ITF1,ID2 , IITF2 ,II,
JJ I ISIZE 

~/ WRITE /OUTPUT
YES

ISIZE~~O RETURN 
RECORD /

NO

IROW=IFIX(FLOAT( II)* 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

(1.-1 ./FLOAT(ISIZE))/ (Do 100 I=II ,ISIZE)
2j—1 

_ _ _ _ _ _ _ _ _ _ _ _ICOL=IFIX(FLOAT(JJ )* i INITIALIZE I
TO2.)-1) ZERO

I ISZ=ISIZE**2 I
READ AN I

‘if 
_ _ _

~1~ INPUT /
~ ADVANCE RECORD 

/TO CORRECT I ____________FILE 
I

\J21

Sheet 19

4 
4
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F

20 20

K~ ICOL I WRITE
____________ I OUTPUT

/ 
RECORD

(~~~143 I3= 1 ,JJ ,ISIZE)
‘if

100
K: K+ 1

FILL IBUF2
- WITHI I 3MAX= I3+ISIZE-1 I ZEROES

(Thö 143 I4=I3,I3MAX~~) ~II4
,

( DO 105 I=L ,II 3W 4,
IBUF2 (K)=IBUF2(K) WRITE+IBUF1 (I4) 

/ OUTPUT
__________________ RECORD

14 
‘If

____________ 
100

L=L +1
K=ICOL

____________ 
END FILE

I 1D2
REWIND

(jö1144 IS= 1,JJ ,ISIZE) 
_____________

_ _ _ _  
‘If

K’K+ l EXIT
LBUF2(K)—IBUF2(K14

ISZ

Sheet 20 -
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APPENDIX B -

SUBJECTIVE EFFECTS OF
SELECTED DIGITAL DEGRADATIONS
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APPENDIX B

SUBJECTIVE EFFECTS OF
SELECTED DIGITAL DEGRADATIONS

Section IV-B gives a preliminary subjective image test set.

In asking a trained photointerpre tator to evaluate the effects

of the various d igital degradations selected , the prominent

response was verbal . These verbal comments , recorded in Ta bles

B-i through B-23 , are indicative of the sub jective effects noted.
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I
TABLE B-i. ADDITIVE GAUSSI AN SPOT NOISE

APPLIED TO A HIGH RESOL UTION B/W
VERTICAL D IGIT IZED PHOTOGRAPH

Standard Deviation = .3% of Gray Level Range

Good deta il , good shadows

Stan dard Dev ia t ion = .6% of Gray Level Range

Good detail , good shadows

Standar d Deviation = 1.2% of Gray Level Range

Good deta i l , good shadows

Standar d Deviation = 2.4% of Gray Level Range

Some loss in detail of KC-135 tail section , probably
caused by graininess.

NOTE:  Loss of tonal differences between B-52 (painted
A /C) and background may cause the interpreter
some diff iculty .

Shadow detail is good on all Ima ge scenes.

Standard Deviation = 4.88 of Gray Level Range

Graininess causes some loss detail along edges of targets.

Tonal difference between B-52 and portion of it ’ s background
appears to be enhanced by this graininess.
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TABLE B-i. ADDI TIVE GAUSSIAN SPOT NOISE
APPLIED TO A HIGH RESOLU TION 81W

VERTICAL DIGITI ZED PHOTOGRAPH (Continued)

Standard Deviat ion = 9 . 7 7 %  of Gray Level Range

Detail of ta il sections on both aircraft affected by

graininess. There is a loss in target background tone that

is caused by this “salt and pepper-l ike ” appearance .

Detail of left tip of KC-135 wing complete ly lost . Men-
suration wou ld be difficult.

Standard Deviat ion = 19.52% of Gray Leve l  Raj~g~~

Detail on KC-135 only apparent on rig ht wing , portion of

le f t  w in g  and fuse la ge . De tai l  of 8 -52  is com p le te l y  los t
under magni fication. Loss of bac kground deta il caused by the

“ salt and pepper-l ike ” appearance. Accurate target men-

suration would be impossible.

Standard Deviat ion = 39.04% of Gray Level Rangy

Almost complete loss of detail under magn ification.
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TABLE B-2. ADDITIVE GAUSSIAN LINE NOISE APPLIED
TO A HIGH RESOLUTION 8 / W V E R T I C A L

D IG IT IZED PHOTOGRAPH

S t a n d a rd D e v i a t i o n  = •3% of Gray Level Ran ge

E dges as sharp as original , good shadow , good tonal
di f ferences .

Standard Deviation = .6% of Gray Level Range

Tone differences not as great on KC-135 , primarily

between nose of A / C  and fuselage.
B-52 f u s e l a g e  b l e n d i n g  in w i t h  hard s tand  p a r k i n g  ramp

poor tona l  d i f f e r e n c e s  c a u s i n g  l a c k  of t a rge t  d e t a i l .
Overall mesh effect.

S t a n d a r d  D e v i a t i o n  = 1.2% of Gray Level Range

Shadow detail not as sharp as on original image -

di f f e rence  in image tone on KC-135 not as great as on
original image.

Standard Deviation = 2.44% of Gray Level Range

Many ‘ noise lines ” across tar get causes some “break -up ”

of image and loss of detail.

Loss of target detail due to absence of tonal differences

be tween B-52 and hard stand.

Standard Deviation 4.88%_ of Gray Leve l  Ran~ e

No ise apparent on overall image scene , hor i zonta l
“no ise  l in es ” break-up targe t , es pecially left edge of

KC- 1 35 wing - mensuration of wing-span would prove

di f f i c u l t  - same applies to 8-52 , l e f t  ed ge of w i ng
almost lost due to lac k of target and background tonal

241 -
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TABLE 8-2. ADDITIVE GAUSSIAN LINE NOISE APPLIED
TO A HIGH R E S O L U T I O N  B/ W V E R T I C A L
DIGITIZED PHOTOGRAPH (Continued)

differences and noise. Poor detail in tail section of

B-52 because of noise and lack of tonal differe nces.

Stan dard Deviation = 8.77% of Gray Level Range

Excessive noise breaks-u p target - causing lack of

de t a i l  - w i d e  “ n o i s~~- b a nds ” ve ry d i s t u r b i n g .  A l m o s t

co m p l e t e  l a c k  of d e t a i l  in l e f t  w i n g  edge of 8-52 and

tail section.

Standard Deviation = 19.55% of Gray Leve l  Range

‘Wide black and white noise bands ” breaks -up target

deta i l. Targe t mensurat i on wou ld  be ext remel y d if f i cul t
if not impossible.

Stan dard Deviation = 39. % of Gray Level Range

No ise level causes greater loss of image detail than

image scene above.

NOTE: Ade quate shadow detail is present on each image
scene.
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TABLE B-3 . GAUSSIAN LINE JITTER APPLIED
TO A HIGH RESOLUTION 8/W VERTICAL

D I G I T I Z E D  PHOTOGRAPH

Standard Deviation = .05 P i xe l s

S t a n d a r d  D e v i a t i o n  = .1 Pixels

Standard Deviation = .2 Pixels

E dges not as sharp as on other images.

Standard Deviation _=_ .39_Pixe l s

Excessive “jitter ” caus i ng “br eak-up ” in edges of target

an d target shadow. Detail of KC-135 tail-section almost

com pletely lost.

De tail of back section of fuselage and tail section of

B-52 almost com pletely lost.

This ‘jitter ” is quite apparent o’ vertical painted

l i nes  on h a r d s tan d.

Standard Deviation = .78 P i x e l s

E x c e s s i v e  j i t t er  b r e a k i n g  up t a r g e t  and t a r g e t  sha d ow -

De tail lost on nose section and back part of fusela ge and

tail of 8-52.

Standard Deviation _= 1.56 Pixels

No ta r g e t d e ta i l  a pp a r e n t  - exce pt on b a c k  e dg e of
KC- 135 wings and back edge of 8-52’ s left w ing. Greater

loss of detail apparent on painted B-52 vs silve r (painted

KC-135).
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TABLE B- 3 .  G A U S S I A N  L INE J ITTER A P P L I E D
TO A HIGH RESOLUTION B/W V E R T I C A L
DIGITIZED PHOTOGRAPH (Continued)

Standard Deviation = 3.13 Pixe l s

D e t a i l  of 8 - 5 2  co mp le tel y los t. Ed ges of KC -135

broken-up to the point where all target detail is lost

except in wing sections.

S t a n d a r d _ D e v i a t i o n _ = 6.25 Pixels

100% loss of target detail and shadow - shape i s  s t i l l
apparent.

NOTE:  S h a p e o f tar get re m a i ns a pp aren t on eac h i ma g e scene ,
particularly when no magnification is used. There is
poor c o n t r a s t  be tween ta r get a n d  t a r get b a c k g r o u n d
making accurate interpretation difficult.
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T A B L E  8 - 4 .  V A R Y I N G  THE S A M P L I N G  OF A
HIGH RESOLUTION 8/W VERTICAL DIGITIZED

PHOTOGRAPH UNDER HIGH A L IASING

Sampling Reduction 2

Some loss of detail in nose sec tion (radar) of 8-52 .

Sampling R e d u c t i o n = 3

Some loss of detail in tail sec tion of KC—1 35 and

nose of B-52 .

Sampl ing  R e d u c t i o n  = 4

Loss  of d e t a i l  in nose s e c t i o n , t a i l  s e c t i o n  and

eng ines  of K C - 1 3 5  — o v e r a l l  target image lac ks sharpness.

Muc h of B-52 (especially right wing tip) ‘blends-into

tar get background. Target image lac ks sharpness.

Sam pling Reduction = 5

E dge of left wing KC-135 very “ cho p py ” . En g i n e s  o n

that wing not very apparent - very little detail in tail

section of aircraft. Target shadow and back ground tone
differences are not as good as on original image scene.

Poor deta il in 8-52 . Target tends to blend in with

background.
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TABLE 8-5. VARYING THE SAMPLING OF A HIGH RESOLUTION
B/W VERTICAL DIGITIZED PHOTOGRAPH UNDER

REDUCED A L I A S I N G

Samp l i n  g Re d u c t i o n = 2

Good d e ta i l, good shadow , good tonal differences

between target and background.

Sam p l in g Reduction = 3

Ove rall image (especially KC— 135 appears a bit fuzzy)

S~j~pjJn R e d u c t i  on = 4

T a r ge t s do no t  a pp e a r  s h a r p, l o ss  o f de tai l  in nose
sec tions and tail sections of A/C. Wing-tips of B-.52

tend to “blend - in ” wi t h bac kg round .

Sam~j i n g Re d uc ti on = 5

Targe ts lack  ove ra l l  shar p ness , much detail lost.

R ight engine of KC- 135 not apparent under magnificat ion.

Ri ght wing of B-52 blending in with background.
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TABLE 8-6 . ADDITIVE GAUSSIAN SPOT NOISE
A P P L I E D  TO A LOW k E S O L U T I O N

8/W VERTICAL DIGITIZED PHOTOGRAPH

S t a n d a r d _ Devi a t i o n _ =__.3% of Gray L e v e l  Range

S t a n d a r d _ D e v i a t i o n  = . 6- of Gr~y Leve l  R a n g e

Some detail is lost in targets. Second aircraft from

the l e f t  a p p e a r s  to be a “delta wing ” a i r c r a f t , r a t h e r
than a swept wing.

S t a n d a r d  Dev i a ti on = 1.22 % o f Gray Level  Ran ge

Standard Deviation = 2.44% of Gray Level Ra~ 9~

V e r y “spotty ” - loss  of edge d e t a i l  b e c a u s e  of spot-
tiness. Tar get backgrnund (aircraft parking area) tone

a f f e c t e d  by “ salt and pepper-like ” i n te r f e r e n c e  t a k i n g

away from the target itself , by “blending -in ’ with the

ta rge t.

Standard D e v i a t i o n = 4 .88% of Gray L e v e l  Range

Aircraft are sti l l  d e t e c t a b l e , h o w e v e r , t h e y a r e n o t

iden tifiabl e. Edges of hard stand lack any detail or

s h ar p n e s s .  Area b e tween third an d four th h ard s tand
a p p e a r s  to c o n t a i n  an a i r c r a f t  ( f a l s e  alarm).

S t a n d a r d  D e v i a t i o n  = 9 .77 % of Gra y_ L e v e l_ Ran ge

Spot noise effects entire image scene. “ Fa ls e  a la rm ”

detected still apparent. Target can still be interpreted

a s an A /C par ki ng area .

:i - .
~~
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TABLE B-6 . ADDITIVE GAUSSIAN SPOT NOISE
A P P L I E D  TO A LOW RESOLUTION

8/W VERTICAL DIGITIZED PHOTOGRA PH (Continued)

Standard Dev iation = 19.51% of Gray Level Range

Area can st ill  be interpreted as an A/C parking area .

No ot her information can be obtained from this scene.

Standard Deviation = 39.04% of Gray Level Range

Tar get area not identifiable.

r~. ~ —
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T A B L E  8 - 7 .  A D D I T I V E  GAUSSIAN LINE NOISE APPL IED
TO A LOW RESOLUTION 8/W V E R T I C A L

D IG IT IZED PHOTOGRAPH

Standard Deviation = .3% of Gray Level Ran ge

Standard Deviation = .6% of Gray Level Range

Stan dard Deviation = 1.22% of Gray Level Range

Line noise effecting (distorting) shape of the two
A / C  on the thir d and fourth hard s tand .

Standard Deviat ion = 2.44% of Gray Level Range

Line no ise effecting shape of all parked aircraft.

Standard Deviation 4.88% of Gray Level Range

A i r c r a f t  are still identifiable.

Stan dard Deviation = 9.77% of Gray Level Range

A i r c r a f t  are detec table; however , the “wide-bands ”

or line noise is “breaking -up ” the target and making

interpretation difficult.

S t a n d a r d  D e v i a t i o n  = 19.52% of Gray Level Range

All aircraft are detectable . None are ident ifiable.

Standard Deviation = 39.04% of Gray Level Range

It is still apparent that the target is an aircraft
parking area. Two aircraft are detectable , but not
identifiable.
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TABLE 8-8. GAUSSIAN LINE JITTER APPLI ED
TO A LOW RESOLUTION B/W VERTIC AL

DIGITIZE D PHOTOGRAPH

Standard Dev iation = .05 Pixe ls

Standar d Deviat ion = .1 P i x e ls

Standar d Deviat ion = .2 Pixe ls

Edges of fourth a i r c ra f t  from the lef t  are broken .

S tandar d Dev ia t ion = .39 Pixe ls

Standar d Deviatio n = .78 P i x e l s

A ircraft shape disto rted by “jitter ” . Edges of

tax i-ways and hard stands are als o distorte d.

Standar d Deviat ion 1.56 Pixels

Hard stand s till ide ntifiab le. Aircra ft can be detected.

Standa rd Deviat ion = 3.13 P i xe l s

Hard stand still Identifia ble. Ai rcraft can be detect ed.

Standa rd Dev iation = 6 .25  Pixels

Tar get not ident l fiab lr .
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TABLE B-9 .  V A R Y I N G  THE Q U A N T I Z A T I O N  OF A
LOW RESOLUTION B/ W V E R T I C A L

DIG IT IZED PHOTOGRAPH

Number of Gray Levels = 3 2

Poor contrast between target and target background
make identification difficult. All four aircraft are

d e tecta b le , however ,

Num ber of Gray Levels = 16

Many of the target components “blend into ” their back-
ground. Identification of the aircraft not possible.
They are detectable.

Number of Gray Levels = 8

Aircraft not detectable. Target can be identified as
an aircraft parking ramp .

Number of Gray Levels = 4

No detail in image; however , the overall shape of the

targe t area might allow an interpreter to make an accurate

inter pretation.

. 4 -;
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TABLE B-la- . VARYING THE SAMPLING OF A LOW
RESOLUTION B/W VER TICAL DIGITIZED
PHOTOGRAPH UNDER HIGH ALIASI NG

Samplin g Reduction = 2

Target area is ident ifiable , and aircraft are detectable.

Sampling R e d u c t i o n = 3

Target area is identifiable , and airc raft are detectable.

Samplin g Reduction = 4

Target area is identi fiable. Loss of det ail does not

allow for the detection of the aircraft.

Samplin g Reduction = 5

No detail In image. Shape of A/C parking area is stil l

apparent.
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TABLE B-il. VARYING THE SAMPLING OF A LOW
R E S O L U T I O N  B/ W V E R T I C A L  D I G I T I Z E D
PHOTOGRAPH UND F1~ REDUCED ALIASING

S a m p l i n g Re d u c t i o n  = 2

Target area Identifiable. Aircraft are still
detectable.

Sampling Reduction = 3

Target area identifiable. Two aircraft detectable.

Sampling Reduction = 4

Target area identifiable. Aircraft are not detectable.

Sampling Reduction 5

r arking area still maintains shape. No target detail
apparent. No A/C detectable.
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TABLE B-12. ADDITIVE GAUSSIAN SPOT NOISE APPLIED
TO AN INFR ARED IMA GE OF PARKED AIRCRAFT

Standard Deviation = 3% of Gray Level Range

Edges broken , deta i l  remains.

Standard Devia tion = .6% of Gray Level ~~~~~

Edges broken , detail rema ins.

Standard Deviation = i.22% of Gray Level Range

Edges broken , detail remains.

Standard Deviation = 2.44% of Gray Level Range

Edges broken , detail remains.

Standard Deviation = 4.88% of Gray Level Range

Edges not sharp, some loss in detail especially on
boom (located rear of tail section) and tail section
itself.

Standard Deviation = 9.77% of Gray Level Range

“Salt and pepper ” effect takes away from target
sharpness and detail. The right-rear portion of the
fuselage blends in with the background because of “spotty ”
effect. Tip of right wing appears to be rounded rather
than straight and sharp.

Standard D e v i a t i o n  = i9.52% of Gray Level Range

Greater “ spotty ” or “salt and pepper-like ” effects
cause loss of target detail and edge sharpness. Boom
completely lost under magnification . Ri ght wing -t ip
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TABLE 8-12 .  A D D I T I V E  GAU SSIAN SPOT NOISE APPLIED
TO AN INFRARED IMAGE OF PARKE D AIRCRAFT (Continued)

appears to be rounded. Much of target blends into the
background when viewed under magnification.

Standard Deviation = 39.04% of Gray Level Range

Loss of all target detail under magnifica tion. Image
appears almost like a half-tone newspaper picture.
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TABLE 8-13 .  A D D I T I V E  G A U S S I A N  LINE NOISE
APPL IED TO AN INFRARED IMAGE OF PARKED A I R C R A F T

Standard Deviation = .3% of Gray Level Range

Standard Deviation = .6% of Gray Leve l  Ra ng e

Standard Deviation = 1.22% of Gr~y Leve l Range

S t a n d a r d  D e v i a t i o n  = 2.44% of Gray Leve l  Range

Standard Deviation = 4.88% of Gray  Leve l  Range

Some loss of detail on in-board engine , right wing.
Edges of ta rget  very “choppy ” due to wide-bands or lines.

Standard Deviation = 9.77% of Gray Level Range

Some loss of detail on in -board engine , right wing.
Edges of tar get very “chopp y ” due to wid e bands or lines.

Standard Deviation = 19.52% of Gray Level Range

Some loss of detail on in-board engine right wing.

Edges of target very “choppy ” due to wide bands or lines.

More loss of detail due to wide bands or lines. Refueling
boom almost completely lost under magnification.

Standard Dev iation = 39.04% of Gray Leve l~~~~~~

Rear sect ion of fuselage lost because of “banding ”

and lines. Boom completely lost under magnification.

—
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TABLE B- 14. GAUSSIAN LINE JITTER APPLIED TO
AN INFRARED IMAGE OF PA RKED A I R C R A F T

Standard D e v i a t i o n  = .05 Pixels

S tan da r d Dev i a t i o n  = .1 P i x e l s

S t a n d a r d  D e v i a t i o n  = .2 P i x e l s

S t a n d a r d  D e v i a t i o n  = .39 Pixels

Standard Deviation = .78 Pixels

Target edges “broken ” by jitter. This is apparent on
all target components except the rear edge of the right
wing.

Standard Deviation = 1.56 Pix els

Lack of detail caused by “broken ” edges.

Standard  Deviation = 3.13 Pixels

Ta t- get lacking detail. No edge shar p ness at  a l l .
Complete loss of target components , i.e., engines , boom.

Standard Deviation = 6 . 2 5  Pixels

Comp lete loss of target detail. Shape could be
interpreted as a “thermal shadow . ”
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TABLE B-15.  V A R Y I N G  THE Q U A N T I Z A T I O N  OF A N
INFRARED IMAGE OF PARKED A I R C R A F T

Num ber of Gray Levels = 32

Number of Gray Levels = 16

Light gray border alon g edge of target. This d oes no t

effect the detail too ba dly.

Number of Gray Levels = 8

Gray border along edges of target distort the detail.
Engines on right wing appear to be separated from the
wing. Boom located in ta il section is lost. Shape of
rear portion of fuselage is distorted.

Number of Gray Levels = 4

Step -like edges in tail section of A/C. Target lacks
detail in general. Front portion of fuselage blends in

w ith background (“ smearing effec t”).
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TABLE B-1 6. VARYI NG THE SAMPLING OF AN
INFRARED IMAGE OF PARKED A I R C R A F T

UNDER HIGH ALIASING

Sampling Reduction = 2

Poore r target - background contrast than other three

images , es pe c i a l l y in ta i l s e c t i o n .

S a m p l i n g  R e d u c t i o n  = 3

B e t t e r  c o n t r a s t . Good tone differences betwe en

target and target background.

Sam p l i n g Re d u c t i on = 4

Good tone differences between target and target back-

ground.

Sampl ing Reduction = 5

Good tone differences between target and target back-
ground.
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TABLE 8-17. VARYING THE SAMPLING OF AN
INFRARED IMAGE OF PARKED AIRCRAFT

UNDER REDUCED A L I A S I N G

Samp li ng Re d uct i on = 2

Poorer tar get - background contra st than other three

image scenes , especially in tail section of A/C.

Sampling Reduction = 3

Good target/background contrast; better detail .

Sampling Reduction = 4

Good target/background contrast; better detail.

Sampling Reduction = 5

Some detail lost in boom section of aircraft. Good
target/background contrast.
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T A B L E  8-18. A D D I T I V E  G A U S S I A N  SPOT NOISE  A P P L I E D
TO A SYNTHETIC  APER A TURE RADAR IMAGE

Standard Deviation = .3% of Gray Level Range Very l i t t l e
(if any )

Standard Deviation = .6% of Gray Level Range chan
~
e
b
was

tween these
S t a n d a r d  Deviation = 1.22% of Gray Leve l  Range

the o r i g i na l

Standard Deviation = 2.44% of Gray Level Range image .

Standard Deviation = 4.88% of Gray Level Range

Ima ge appears slightly grain y .

Standard Deviation = 9.77% of Gray Level Range

Shape of aircraft o r p a r k i n g  ramp d i s t o r t e d ,

graininess increased causing some loss of background

detail and target sharpness.

S t a n d a r d  De viat io~~~ J~_. 52% of Gray Level Range

De tail lost , es p e c i a l l y  in h an ger area . A i rc ra f t
shape distorted. Chan ge in run -way construction

mater ial (on over-run , not as ap parent as it is on

or iginal).

Standard Deviation = 3 9 .0 4 % of Gray Level  Range

De tail almost completely lost in hanger area closest

to hard s t a n d .  Shape of  a i r c r a f t  d i s t o r t e d  b e y o n d  recog-

nition. Complete loss of back ground detail , road not as

ap parent as in the othe r three image scenes due to “salt

a n d  p e p p e r ” (spotty ) effects.
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TABLE B-19. ADDITIVE GAUSSIAN LINE NOISE APPLIED
TO A SYNTHETIC APERATURE RADAR IMAGE

Standard Deviation = .3~ of Gray Level Range

Standard Deviation = .6% of Gray Level Ran ge

Some distortion in shape of aircraft note l .

Standard Deviation = 1.22% of Grey Level Range

Some distortion in shape of aircraft noted.

Standard Deviation = 2.44% of Gray Level Range

Some distortion in shape of aircraft noted.

Standard Oeviat ion = 4.88% of Gray Level Range

Lines “breaking -up ” edges of hard stand , taxi -ways
and hangers . Parked A/C distorted.

Standard Deviation = 9.77% of Gray Level Range

Lines more prominent. Hangers to right of hard stand
may be Interpreted as separate building rather than one
long building because of the line noise. Detail in parked
a ircraft lost.

S t a n d a r d  D e v i a t io n = i9 .55 % of Gray Level Ran g~

The only thing that an - interpreter can say about this
Image scene Is that it is an airfield and aircraft parking

area. The edges of the hard stand are still recognizable.

-
- - - -  
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TABLE B-19 . ADDITIVE GAUSSIAN LINE NOISE APPLIED
TO A SYNTHETIC APERATURE RADAR IMAGE (Continued)

Standard Deviation = 39.04 % of Gray Level Range

Line noise makes any detail interpretation impossible.

Targe ts are “ br oken-up ” b y the noise. The scene can ,

however , be reco gnized as an airfield and aircraft parking

area. The hange rs  l o c a t e d  in the v i c i n i t y  of the park in g

area (hard stand) are no longer apparent.
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TABLE 8-20. GAUSSIAN LINE JITTE R APPLIED TO A
S YNTHETIC APERA T UR E RADA R IMAGE

Standard Deviatio n = .05 Pixels

Standard Deviation = .i Pixels

Standard Dev iation = .2 Pixels

Stan dard Deviation = .39 PIxels

Edges of run-way and taxi-ways appear “choppy ”

because of jitte r .

Imagery is still usefu l to the interpreter.

Standard Deviation = .78 Pixels

Target shapes are distorted due to jitter. Strai ght

lines appear extremely “choppy. ”

Standard Deviat ion = i.56 Pixels

The target scene can be recognized as an a irfield;

however , all deta il is lost. Parked A/C is no longer

detecta ble and the hangers are no longer reco gnizable.

Standard Deviation = 3.13 Pixels

The runway can still be detected; however , I believe

that is true only because I am familiar with the image

scene.

Standard Deviation = 6.25 Pixels

Same as above.
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TABLE B-21 . VA RYING THE QUANTIZATION OF A
SYNTHETIC APERATURE RADAR IMAGE

N u m b e r  of Gray  L e v e l s  32

N u m b e r  of Gray Levels = 16

Number of Gray Leve l s  = 8

“Gray - like , blotchy appearance ” takes away from
targe t detail. This is especially true in hanger area

to the right of the A/C parking area. In addition , much
background detail is lost by this “blotchiness. ”

Number o f Gray L e v e l s  = 4

Same as above.
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TABLE B-22. VARYING THE SAMPLING OF A SYNTHETIC
APERAT URE RADAR IMAG E UNDER HIGH ALIAS I N G

Sampling Reduction = 2

Sam pling Reduction = 3

Parked A/C no longer detectable. Some loss of de tail
in overall scene.

Sampling Reduction 4

Parked A /C not detectable. Great loss of detail in

overall scene.

Sampling Reduction 5

Parked A/C and hangers not detectable. Target scene
can be recognized as an airfi eld. The digitization caused
a “false -alarm ” situation. The aircraft might be inter-
preted as a parked A/C.
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TABLE B-23 . VARYING THE SAMPLING OF A SYNTHETIC
APERATURE RADAR IMAGE UNDER REDUCED ALIASING

Sampj ing Reduction = 2

Parked air :raft not detectable. Poor contrast between
targets an d background causing loss of detail in overall

i mage scene.

Sam pling Reduction = 3

Par ked aircraft not detectable. Poor contrast between

tar gets and background causing loss of detail in overall

image scene.

S a m p l i n g  R e d u c t i o n  = 4

Loss of contrast and overall shar pness causes loss of

deta i l in any targets that may be present ~n the image
scene.

S a m p l i n g  R e d u c t i o n  = 5

The target scene can be recognized as an airfield;
however , al l  de ta i l  is los t .

267/268

-
~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~

.--.- - --  . ---:-
~~~~~~~

-
~~



APPENDIX  C

INTERPRETATION OF MOIRE ’ PATTERN FORMATION
AS A D IGITAL SAMPLING PROCESS

2~ 9

~~~~~

- 
I ~~~~~~~~~~_ .. 

_ _ _ _ _



APPENDIX C

INTERPRETATION OF MOIRE ’ PATTERN AS A
DIGITAL SAMPLING PROCESS

Moire ’ patterns are those shimmering patterns seen in

everyday life when looking through layers of screen mesh , folds
of silk , or even parallel bridge railings. Since these Moire ’
patterns are exceptionally sensitive to displacements , their use
has been abstracted for use in scienc e to detect optical flat-
n ess , crystalline inhomogeneities , stress , faint signals , etc.

At its conceptual simplist , the Moire ’ pattern is formed

by viewing one periodic structure thr ough another periodic

struc ture. Such an example was shown previously in Figure 5-4 .
The formation of the Moire ’ pattern is best understood in

terms of the spatial frequency representation of a digital
sampling process. Figure C - i f s  the spatial frequency represen-

tat ion of the test image , Figure 5-1 . The test image is actually
composed of square wav~s and thus possesses an infinite number
of harmonics. For sim plicity and with no serious results we

ignore the harmonics in this discussi on. Now remember that
the test image was seen by viewing through its slightly rotated
s e l f , F i g u r e C-2 , giving Figure 5-4. Thus the trans parent
rotate d copy of the test Image forms a spatial sampler of the

nature discussed in Section Ill — A. The resulting sam pling

action is one -d imensional. This implies that the spatial
frequency spectrum will be replicated throughout the spat ial

frequency plane with the origin moved to each of the points $,~
as shown in F igure C-3. The results of the replication are

seen in Figure C-4 , the spatial frequency, representation of
Figure 5-4 .

From Figure C-5 , the MTF response of the human visual sys—

tern , it is apparent that certain spatial frequencies are more

prominent to the human than others. By moving the Image of
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C B A

Figure C—i . The Spatial Frequency Representation
of the Image of Figure 5-1
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Figure C-2. Rotated Version of the Input
Test Pattern of Figure 5-1
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Figure C-3. The Local Origins of the Replicating
Effects of the Image of Figure C-2

Use d as a Samp ler
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Figure C-4. The Spatial Frequency Distribution
of the Image of Figure 5-4
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Figure 5-4 closer to or further from the eye it is possible
to superimpose contours of MTF response onto Figure C-5 , as
shown in Figure C-6 . Thus the spatial frequency components
of Figure 5-4wh ich are most apparent are 0, E , and F . E is

the average brightn ’~ss while 0 and F form an al i ased low

fre quency nearly vertical spatial sine wave. This sine wave

is the quite evident Moire ’ pattern observed in Figure 5-4 .

Thus Mo i re ’ p a t t e r n s  are seen  to be the aliased phenomena of

a d i g i t a l  image samp l ing  p rocess  and are sub ject  to the laws
and p r o p e r t i e s  t h e r e o f .  For i n s t a n c e  the reason that the
M o i r e ’ pattern is horizontal while the original patterns are

vertical is apparent in the spectral plane of Figure C-6 .
Very com plex and rich forms of digital image t e s t i n g

procedures can thus be developed using the specialized alias-

ing properties of digital image systems and the MTF properties

of the eye . Section V considers a few of the possibilities.
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A P P E N D I X  D

MATHEMATICS OF MOIRE ’ PLOTTING
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APPENDIX  0

M A T H E M A T I C S  OF MOIRE ’ P LOTTING

A mathematical understanding of the means by which Moire ’

patterns can be used to plot function is developed here.

Let the lines of the test image , Figure 5—9 , consistin g

of h o r i z o n t a l  l i nes  be indexed by the sequenced

h = . . . .  -2 , -1 , 0, 1 , 2 

an d the lines of Figure be indexed by the sequence

k = . .  . .  — 2 , — 1 , 0, 1 , 2 

as shown there. It w i l l  be seen in Figure that the Moire ’

patterns will be observed at the locus of the points of inter-
section of the two p a t t e r n s  of F i gu res  5-9 and 5-10 where h-k

i s  a n o th e r i n t e ger p

p = . . . .  -2 , 1 , 0, 1 , 2

That is , the Moire ’ p at terns are solutions of the subtractive

i ndicia l equation

h - k = p (0— 1)

Now the equation for the lines of Figure is

y = bh + tf (bh) (D-2)

Where

279 
- -



y = the vertical position of any point on
the line

b = the normal spacing of the lines

h = is defined above

t = a c o n s t a n t , th e s c a l e  fac tor
f(. ) = the function by which the line spacing

d e v i a t e s  from the normal spacing, b

The equation for the lines of the figure consisting of

h o ri zon ta l  l i nes  w h e n  c a n ted at a n g l e  a i s

x = y co t a - b k  cos a/  s in  a ( D - 3 )

w h e r e

x = t~-e hor izontal position of any points on
the line and all othe r values are defined
a b ove

E quation (0-2) can not in general be solved for h. Instead,

s o l v i ng ~qu ation (0-3) for k gives

k = 
y c o t a - x  (0-4)b tan e

Inserting Equation (0-4) into Equation (0— 1) gives

hb = 
COSc t  

sina 
+ pb (D-5)

Now rota ting the coordinate system clockwise throuqh an angle a

gives the old coordinates x , y in terms of the new coordinates

x l , y l

y = y ’ cosa + x ’ sin a (D-6)

x = y ’ sina + X ’ C O Sa  ( 0 - 7 )
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Combining Equations (0-6) and (0-7) into Equation (D-5) gives

hb  = 
c~~sct 

+ pb (0-8)

Substituting Equations (D-8) and (D— 6) in to Equation (0-2) gives

= 
s i f l a  [3~’(co

1
sa 

- cosa)+ pb + tf (c~ s 
+ 
bP)]

No w as a + O

~ 
1 [p~ + tf(y+bp)]

Upon appropriately shif ting the origin and droppin g primes , t h e
Moire ’ pattern obeys the equation

x ’ 
~ ~ f(y)

Thus it is seen that the Moire ’ pattern pl ots the function f(.)
a t an amp l i f i c a t i o n  invers ely proportional to ~ th e a n g l e  o f
c a n t , of the original patterns of Figure s 5-9 and 5-10.
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APPENDIX  E

MEASUREMENT OF MTF BY THE OBSERVER
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A P P E N D I X  E

MEASUREMENT OF MTF BY THE OBSERVER

Sec tion V-B described an approach by which the MTF of a

di gi tal system could be determined by an observer without test

equipment. The mathematical justification is given here .

Le t A IN (x ,y) and A OUT (x ,y) be the amplitude of the sine

wave a t location (x ,y) in the original and reproduced test

i ges.
Now from Equation (1 ) x is also the spat i al frequency of

the s ine wave at the point (x ,y). Thus

A IN (x ,y) = y

Now from the definition of MTF it is seen that

A 0~~ (x ,y) = MTF(x) A IN (x ,y)

= MTF(x)y

For any given condi tions , there exists a minimum amplitude

d(x) of any spatial sine wave of frequency which any given human

can perceive. Thus there exists a b(x), Fi gure 5-7, such that

A OUT (x ,b ( x ) )  = d ( x )

and there exists an a (x) such that

A IN (x ,a( x)) = d (x)

It follows

A OUT (x ,b ( x ) )  = d ( x )  = A IN (x ,a (x)) 
- 

-
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or

MTF(x)b(x) = d(x) = A IN (x ,a(x))

or

M T F ( x ) b ( x )  = a ( x )

or

M T F ( x )  = ______

wh ich is the results obtained at Step 4 of the procedure of

S e c t i o n  V - B .
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