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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 consisting
of one scene from a Texas Instruments FLIR 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 with perturbation on film) and soft copy (digitized scenes with per-
turbations using the RADC/Image Processing Facility). A total of 144 images
was derived from four test scenes and were evaluated against an original 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)
characteristic.

Results indicate that the combination of sampling rate inclusive of
source (sensor) imagery characteristics, structure (characteristics of dis-
play) and optimization (modulation transfer function) of the entire digital
(processingg system, and the physiology of the visual system, lead to bounds
on digital image quality.
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SECTION 1
INTRODUCTION

Digital processing techniques have become commonplace
in their applications to imaging systems such that the need
is long overdue for a digital imagery test set. The objective
of this exploratory investigation is to determine preliminary
criteria for such a test set. Necessary prerequisites which
are first investigated include considerations of image quality,
detailed analysis of the elements peculiar to digital imagery
and subjective tests of imagery degraded by basic digital
parameters.

The image quality considerations are introduced in Sec-
tion II wherein an imagery source, digital processor, and ob-
server are each evaluated as elements in the imagery chain.

The representation of imagery by digital techniques and the
processing of digital imagery is placed in proper perspective
by considering the source characteristics such as its spectral
properties, and the observer characteristics.

The sampling and reconstruction of two-dimensional imagery
signals are the basic functions peculiar to digital imagery and
these are analyzed in Section III. Aliasing 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. Different
imagery sources are used and include visual, FLIR and SAR.
Digital degradations include additive noise, line jitter,
quantization, 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, which are
ideally suited for analyzing the str -ture of digital image
patterns, is included in this Sectior.

9




EVALUATION

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

The recommended test set criteria 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.

Digital 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 characteristics, structure and optimizations
of digital image systems, and experimental evaluation of a preliminary sub-
jective digital image test set.

A list of the objective digital 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. Postfilter MTF response above the Nyquist rate.

g. Number of quantization 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 mcst 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 1imit 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 digital image subsystems in
reference to the list of otjective image factors.

d. Digital image processing procedures and algorithms and their in-
herent affect upon image quality.

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

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

This initial study has provided the framework for a digital image test
set with continuing efforts recommended for detailed specifications and
construction of a test set. One development which was started in this ef-
fort and worth exploring further is the relationship between MTF response
and aliased distortion. In addition, this study has generated computer
programs for the subjective evaluation of digital degradations which would
prove useful for simulating the performance of the sensor portion of the
total digital imaging system.

ANDREW PIRICH
Project Engineer
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SECTION II
THE IMAGERY CHAIN

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 essential elements, or functions,
of an imagery system are first discussed, and are then followed
by considerations of performance. Thus, the notions of imagery
evaluation and image quality, so important to the test set
definition, are first introduced.

The linking of imagery information between an input source
and the cutput observer is termed an imagery chain. The sim-
plest case in which only a source and observer are present is
called the natural imagery chain as depicted by the Fiqure of
2-1. The observer is a human who visually observes the source
representation be it FLIR, 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 computer technology and the ability to
process, or transform, imagery information almost at will, the
basic questions of imagery evaluation and performance become
more paramount. For example, the image quality, presumed for
a given observer's task, can be drastically altered by con-
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

1T
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functions of the digital imagery chain in the following para-
graphs. The source and observer of the natural imagery chain are
discussed in Sections II-A and II-B respectively. The governing
characteristics of the image processing subsystem under consid-
eration here will be digital, rather than photographic, electric,
or acoustic in nature. The fundamental characteristics of the
digital image processing subsystem are discussed in Sections
II-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 considerations are addressed in Section III.

Once a digital processing subsystem has been inserted into
the natural imagery chain, the impact on performance must be
evaluated. Imagery evaluation procedures are considered in
Section II-F. The question of what constitutes 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. THE NATURAL IMAGERY SOURCE

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
volumetric phenomena (glow, translucence, 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 manageably reduced to formula. Basic laws of
interrelationship of reflectance, transmittance and absorption
as a function of illumination have been developed. In effect,
all of the image modifiers of the image source are reasonably
well understood. What is insufficiently well understood is
the basic structural information contained in the image. For
instance, it is not presently possible to reduce to formula
answers to the questions: "How are the image reflectance and
transmittance functions of the image features developed?" or
“How are the object functions of the environmental relation-
ships developed?”

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
state-of-the-art image processing subsystems. The characteri-
zations include measurement and/or modelling of the image spec-
trum, amplitude distribution, second-order statistics, etc.

The spatial imagery spectrum is currently the most useful
form of structural data to be extracted from the image. This
spectrum data which varies with classes of source imagery is
particularly useful in determining desirable digital sampling
frequencies, filter rolloffs, and bandwidth reduction parameters.
The approach taken here is to intuitively arrive at an appro-
priate model for image source spectra and then demonstrate that
the model is consistent with the actual spectra of several
image sources. One dimensional signals are assumed; however,
the results are easily extended to two dimensions as required.

15




Consider the hypothetical one-dimensional image gray level
profile shown in Figure 2-4. The various gray levels could
correspond to different objects in a scene, each having 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 t. 1In a scene, these gray
level transitions usually occur at the boundaries of material
objects. Since the boundaries of objects 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 natural
or man-made scenes, the boundaries are easily seen to be
Poisson distributed. We shall assume that for a given class of
imagery, there are o gray level transition boundaries per unit
length; of course, a can vary from one class of imagery to the
next.

With these assumptions the probability of k transitions in
the interval t is given by

Pk(‘l’) = (ar)k e R I a5

in which case it can be shown that the probability of no tran-
sitions in t is Po(r)=e'°1. (It should be noted that we are
considering the probability density function for the number of
gray level transitions in an interval t; 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

Clr) = E{(Ff(x)-Ef(x))(f(x+t)-Ef(x+1))}

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

C(x) = E[(A-u)(B-)[T=0] pr(T=0)

+ E[(A-w)(B-w) | T21] pr(T21)

It is easy to see that
E[(A-u) (B-0) T=0] = E(A-w)? .

It is also true that

E[(A-u)(B-u)szll = 0.
This can be shown as follows. It is trivially true that
E(A-u)=0. Furthermore, the variates (A-p) and (B-u) are
conditionally independent given T21 since if a transition
occurred between x and (x+t) then (f(x)-u) will be unrelated

to the value of (f(x+t)-u) for imagery. Hence the result
E(A-p)(B-u)=0 follows. It should be noted that the variates

(f(x)-t) and (f(x+t)-u) are, in general, not independent: it

is only when they are conditioned by the event Tz21 do they
become independent.
It then follows from the above that, if

o = E[f(x)-u]
then

C(x) = Elf(x)-ulz ool

so that

18
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w ta

In this case the image spectrum rolls offat 6 dB/octave (20 dB/
decade) and is characterized by a 3 dB corner frequency of w =
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 imagery source 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 of real-time spectral analysis of
analog television signals 1 indicate that television signal
spectra rolloff at 6 dB/octave until the upper frequency limit
of the bandlimited television signal is reached. Further sup-
port for this model for source imagery spectra was obtained
during the study by computing and examining the Discrete Fourier
Transform (DFT) 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 secondary 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 sampling rate
before sampling and quantizing to minimize aliasing degradations.
For these reasons, the spectrum that exists just prior to sam-
pling and quantizing is more properly called bandlimited RC
(BLRC). O0'Neal 21 has derived an analytical expression for
the autocorrelation of BLRC spectra, with the corner frequency
(normalized by total bandwidth) as a parameter. Autocorrelation
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curves corresponding to BLRC spectra with various normalized
corner frequencies are shown in Figure 2-5. With this in mind,
the DFT 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 bandlimiting 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 below. 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 automatically performed by the human.
The resulting features and objects are then passed on to the
higher levels of the brain wheee 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 physto-
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
combination are a lens, followed by a field of photodetectors,
fillowed by postprocessing. The 1ight distribution formed by
the iens of the 1iving human eye on the retina has been
measured and found to be the.line spread function.
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n(x) = exp (-al|x]|)

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

H(w) = %QT = ].4
a tw

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 normal light level and are sensitive to
color. The cones are distributed at maximum density at the
center of the retina and are responsible for normal vision.

They are power-law detectors; i.e., their output is proportional
to the input light energy. This is experimentally expressed

as Fechner'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
phenomena of "brightness consistency" - the fact that the same
object observed under different illumination levels appears to
maintain a near uniform brightness. Figure 2-10(a) contains the
intensity profile of an object, one under normal light level and
the other under five times as intense an illumination. 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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Figure 2-10. Intensity Profiles Illustrating
"Brightness Constancy"
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Obviously, 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 neural networks. Assuming no self-inhibiting
action and exponentially decreasing inhibitory interaction
otherwise, this postprocessing stage zan be shown to be a
highpass filter with a response which can be widely adjusted.
Under these conditions, the human MTF can be seen to be a
nonlinear 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-adjust-
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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€. MAJOR COMPONENTS OF THE DIGITAL IMAGERY PROCESSING
SUBSYSTEM

A Digital Imagery Processing Subsystem is composed of the
elements shown in Figure 2-15. Generically, it consists of a
conversion process which converts the aerial image into a digi-
tal representation. Once the digital 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 study to first
view the process on an abstract level. Just as one can plot
individual numbers on a graph or as positions in three-dimen-
sional space, so can an entire image be thought of as occupying
but a single point in an infinite dimension space. Thus image
a and image B 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 symbols A, B,

C thus are three separate digital images. Now if input images
a and 8 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 digital images as shown in Figure 2-16(c).
In the example shown, the digital images A and B are processed
into the digital images 3 and 2 respectivrly.

The digital imagc output conversion process is then a
mapping back into image space on a 1 to 1 basis, i.e., one
digital image gives one point (one aerial image) in image
space. This action is shown in Figure 2-16(d).

If the action of the entire digital image processing sub-
system is sought, then the composite input conversion, digital
processing mapping, and output conversion action must be deter-
mined. This is shown in Figure 2-16(e), the composite of the
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(a) Input Image Space

- Input
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(b) The Digital Image Input Conversion Process
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(c) The General Digital Image Processing Mapping

Figure 2-16. Abstract Representation of the Action Taken By

A Digital Image Processing Subsystem
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(e) The Composite Image Processing Subsystem Action

Figure 2-16 (Continued). Abstract Representation
of the Action Taken By A Digital Image
Processing Subsystem
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actions of Figures 2-16(b), (c), and (d). Here it is seen
that any input aerial image lying in Regions A, B, or C will
result in output aerial images I, II, or III respectively.
Thus if image o is input, image III will be output, or if
image g is input, image II will be output.

From the above discussion three important conclusions
emerge. First, in a digital image processing subsystem, many
input images may result in the same output image, or conversely,
any two specific input images may result in the same output
image. Second, the output image need not bear any resemblance
to its input image, or conversely, it may bear any resemblance
to its input image. Finally, the response of the digital image
subsystem to any image (such as a test image) in no way i¢
necessarily indicative of its response to any other tmage.

While the above conclusions are true, current useful
theoretical approaches to the digital image processing sub-
system are more restrictive. These processes are discussed in
Sections II-D and II-E. Current state-of-the-art hardware
implementations are even more restrictive. These are con-
sidered separately in Section III.

D. THE DIGITAL IMAGE CONVERSION PROCESS

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 contained in Section III. The utility 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 state-of-art developments.

At the usual theoretical level, a digital image can be
taken as a finite collection of finite valued integers. Given
this, an immediate relevant question arises; "Is it possible
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
digital images. This succinct observation brings one rapidly
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 quality will be
indirectly pursued.

In Figure 2-16(a), if image o is output when image a is
input, then the image quality of the intervening 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 of the output image
should increase. It is possible therefore gb rep[ace the
desire for digital conversion processes of high imade quality
by the desire to minimize the average distance between an input
image and output image in image space. This average distance
is widely referred to as the average mean square error of the
output image relative to the input image. It is possible to
show that the average mean square error can be made as
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E. DIGITAL IMAGE PROCESSOR

The digital image processor (DIP) is a digitized version
of the "Imagery Processing Subsystem" of Figure 2-2. Hence it
is typically a specialized digital computer performing one or
more algorithms on the digital data.

There are several different types of digital image pro-
cessing in use today. One of the first uses was that of data
compression where the DIP reduces the amount of digitized data
needed to represent an image; typically the DIP would then
include a TV camera, A/D converter, orthogonal transform
algorithm, a communications channel, a receiver, detransformer,
D/A converter and finally, a TV monitor.

Another common type of DIP is one used for image restora-
tion. Here, the digital computer attempts to correct or com-
pensate for the optical imperfections of the imagery processing
subsystem. For example, the DIP may introduce an effective
change in the MTF to compensate for the TV camera's MTF so that
the visual high frequency content of the scene is more readily
visible to a human observer.

Yet another type of DIP is that of image enhancement. This
consists of 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
techniques, although the potential to incorporate knowledge of
the human visual system appears to be good. One arbitrary exam-
ple of image enhancement is given in Figure 2-17 for which the
output is not necessarily a replica of the input but has certain
desirable features enhanced.
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(a) The input

(b) The output

Figure 2-17. Results of an Arbitrary Digital
Image Processing 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, and thus, 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 mathematical approach is well suited to the measurement
of system parameters against mathematically defined specifica-
tions such as

Modulation Transfer Function
Signal-to-Noise Ratio

Gray Level Mapping
Resolution

Area Equivalent MTF

Dynamic Range

The subjective approach is well suited to the cataloging
of human perceived changes engendered by the digital system such
as

® Crispness

(] Brightness

(] Loss of Detail

® Appearance of Spurious Patterns
® Sparkle

® Contrast

The objective approach is well suited to the determination
of impairment or facilitation of the observer's reactions such
as
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Figure 2-18. Evaluation of a Digital Imagery Subsystem
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e Detection Time
Accuracy of Recognition
Mensuration Ability

G. IMAGE QUALITY

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 input images for the task at hand. The
following problems arise, however:

® What is the appropriate measure of image quality?
9 What is the set of input images to be considered?
[ What is the task at hand?

An appropriate measure of image quality is not yet recognized in
the literature. However, it is generally thought that the par-

ticular measure of average mean square error between input and
output image is not appropriate. For the purposes of this
report, and particularly Section IV, the measure is indirectly
defined as the percentage utility of an output reconstructed
digital image to the input image, as verbally expressed by a
trained photointerpretator.

The set of input images to be considered is usually

indirectly defined by examples or modelling such as performed
in Section II-A. Section IV considers that the input image
ensemble can be adequately specified by a few well chosen
examples.

The task at hand is a critical question. It could range
from artistic evaluation to target detection. In Section IV the
task at hand is indirectly defined by asking the trained
photointerpretator to assess the images based upon his expe-
rience in photointerpretation.
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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 quality should
be an equivalence relation. That is, the following should be
obeyed:

(1) Symmetric Relationship

Any given output image should possess the
same image quality relative to the input when
compared with itself. This is patently true.

(2) Reflexive Relationship

If two output 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 output 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 tec
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
necessarily 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 basic to the formation of any
mathematical measure. Should the equality of image quality not
exist, there will be little means by which a body of image
quality theory can emerge.

Second, images should be rankable in terms of image quality.
That is, if the quality of image A appears better than that of
B, and independently, the quality of B appears better than C,
then when directly compared, A should also appear better than C.
Obviously, if this does not hold, it will be impossible to
obtain a measure of image quality. This condition is further
considered in Section IV.

Third, 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 applications, this
is 1likely not to be true since for instance, one can make an
output image very similar to the input image except for a
blackening of a very small area. The quality will drop pre-
cipitantly, however, if that blackened area happens to contain
the target of interest but the MSE will be Tittle affected if
the blackened area originally contained the target of interest
in a dark background.
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SECTION III
SCANNERS AND REPRODUCERS

In this section, the theoretical and practical aspects of
the scanning and reproducing of source images are considered.

The image degradations introduced by spatial sampling and
reconstruction are discussed in Section III-A followed by a
discussion of the image degradation due to quantizing noise in
Section III-B. Finally, some of the practical aspects of image
degradations introduced in the scanning ahd reproducing process
are examined in Section III-C.

A SPATIAL SAMPLING AND RECONSTRUCTION

Two fundamental operations are performed by the scanner
in any digital imagery system: two-dimensional spatial sampling
and quantizing 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
result of these two operations is a digital representation of
the source image that is discrete in both space and amplitude.
The digitized image may be thought of as a two-dimensional
matrix of sample values, in which each sample value is allowed
to have one of a finite set of values. For convenience, the
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.

a7

R AN s P L




) 49 The Nyquist Sampling Theorem and Time-Limited Real Signals

The Nyquist Sampling Theorem states that any function f(t)
containing frequencies no higher than W can be perfectly recon-

structed from its samplies taken ZL seconds apart. Signals
which are sampled Tess frequently than fs=2w samples/second
suffer a type of degradation called "foldover" or aliasing, in
which high source frequency components masquerade as lower
frequency components in the reconstruction process. A subtlety
involved in any practical application of the Nyquist Sampling
Theorem is due to the fact that any real-world signal of prac-
tical interest is finite in extent (time or space) and cannot
therefore be truly bandlimited in the strict sense. This
implies that the sampled signal cannot be reconstructed exactly
for any finite sampling rate; however, the energy of the error
signal can be made as small as desired by incr aiing the sam-
pling rate. A result due to Landau and Pol]akT3 quantifies
the tradeoff between sampling rate and error signal energy

as follows:

if x(t) is time-limited to T seconds and the
signal energy that falls outside the bandwidth
B Hz is less than or equal to k times the total
signal energy, then the energy of the error
signal between x(t) and an approximation con-
structed using 2TB signal samples is less than
12 KE.

Using the results of reference[3]. Slepian[4] has proposed
meaningful definitions for bandlimited and time-limited signals
using the notion of "distinguishability at level E."

One of the measures of image quality that is directly
related to the spatial sampling rate is spatial resolution;
another measure of image quality related to spatial sampling
rate is the degree of aliasing degradation present. The
relationships and tradeoffs among image bandwidth, image
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resolution, sampling rate, and aliasing effects are classified
in the following paragraphs.

2. Image Resolution and Aliasing

The original image to be transmitted possesses a continuous
spectrum of spatial frequencies much as shown in Figure 3-1.
When this image is (ideally) sampled at the scanner, the sam-
pling process drastically modifies the original image spectrum
as shown. The sampled spectrum is composed of an infinite
number of original image spectra spaced at intervals fs (the
sampling rate) apart. When the transmitted sampled image is
received at the recorder, it is desired to display not the
sampled image itself, but a reconstruction of the original
image. This is accomplished by trying to retrieve the spectrum
of the original image by isolating the fundamental spectrum
(crosshatched 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 image data above spatial frequency fs/2 to
provide the reconstructed spectrum for display. Note that if
the repeated spectra of the sampled image overlap as shown
in Figure 3-1, then the isolation action of the reconstruction
filter is imperfect and some spurious detail called aliasing,
due solely to the sampling process, enters the displayed image.
Since it does not visually relate to the basic image data this
spurious detajl is normally perceived as image noise degrading
the quality of the display image.

A graphic example of the aliasing effect is shown in Figure
3-2, in which a sinusoid of linearly-increasing (with space)
spatial frequency (a "chirp" waveform) which has also been
sampled at a fixed frequency fs is displayed on a recorder
hardcopy output. In this figure, the abscissa is spatial
location and since the source frequency is increasing with
time, a spatial frequency can be identified with each spatial
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location on the abscissa. Because the MTF of the recorder
attenuates all spatial frequencies greater than fS/Z, only
the aliased frequency is visible on the recorder output. In
Figure 3-2 the spatial frequency at spatial location x0 is
zero. For source frequencies higher than fs/2 (at X4 in the
figure), the MTF of the recorder attenuates the fundamental
(principal alias) and passes the aliased frequency. At Xos
the source frequency is equal. to fs and the aliased frequency
is zero while at Xa the aliased component associated with Zfs
has zero frequency; the zero frequency display is evidenced
as the three widest black stripes in the figure at Xgs Xp» and
Xq- Although it is incidental to the discussion of aliasing,
note the charge in contrast along the vertical axis of Figure
3-2 which indicates that aliasing is not a function of contrast.
In general, there are only two ways theoretically to
remove any spurious aliasing. The first is to move the spatial
sampling frequency up to an fS which is twice the spatial
frequency content of the original image and to move the recon-
struction filter lowpass cutoff to one-half that amount. The
results are seen in Figure 3-3 for this case. Since the
repeated copies of the original image spectrum within the sam-
pled image do not now overlap, they can be correctiy separated
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 “remove" all original image spatial
frequencies higher than one-half the sampling frequency fs'
This prevents overlapping of the repeated copies of the pre-
filtered original image spectrum. Since these repeated-copies
do not overlap, they can now be correctly separated by the
lowpass reconstruction filter without incurring any image
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degradation due to aliasing. The net result has been to reduce
the system resolution and eliminate aliasing degradation. As
pictured in Figure 3-4, the final reconstructed image possesses
none of the degradations of aliasing, although the resolution
is poorer when compared to that of the original image.

a3 Aliasing Considerations in Image Resolution Reduction

In many practical image scanning and recording systems
there exists a requirement for more than one available resolu-
tion. This requirement can be met by always sampling at the
highest rate required 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 pixels
could be reduced; the simplest of these, involves merely
retaining only the nth pixel of every nth line. Theoretically
this action is equivalent to inserting a supplementary spatial
sampler into the system of Figure 3-4 at the location shown in
Figure 3-5. The result of this reduced sampling rate is a
repetition of the imagery spectrum at frequency intervals fs/n
which causes a heavy overlapping of the fundamental image
spectrum (crosshatched in Figure 3-5). Since there is no re-
construction filter which can isolate the fundamental image,
there will be considerable spurious detail within the displayed
image as shown in the frequency spectrum of the reconstructed
image in Figure 3-5. This aliasing, of course, visually
appears as noise-like detail degrading the image quality.

What modifications to this redundancy removal technique
are appropriate in order to reduce the excessive aliasing
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 fs/n and that the reconstruction
filter cutoff must also be decreased to 0.5 fS/n.

If one now abandons the one-dimensional signal assumption
and generalizes the results to a two-dimensional spatial image,
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it is clear that the "redundancy removal" filter function of
Figure 3-5 must be a two-dimensional filter function. Imple-
menting such a two-dimensional filter function requires enough
memory to "sequentially assemble" 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 weighted and summed to provide a single output value

at each sampling instant.

The weighting function corresponding to the iqeal lowpass
filters shown in Figure 3-6 is a two-dimeqsiona] il%—i function,
which is infinite in extent. Truncated il%—5 weighting func-
tions could be used to approximate the lowpass filter charac-
teristic. As an example of the aliasing degradation that can
be encountered in practical resolution reduction operations,
assume that the weighting function (one-dimensional case) is
uniform and encompasses a number of samples corresponding
to twice tke one-dimensional resolution reduction ratio, i.e.,
for a 4:1 resolution reduction, eight samples would be uniformly
weighted.

The model for such a resolution reduction approach and
corresponding spectra at key points are shown in Figure 3-7. In
Figure 3-7, hl(t) is the digital decimating filter and hz(t) is
the interpolating filter which includes the model for the analog
interpolation process (D/A converter, sample-and-hold post-
filter). Note the presence of aliasing between 0 and fs/8 and
the unwanted spectral components between fS/B anf fs/2.

An alternative decimation approach that requires only one-~
fourth'(for the two-dimensional case) of the computational
complexity of that shown in Figure 3-7 involves using only
four input samples rather than-eight (see hl(t) of Figure 3-7)
to obtain each "representative" pixel. The penalty for this
reduced computation requirement is that the aliasing 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-sample
decimation causes the principal alias of SE(f) to be contamin-
ated by the main lobe of the nearest alias, in addition to the
side lobes of all the remaining aliases.

B. QUANTIZATION OF IMAGE SOURCES

In order to transmit a representation (approximation) of
an aerial image to another location using a digital channel,
the source must first be sampled and then quantized. The
image degradations introduced, viz., aliasing and resolution
reduction, in the sampling process were discussed in Paragraph
ITI-A. The degradations incurred as a result of the scanner
quantizing Figure 3-8(a) and reproducer gray level mapping,
Figure 3-8(b), processes taken together, Figure 3-9, will 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.

e Three Approaches to Quantizing

Assume that the sequence of numbers that results from the
sampling of the image source produces Gaussian samples that are
independent. The simplest 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

i log2 M.
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A more complex quantizing approach treats the quantizer
output as a M-ary source and assigns binary codewords to
sequences or blocks of quantizer outputs. As the number of
quantizer output symbols per block becomes large, the minimum
number of bits/sample can approach 1092M, where M need not be
an integer power of the base two. Note 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
Gaussian source will not have equiprobable outputs. For any
source with a nonuniform amplitude probability density function,
the M-level quantizer output will exhibit an entropy that is
less than 1092M 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.

s The Quantizing Performance Metric

The performance metric for quantizers is usually taken
as the mean-squared error (MSE) between the quantizer input
(source) and quantizer output. Although it is recognized that
mean-squared error is an inadequate metric of subjective image
quality, it is a useful measure of image quality in the sense
that, if the MSE is made sufficiently small, the subjective
image quality will be perceived as being "good" rather than
"fair" or "poor". Whichever of the three quantizing approaches
discussed is chosen for quantizing imagery, the quantizing
characteristics can be specified so that the quantizing dis-
tortion (MSE) is its minimum possible value. A1l that is
required is a knowledge of the amplitude probability density
function p(x) of the source, which can be used to specify the
quantizer threshold values X and representation values Y
by solving (numerically) the simultaneous equations
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X
Y5 =f i+l xp(x)dx i .2
~y

and using
X, = (yi+yi_1)/2 { = 2.3

It is clear from the first of Lhese equations that the optimum
representation level Y; is the centroid of the area of p(x)
between X5 and Xie1°

35 Source Coding Subject to a Fidelity Criterion:

Shannon's Rate-Distortion Theory

For all useful quantizing characteristics the magnitude
of the MSE decreases as the number of bits/sample increases,
i.e., the channel bit rate can be traded for quantizing
distortion power 62

The lower bound for this tradeoff is given by Shannon's[s]
rate-distortion theory result

R(bits/sample) = 1/2 log, (62/¢?)

where

02 = input signal variance

and

02/52 = 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 [b]) indicates that entropy
coding of each uniformly-quantized image-source sample (see the
HQ(v) curves) performs within 1/4 bit of the rate-distortion
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bound. The curves in Figure 3-10 designated M(ez) and B(s2)
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[7]).

Curiously enough, if the quantizer output is to be entropy
coded, uniform (i.e., linear) quantizing gives lower MSE than
nonuniform quantizing, as proved first by Gish and Pierce[g]
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,
linear 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
A2/12 (A=quantizer stepsize), regardless of the probability
density function, if the number of quantizer 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 4¢ quantizer in
which the maximum quantizer output Tevel is designed to be
four times the rms signal level; i.e., V 40. Using the

peak”
relationships

4 = total quantizer range/number of levels -1
2V
a = ng%p = 8z ,n= 1 bits/sample
ikl 2 y
R
and NQ = A/1C
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the resulting expression for SNR is

SNR = of/N. & e

ov. in di,
SNR (dB) = 10 log SNR = (6n-7.27) dB

Of course, this expression is only accurate for signals whose
rms value o is one-fourth the maximum quantizer output level.

The corresponding derivation for full load sinusoidal
signals yields

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

A problem encountered in practice is that real world
signals are seldom truly stationary with respect to either
signal power or amplitude probability density function. This
fact results in suboptimum quantization. This effect can be
ameliorated by designing a suboptimum logarithmic u-law quan-
tizer that performs well with a wide variety of probability
density functions over a wide dynamic range of input power

levels. The performance of u-law quantizers is given ﬁo] by

n
SNR (dB) = 20 log [—53-2— ' 48
Tog(1+y)

and for the commonly used u=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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bits

A L R 2)
sample

R (%) = % log, (oz/NQ) = % 1og, (SNR)

which implies
SNR (dB) = 10 log,, (22") = 6n(dB)

Since one bit is equivalent to 6 dB, the 40 quantizer and u-law
(u=255) quantizer perform within 1.2 bits and 0.48 bit of the
rate distortion bound, respectively.

€. PRACTICAL DIGITAL IMAGE DEGRADATION MECHANISMS

It has been shown above and in Section II-C that any digi-
tal image conversion process must introduce image degradations.
It was also shown that theoretically, these degradations could
be made as insignificant as desired.

In addition to any theoretical degradation incurred, there
normally exists a large repertory of degradations encountered
due to practical implementation 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 orthonormal operation, the effects of these changes from
optimality are blurred across the image. Thus the degradation
will subjectively appear as a general worsening of image
quality-generally with 1ittle specific to point to other than
loss of resolution, contrast, and mudding of image detail.

In the case of spatially sampled orthonormal conversion,
the effects of image processing 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

A o
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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 optimality 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 1ist 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
perceived 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 Degradations:

o Loss of fine detail, blurring (higher
spatial frequencies)

The Prefilter MTF Cutoff Frequency is Above Optimal

Possible Sources:

@ System design
(] The scanner optical path
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The scanner electronic circuits and filters

Perceived Degradations:

False Tow 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 where
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 mottling of the image

The Prefilter MTF Curve Shape Departs from Optimality

Possible Sources:

System design
Optics
Detector
Preamplifier

Perceived Degradations:

Decreased resolution (blurring)
Ringing (appearance like ripples
in water)

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
circuit

Operator error

Perceived Degradations:

Loss of fine detail (above 1/2 the sampling
rate)

Image 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

Perturbed

Possible Sources:

System design

Electrical cciponent failure in clocking
circuit

Mechanical scanning imperfections

Perceived Degradations:

General mottling (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).
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The Spatial Sampling Structure Departs from Optimality

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-along some other

direction in the image

The Digitizer Levels are A1l Chosen Too Low

Possible Causes:

. System design

8 Preamplifier gain increased
? A/D malfunctioning

3 Input image too light

Perceived Degradations:

® Total loss of detail in highlights
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The Digitizer Levels are All Chosen Too High

Possible Causes:

System design
Preamplifier gain decreased
A/D malfunctioning

Input image too dark
Perceived Degradation:
® Total loss of detail in shadows

One or More Digitization Intervals is Enlarged

Possible Sources:

System design

. Detector/preamplifier gain curve departs
from optimality

® A/D malfunctioning

Perceived Degradations:

False contouring seen in detail-less areas
Portions of picture appear painted

Loss of lTow contrast detail

Apparent increase in image contrast

One or More of the Digitization Intervals is Randomly
or Systematically Perturbed

Possible Sources:

Mechanical vibrations
Detector noise
Preamplifier noise

A/D malfunctioning
Perceived Degradations:

Spot noise in the image
General mottling
Granularity
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Reproducer
The Gray Level Mapping Levels are all Chosen Too Low

Possible Causes:

System design
Insufficient 1ight output
Insensitive output medium

Amplifier gain too low
Perceived Degradations

& Image is too dark
Cannot see shadow detail

The Gray Level Mapping Levels are all Chosen Too High

Possible Causes:

System design

Too intense a light output

Too sensitive an output medium
Amplifier gain too high

Perceived Degradations:

[ Image is "washed out,” flat
® Low contrast

One or More of the Gray Level Mapping Levels is
Mischosen

Possible Causes:

System design
Amplifier/1ight modulator/output medium
gain curve departs from optimality

. D/A malfunctioning

Perceived Degradations:

False containing
Masking of image detail
Loss of contrast
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One or More of the Gray Level Intervals is Randomly

or Systematically Perturbed

Possible Sources:

Mechanical vibration
Light modulator noise
Amplifier noise
Channel noise

A/D malfunctioning
Perceived Degradations:

Spot noise in the image
General mottling
Scan pattern becomes visible

Granularity

The Postfilter MTF Cutoff Frequency is Below Optimal

Possible Causes:

[} System design
[ The reproducer optical path
® The reproducer electronic filters

Perceived Degradations:
) Loss of fine detail, blurring

The Postfilter MTF Cutoff Frequency is Above Optimal

Possible Sources:

(] System design
® The reproducer optical path
£} The reproducer electronic circuits

Perceived Degradations:

General mottling of the image
The image raster will become more
pronounced
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) Object boundaries known to be smooth
will become ragged

The Postfilter MTF Curve Departs from Optimality

Possible Sources:

System design
Optics
Electronics

Light modulator
Perceived Degradations:

Decreased resolution (blurring)

Increased raster visibility

Image too dark or light

The Reproduced Pixel Rate is Reduced Appreciably

Possible Sources:

(] System design
o Electrical failure in clocking circuit
a Operator error

Perceived Degradation:

® Image will degenerate ultimately
to a matrix of dots of varying
intensity

) The effects (above) caused by the post-

filter MTF going above optimal

The Reproduced Pixel Rate is Systematically or
Randomly Perturbed

Possible Sources:

& System design
@ Electrical failure in clocking circuit
El Mechanical scanning imperfections

76

Ringing (appearance like ripples in water)




Perceived Degradations:

& General mottling (for high spatial
frequency perturbations)

[ Image waviness or patterns across the
image structure (for moderate spatial
frequency perturbations)

@ Geometric distortions caused by incorrect
MTF of the postfilter

The Reproduced Pixel Structure Departs from Optimality

Possible Causes:

) System design
() Electrical failure in sync circuit or
line start circuit

Perceived Degradations:

& Systematic jitter of image detail
° Incorrect postfilter MTF effects (above)
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SECTION IV
SUBJECTIVE EFFECTS OF SELECTED DIGITAL DEGRADATIONS

Sections II and III consider the structural aspects of the
imagery chain, methodology of evaluation and the definition and
desirable features of a measure of image quality. These sec-
tions do not, however, directly consider the question of how
sensitive and consistent the human observer's reaction is to
various digital degradations likely to be encountered in
practice. This is experimentally considered here.

Section IV-A discusses the test methodology, Section IV-B
presents preliminary image comparative test sets for a variety
of digital degradations and source imagery, and Section IV-C
provides indications of the sensitivity of a trained photo-
interpreter to various common digital degradation as well as
the consistence of his observation.

The comparative test sets and corresponding indications
of the photointerpreter's sensitivity to the various digital
degradations should prove useful to a variety of hardware
programs in the future.

A. TESTING

The testing procedure used was generally that of Figure
2-18(b), i.e., subjective evaluations were sought of all per-
ceived digital effects.

In order to choose representative examples of the above

imagery, a trained photointerpreter intimately familiar with
the RADC Imagery Data Bank, Richard Petroski of Rome Research
Corporation, was asked to make an appropriate selection. The
following predigitized images were chosen for evaluation.
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¢ B/W Vertical Photography (RC-8 camera) over
Griffiss AFB, NY - approximately (1% ground ft.)2
per pixel.

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

AFB, NY - approximately (8 ground ft.)2 per pixel.

¢ Infrared image (sensor not identified) over Parked
Aircraft.

e Synthetic Aperature Radar (UPD-4) over Griffiss AFB,
NY.

Representative 256x512 pixel samplies 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-
dation 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
including those encountered in a digital scanner.

The degraded images shown in Section IV-B were obtained
in hardcopy and softcopy form. The hardcopy medium was 3-M's
dry silver paper. The softcopy display was the Sony Color
Digital TV at RADC.

A trained photointerpreter, again Richard Petroski of
Rome Research Corporation, was then given the directions 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 COMPARATIVE TEST SETS

The figures of this section contain high quality photo-
graphic reproductions of the series of hardcopy degraded
imagery used in the experimental testing of this section.
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B/W vertical photography (RC-8
camera) over Griffiss AFB, NY -
approximately (1-1/4 ground
ft.)2 per pixel.

3/W vertical photography (RC-8
| camera) over Griffiss AFB, NY -
apprgximate]y (8-3/4 ground
ft.)c per pixel.

Infrared image (sensor not
identified) over parked
aircraft

Synthetic Aperture Radar
(UPD-4) over Griffis AFB, NY

Figure 4-1. Master Digital Images
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TABLE 1.

Additive Gaussian Spot Noise

Mean = 0
Standard Deviation # 38y .6, 1.22, 2.%%,

4.88, 9.77, 19.52, 39.04% of the gray
level dynamic range

Additive Gaussian Line Noise

Mean = 0
Standard Deviation = .3, .6, 1.22, 2.44,

4.88, 9.77, 19,52, 39.04% of the gray
level dynamic range

Gaussian Line Jitter

Mean = 0

Standard Deviationm =305, .k, .2, 3895 3785,
1.56,. 3.13; 6.28 . pi%els

Quantization

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

Sampling Reduction, High Aliasing

Reduction Size = 1/2, 1/3, 1/4, 1/5 of
original

Sampling Reduction, Reduced Aliasing

Reduction Stze = 172, L/3,°1/9s 178 &Ff
original
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TABLE 2. PHOTOINTERPRETATOR TEST
INSTRUCTIONS

Subjective Verbal Assessment of Image Quality

A. Look at each digitally perturbed image
in reference to the original and define
its percent utility to photointerpretive
tasks.

100% utility - same as original
0% utility - of no use whatsoever

B. Note in words the nature and extent of
interference to image quality relating
to your percentile utility rating
assigned.

Determination of Isopreference Contours of Image

Quality

Using selected images from one digitally
perturbed series, match them to images of other
series such that they visually seem to possess
the same image quality.

Crosscheck of the Transitiveness of Image Quality

Repeat Number (2) above.

Specific Comparison of Aliased Imagery

For each image pair of digitally reduced
spatially sampled images (high aliasing, low
aliasing) determine which possess the higher
image quality.

#
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They are included as a key component of this report since via
comparative techniques, they may be used to evaluate actual
digital systems for similar degradations.

Figures 4-2 through 4-5 illustrate the effects of pro-
gressive digital degradation on a high resolution B/W vertical
photograph, the top image of Figure 4-1.

Figures 4-6 through 4-11 illustrate the effects of pro-
gressive digital degradations on a low resolution B/W vertical
photograph, the second image of Figure 4-1.

Figures 4-12 through 4-~17 illustrate the effects of pro-
gressive digital degradations on an infrared image of parked
aircraft, the third image of Figure 4-1.

Finally Figures 4-18 through 4-23 illustrate the effects
of progressive digital degradations on a synthetic aperature
radar image, the bottom image of Figure 4-1.

C. RESULTS

The results of subjective photointerpretative evaluation
of the preliminary test set of Section IV-B aregiven here.

The preliminary subjective image test set was evaluated
according 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 original digitized
images are shown in Figures 4-25 through 4-29. The various
absolute sensitivities recorded should be useful in comparative
evaluations and the design of other imagery systems.

The figures, 4-24 through 4-29 show that the subjective
image quality measure is a function of the form and degree
of the digital degradation. 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 digital
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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Figure 4-2. Additive

Standard deviation = ,3%
of gray level range

Standard deviation = .6%
of aray level range

Standard deviation = 1.22%
of gray level range

Standard deviation = 2.44%
of gray level range

Gaussian Spot Noise

Applied to a High 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 = 19.55%
of gray level range

Standard deviation = 39.04%
of gray level range

Figure 4-2 (Continued). Additive Gaussian Spot Noise
Applied to a High Resolution B/W Vertical
Digitized Photograph
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Standard deviation = .3%
of gray level range

standard deviation = .6%
f gray level range

3tandard deviation = 1.2%
f gray level range

Standard deviation = 2.44%
of gray lével range

Figure 4-3. Additive Gaussian .Line Noise Applied
to a High Resolution B/W Vertical Digitized
Photograph
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Standard deviation = 4.887%
of gray level range

Standard deviation = 9.77%
of gray level range

Standard deviation = 19.52%
of gray level range

Standard deviation = 39.04%
of gray level range

Figure 4-3 (Continued). Additive Gaussian Lirz Noise
Applied to a High Resolution B/W Vertical
Digitized Photograph
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Sampling Reduction = 2

Sampling Reduction = 3

Sampling Reduction = 4

Sampling Reduction = 5

Figure 4-4. Varying the Sampling of a High Resolution B/W
Vertical Digitized Photograph Under High Aliasing
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Sampling Reduction = 2

Sampling Reduction = 3

Sampling Reduction = 4

Sampling Reduction = 5

Figure 4-5. Varying the Sampling of a High Resolution B/W
Vertical Digitized Photograph Under Reduced Aliasing
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Standard deviation = .3%
of gray level range

Standard deviation = .6%
of gray level range

Standard deviation = 1.2%
of gray level range

Standard deviation = 2.44%
of gray level range

Figure 4-6. Additive Gaussian Spot Noise Applied
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 range

Standard deviation 39
of gray level range

Figure 4-6 (Continued) Additiy
Applied to a Low Resolutior -
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Standard deviation = .3%
of gray level range

Standard deviation = .6%
of gray level range

Standard deviation = 1,22%
of gray level range

Standard deviation = 2.44%
of gray level range

Figure 4-7. Additive Gaussian Line Noise Applied
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 range

Standard deviation = 39.04%
of gray level range

Figure 4-7 (Continued). Additive Gaussian Line Noise Applied
to a Low Resolution B/W Vertical Digitized Photograph

94




Standard deviation
pixels

Standard deviation
pixels

Standard deviation
pixels

Standard deviation
pixels

Figure 4-8. Gaussian Line Jitter Applied to a

Low Resolution B/W Vertical Digitized
Photograph
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Standard deviation
pixels

Standard deviation
pixels

pixels

pixels

.78

1.56

Standard deviation = 3.13

Standard deviation = 6.25

Figure 4-8 (Continued). - Gaussian Line Jitter Applied

to a Low Resolution B/W Vertical Digitized

Photograph
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Number of gray levels

Number of gray levels

Number of gray levels

Number of gray levels

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

97

32

16

o et




Sampling Reduction = 2

Sampling Reduction = 3

-""' Sampling Reduction = 4

- Sampling Reduction = 5

Figure 4-10. Varying the Sampiing of a Low
Resolution B/W Vertical Digitized Photograph Under High Aliasing
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Sampling Reduction = 3

Sampling Reduction = &

- Sampling Reduction = 2
IIHIIIIIIIIl

Sampling Reduction = §

Figure 4-11. Varying the Sampling of a Low Resolution
B/W Vertical Digitized Photograph Under Reduced Aliasing




Standard deviation = .3%
of gray level range

Standard deviation = .6%
of gray level range

Standard deviation = 1.22%
of gray level range

Standard deviation 2.44%

of gray level range

Figure 4-12. Additive Gaussian Spot Noise Applied
to an Infrared Image of Parked Aircraft

100

e —— - ——




Standard deviation = 4.88%
of gray level range

Standard deviation = 9.77%
of gray level range

Standard deviation = 19.52%
of gray level range

Standard deviation = 39.04%
of gray level range

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 range

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 Infrared Image of Parked Aircraft
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Standard deviation = 4
of gray level range

Standard deviation = 9
of gray level range

of gray level range

of gray level range

.88%

7%

Standard deviation = 19.52%

Standard deviation = 39.04%

Figure 4-13 (Continued). Additive Gaussian Line Noise

Applied to an Infrared Image of Parked Aircraft
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Standard deviation = .05
pixels
Standard deviation = .1
pixels
Standard deviation = .2
pixels
Standard deviation = .39

pixels

Figure 4-14. Gaussian Line Jitter applied to an Infrared
Image of Parked Aircraft
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Figure 4-14 (Continued).
to an Infrared Image of Parked Aircraft

Standard deviation = .78
pixels

Standard deviation = 1.56
pixels

Standard deviation = 3.13

pixels

Standard deviation = 6.25
pixels

Gaussian Line Jitter Applied
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Number of gray levels = 32

Number of gray levels = 16
7

Number of gray levels = 8

Number of gray levels = 4

Figure 4-15. Varying the Quantization of an Infrared
Image of Parked Aircraft

106




Sampling Reduction = 2

Sampling Reduction = 3

Sampling Reduction = 4

Sampling Reduction = §

Figure 4-16. Varying the Sampling of an Infrared
Image of Parked Aircraft Under High Aliasing

107




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 Aliasing
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Standard deviation = .3%
of gray level range

Standard deviation = .6%
of gray level range

Standard deviation = 1,22%
of gray level range

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%
of gray level range

Standard deviation = 9.77%
of gray level range

Standard deviation = 19.52%
of gray level range

Standard deviation = 39.,04%
of gray level range

Figure 4-18 (Continued). Additive Gaussian Spot Noise
Applied to a Synthetic Aperture Radar Image
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Standard devtation = .3%
of gray level range

Standard deviation = .6%
of gray level range

Standard deviation = 1.22%
of gray level range

Standard deviation = 2.44%
of gray level range

Figure 4-19., Additive Gaussian Line Noise Applied
to a Synthetic Aperture Radar Image
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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 range

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 =
pixels

Standard deviation =
pixels

Standard deviation
pixels

Standard deviation =
pixels

Figure 4-20. Gaussian Line Jitter Applied to
Synthetic Aperture Radar Image
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Figure 4-20 (Continued).
to a Synthetic Aperture Radar Image

Standard deviation
pixels

Standard deviation
pixels

Standard deviation
pixels

Standard deviation
pixels

= 1.56

= 3.13

= 6.25

Gaussian Line Jitter Applied
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Number of gray levels = 16

8

Number of gray levels =

4

Number of gray levels =

Varying the Quantization of a Synthetic

Figure 4-21.

Aperture Radar Image
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Sampling Reduction

Sampling Reduction = 3
sampling Reduction = 4
Sampling Reduction = 5

Figure 4-22. Varying the Sampling of a Synthetic
Aperture Radar Image Under High Aliasing
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Sampling Reduction = 2

Sampling Reduction = 3

Sampling Reduction = 4

Sampling Reduction = §

Figure 4-23. Varying the Sampling of a Synthetic
Aperture Radar Image Under Reduced Aliasina
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% UTILITY

% UTILITY

NOTE:

xom oo oo O0g OO e Hi Resolution Vert.

100 & Jf\F Ol erer ‘%. X Lopg::g%:?gn Vert.
9 L el N o 0 Photograph
@ & i onégd:?a?;age
70 | 5
60 |
50 } X
40 |
30 -

20 X
10 | \X X ® X0m
0

T T T ¥ T . B 1 v

0 -3 .6 1.2 2.4 49 9.8 19.6 39
STANDARD DEVIATION IN % OF GRAY LEVEL RANGE

Figure 4-24. Effect of A¢ditive Gaussian Spot Noise

o Hi Resolution Vert.

Photograph
X0 X Lo Resolution Vert.
100 ¢— 4\" 9 W O Photograph
9 } .::::: e " O+ o IR Image
o T & : .\\\Q\Radar Image
\
70 | a Bt
60 }
50 ~ X--——-X
40 } \\\\\
30 }
X
20
10 } \x" X
0 T T = | 1 e T T T
0 +3 .6 1.2 2.4 4,9 9.8 '19.6 .39

STANDARD DEVIATION IN % OF GRAY LEVEL RANGE
Figure 4-25. Effect of Additive Gaussian Line Noise

the units of standard deviations correspond to the actual
values chosen for the tests and provide an approximate
logrithmic scale.
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UTILITY

o UTILITY

e Hi Resolution Vert.
Xoa  xoao 0o Photograph
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Figure 4-26. Effects of Jitter

® Hi Resolution Vert.

100 o 0 Photograph
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\\\\\\\\\ Photograph

801 0 l’o IR Image
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Figure 4-27. Effects of Number Gray Levels
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‘ e Hi Resolution

100 ° ° 0 0 Vert. Photograph
x Lo Resolution
90} \ Vert. Photograph
80} o ° o IR Image
>_ -
'-—
= %0 \
5 504 X
= 40}
30k
20}
10 - x\ X o
0 Ll ke v L
] 1/2 178 1/4 1/5
SAMPLING RATE
Figure 4-28 Effect of Sampling Rate, High Aliasing
e Hi Resolution
100¢ o . 0 0 Vert. Photograph
90} T ——" x Lo Resolution
\\\\\\\\\\ Vert. Photograph
80F a ® o IR Image
X
> 70F o Radar Image
= 60F
5 50} x9
* 40
30F
20
10} W i X
o T Ll ) v
1 1/2 1/3 1/4 1/5

SAMPLING RATE

Figure 4-29. Effect of Sampling Rate, Low Aliasing

NOTE: The Photointerpreter was allowed use of a magnifying
glass to compensate for the change in scale in these
sampling rate tests.

B
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TABLE 3. IMAGE EVALUATION FACTORS

Shape - Shape relates to the general configuration
of an object depicted on the image scene. Although
the shape of an object as seen from above is some-
times difficult to interpret, it often provides

the most important clue to identification. Shape
is often distorted on radar and infrared imagery
because of such factors as spot size, pulse length,
beamwidth and fold-over (radar), and temperature,
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 also be caused by digitizing
the original data. When evaluating an image scene,
the interpreter must consider shape distortion.

Size - Size relates to the dimensions, surface, 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 digitized image to the actual
object size will be the second factor considered
when ranking an image scene by quality.

Surroundings - Surroundings refer to the spatial
arrangement of objects and their relationship to
natural objects (background). For example, a ther-
mal electric power plant will have various target
components (objects) surrounding it (such as a
transformer yard, fuel supply, power line cuts)
which will enable the interpreter to correctly
identify the target by its surroundings. The loca-
tion of the target also falls into the category of
surroundings. When an image is degraded, certain
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
minimum number 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. [IMAGE EVALUATION FACTORS
(Continued)

Shade - Shade or tone refers to the brilliance with
which 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.

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.
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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 photointerpreter tends to concentrate on
targets while the spectrum data is composed largely of back-
ground data.

Figures 4-30 through 4-33 show comparisons of subjective
image utility as a function of display type. The results
indicate, as expected, that hardcopy and softcopy utility is
roughly comparable when the same image detail degradation and
extent are shown on both outputs. There appears to be a slight
bias toward preference of softcopy over hardcopy products. This
bias may be a function of the testing procedure although the
softcopy evaluations were held more than 30 days after the
hardcopy evaluations due to the nonavailability 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 hardcopy curves for no noise
start at 100% utility. This is probably not true: the basic
utility of the noiseless hardcopy is probably better than the
basic utility of the noiseless softcopy. Furthermore, as noise
is introduced, 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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Figure 4-30 . Effect of Additive Gaussian Spot Noise
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Figure 4-3]1. Effect of Additive Gaussian Line Noise
(Hardcopy vs. Softcopy)
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Figure 4-32. Effects of Jitter
(Hardcopy vs. Softcopy)
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SECTION V

POSSIBLE DIGITAL IMAGE SYSTEM OBJECTIVE
TEST PATTERNS

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 distortion,
i.e., the "warpitng" of the output scene due to system geometric
non-linearities, and (d) noise, which includes channel nvuise
(bit errors), quantization noise, aliasing noise, etc.

This section provides simple visual methods of measuring
the first three types of image degradations mentioned above.

A. MEASUREMENT OF SAMPLING RATE

The sampling rates of a digital imagery 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 reproduce a test image, 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 comparative test image consisting of
radial lines emerging from the center, Figure
5-2, over the reproduced test image obtained
from the above step.
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Figure 5-2. Comparative Sampling Rate

129

B ———— —— o




(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 provided in Appendix C.

The following questions and considerations are among
which should be answered to reduce the above procedure to
practice.

(a) Two particularly interesting and important
things to note are that the figure of Step 1
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?

130

those
actual

il




N
I |
! ' ll'l I'I ||
'l [ ||I
|||| || ||‘| ||
"h, '|,l |.| h!

\ ::":
\ '..

|
'l N

iyl N\ |

MR :'\:l:l|:l||

]
NN
Wy W \ A\
NN W W
(] '|

]
"y '\"i.".
Mgy, gy
]
'l

lllllmlmnmmu
"
lllmllmlmmnm

n-,
", ‘HI
',u"l‘u 1",’ '”

""

n'i ‘

Figure 5-3.

131

|Illt
/ ll
||| l|| o,
,ﬂ

||
i

|’ 1’

THE MOST

"wl‘ »
Q l :l'l'u': N

Example Results of Sampling Rate Test




(c) How can the sampling frequency be indicated on
the comparison image of the figure of Step 27
A partial answer is to use concentric circles
indicating the spatial frequency corresponding
to the most significant Moire' pattern.

(d) Since the sampling can occur along more than
one spatial axis simultanecusly, how does
the technique given above apply?

(e) How can the above procedure be altered to
determine the scanner sampling rate?

Another, very precise, determination of the spatial sampling rate

in lieu of other sampiing irregqularities follows:

61 ) Input the test pattern of Figure 5-1 into
the system.

(2) Overlay the reproduced test pattern with
the original test pattern canted at a
slight angle.

(3) The spacing between the Moire' patterns
seen is proportional to the spatial
reproduction 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 slight variations in the reproduc-
tion rate acro s the image.

B. MEASUREMENT OF MTF

MTF is a powerful and increasingly used guide to image
quality for the following reasons:

. The MTF of multiply cascaded imagery system
components can be easily combined into a
system MTF.
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Considered
measured.

The MTF can be converted into the "noise-
equivalent passband" of the system, a
parameter of particular interest in analysis
of communications systems.

The MTF is a guide to the capability of the
system to image various sized imagery detail.

here is a technique by which the system MTF can be
The technique is based upon a chirped spatial

frequency procedure:

(1)

(2)

(4)

Input a test image containing the luminance
function given by

I{x,y) = 1 + ¥ sinx? (1)

where the coordinate system is so chosen that
x corresponds with the horizontal frequency
axis and y the vertical contrast axis.

Take the resulting reproduced test image (an
example is shown in Figure 5-6) and lay it
down beside the original test image.

Back up from both test images until it
becomes possible to draw a curve in each
separating the regions containing percep-
tual sine waves from those not perceptual.
Call the curves a(x) and b(x) as shown in
Figure 5-7.

Derive the system MTF by plotting

MTF(x) = —g%}—

with results as shown in Figure 5-8.

The reasoning behind the procedure follows in Appendix E.
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Figure

5-6.

FREQUENCY —=

A Reproduced Chirped Test
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The following questions should be answered prior to
reducing the above procedure to practice:

(1)

(2)

(3)

(4)

(5)

Can the system truly be considered linear?
If not, how does the concept of MTF apply?
If so, what are error sources? See also
Question 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 reduced? Look
at variations of chirp rate!

Why does the procedure attempt to measure
MTF only up to one half the sampling fre-
quency of the system under test.

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 procedure described greatly reduce
any possible deleterious effects?

What is a great advantage of the use of the
perception threshold 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 linearity 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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(6) How could the division indicated in Step 5
be simplified to a manual rather than mental
exercise? Consider a test signal in Equation

(1)
I(x,y) = 1 + log(y) sin(x)?

C. MEASUREMENT OF SAMPLING INHOMOGENEITIES

A common problem in digital 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 the reproduced
test image obtained above, canted at a slight
angle.

(3) The Moire' pattern observed is a good approxi-
mation to the curve of the inhomogeneity of the
scan rate.

As an example of the above procedure let Figure 5-10 be
the reproduced image. Note that it has a scan nonhomogeneity
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
Moire pattern is especially intriguing, it is further con-
sidered in Appendix D. It becomes apparent there, for instance,
that theoretically (and in practice to a large degree) any
degree of magnification of scanning inhomogeneities is
possible.
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Figure 5-9.

A Test

Image for Scan Reproduction
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Figure 5-10. The Reproduced Version of Figure 5-9
With Scan Nonhomogeneity
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The following questions are among those which should be
answered to reduce the above procedure to actual practice.

(1)

(3)

(4)

How do other forms of digital sampling
degradations affect the accuracy of the
test?

What are the second order effects of the
approximation?

What does "slightly enlarged" mean in the
Z"d step of the procedure (see Section V-E)?

What is the effect of changing the angle o in
Figure 5-11? (The first arder effect is simple
to obtain.)

D. MEASUREMENT OF REPRODUCER SAMPLING STRUCTURE

Some indication of the spot shape and placement structure
of the reproducer can be obtained through the following pro-

cedure in lieu of a microscope:

(1)

(2)

(3)

Reproduce the mathematical test pattern of
Figure 5-12.

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

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. 1In this case the Moire' pattern structure
shows the microstructure of a 50% half-tone image.

. S
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Figure 5-13. Example Results of Structural Detvrmination
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E- OBSERVATION OF SYSTEMATIC AND RANDOM IMAGE PERTURBATIONS

A very common form of digital degradation is the systematic
or random perturbation of the image resulting in various super-
imposed 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 will be to input a flat (dc, no detail, gray) image
of appreciable extent. Any observable detail within the output
image will 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,
this curve should be a straight 45° positive slope line.

If the gray~level of the reproduced image wedge is com-
pesed of easily discernible gray-level steps, then the number
of observable steps is equal to the number of observable quan-
tization 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) Input a gray-level wedge into the scanner

(2) Overlay the output gray-levei wedge from
the reproducer with a transparent copy of
the original gray-level 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 resulting image area cof the reproduced
image overlaid with an inverted transparent
copy of the original should be uniformly
gray under strong light. Any deviation from
uniformity will be an indication of system
gray-level nonlinearity.
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SECTION VI
RESULTS AND CONCLUSIONS

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 attempt
to measure image quality. The subjective method whereby a
human observer judged the quality of degraded imagery in a
subjective manner, and the objective method whereby mathe-
matical or physical attributes of the imagery system were
measured in an objective manner. :

The subjective testing of imagery involved adding various
types of commonly observed noise or degradations to four dif-
ferent types of images. The subjective "utility" of the
degraded imagery was observed and tabulated. These results
will enable a system designer 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
degradations.

The objective method of measuring image degradations
involved the conceptual measurement of the following type
degradations:

e amplitude distortion,
e modulation transfer function,
e geometric distortion

The fourth type of degradation, classified as noise, was dis-
cussed in this report although no simplified objective test
was included. The aliasing noise, discussed in Section III-A
was exemplified by the chirp MTF test of Figure 5-6 although
the quantitative measure was proposed for the MTF not aliasing
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distortion. One of the recommendations for further work is

the definition of the trade-offs in performance between the
conflicting parameters of higher resolution and aliasing error;
i.e., if the resolution of a digital imagina system is made

to increase, then the aliasing error will also increase.

A model 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
empirically derived spectra for imagery.

A. SUBJECTIVE TESTS

The following four types of images were evaluated: (a)
high resolution photograph, (b) low resolution photograph,
(c) infrared image, (d) Synthetic Aperture Radar image. Each
image was then subjected to varying amounts of spot noise,
line noise, line jitter, quantization levels, as well as
reduced sampling rates.

The results obtained suggest that

e The source image characteristics form strong
contributing factors to the image auality of
a digital image processing system.

e Subjective image quality is a more dominant
image quality factor than objective image
quality.

e The system parameters of the state-of-art
scann~»s and reproducers can serve as dominant
image quality factors.

148

— e ~—p— - — - R




- OBJECTIVE TESTS

Several simple non-mechanized tests were developed,
including the use of Moire' patterns, to measure the following
objective parameters of a digital imagery system:

# Determination of Spatial Sampling Reproduction
Rate

e Modulation Transfer Function Measurement
e Scan Nonhomogeneity

e Measurement of reproducer sampling structure

A simple method to measure the imagery system gray-level mapping
and the number of levels of quantization were also developed.
A1l of these objective tests are easy to implement and require
no special measurement equipment.

C5 CONCLUSIONS

The evaluation of digital image quality has lagged behind
developments in the application of digital techniques to imaging
systems. Surprisingly little is found in the open literature
on digital imagery quality even the important considerations of
MTF roll off versus aliasing errors. This preliminary investi-
gation including both subjective and objective techniques forms
a basis for the definition of a digital imagery test set.

The recommended test set criteria should include measure-
ments in four categories of system performance: non-linear
amplitude transfer characteristic, non-uniform MTF response
(for frequencies up to one-half the Nyquist frequency), non-
linear geometric response, and noise effects in general.

These criteria have their roots in Tinear 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 replica 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, Moire' patterns can provide powerful measure-
ment techniques which 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 exploring
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
which would prove useful for simulating the performance of the
sensor portion of the total digital imaging system
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APPENDIX A

DIGITAL IMAGERY TEST SET
PROGRAM DOCUMENTATION
Software for evaluation of the Digital Imagery Test Set was
developed in the Certified Prooessing Laboratory (CPL) at Harris
ESD.
The hardware configuration of the CPL is shown in Figure
A-1. Main hardware equipments in this configuration are:

? Datacraft 6024/5 CPU
1.0 microsecond cycle time
8-bit and 24-bit I/0 channels, and ABC channels

® Core memory (64K, 24-bit words)
) Cartridge Disc System, 5.4 byte

® Digital Tape Units
1 each (seven-track, 556/800 bits/inch)
1 each (nine-track, 800 bits/inch)

. Punched card reader (300 cards/minute)
Line Printer (200 lines/minute)

Analog-to-Digital and Digital-to-Analog
Converters (Harris ESD Design)

Teletypewriter, ASR-33 Console Teletype
Tektronix Model 4014/15 Graphics Terminal
Tektronix Hard Copy Unit, Model 4631
Harris ESD Imagery Terminal

CONRAC CRT Display

An overall view of the DITS software processing system is
shown in Figure A-2. The Digital Processing Subsystem and the
Bigital Display Subsystem are shown in Figure A-3 and A-4 re-
spectively.

A digital tape with 6 image files was received from Pattern
Analysis and Recognition Corp. Contents of the tape are listed
in Table A-1. The data was digitized at 8 bits gray level per
pixel.
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Detailed descriptions, documentation and pregram Tistings

of the software used to evaluate these images are contained in

this Appendix. Section A contains program descriptions, Section

B provides program listings,

and Section C contains the program
flowcharts.
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TABLE A-1

Synthetic Aperature Radar (UPD-4)
over Griffiss AFB, NY -(512x512) pixels

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

B/W vertical photography (RC-8 camera)
over Griffiss AFB, NY -(1023x1024) pixels
- approximately (1-1/4 ‘ground ft.)? per pixel

B/W vertical photography (RC-8 camera)
over Floyd, NY resolution target -(1024x1024) pixels
- approximately (1-1/4 ground ft.)? per pixel

B/W vertical photography (KC-1B camera)
over Wright Patterson AFB, Ohio -(1024x1024) pixels

Infrared image (sensor not identified at this time)
over parked aircraft -(1024x1024) pixels.
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SECTION A
PROGRAM DESCRIPTIONS

PROGRAM NAME : PARCON

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

DESCRIPTION AND The digitized images received from PAR

METHODS : were 8-bit data packed 4 pixels/word.

This data was converted for use on the
Harris 6024/5 computer.

An illustration of the difference in data
formats, and the converted format used
for actual processing is shown in

Figure A-5.

INPUT VARIABLES: | GE Input tape device number
ITO OQutput tape device number
NWR - Number of Words/Record
NRF Number of records/file

HhEL Tape file number on
Input Tape
(99=End Program)

Tape file number on output
tape

1

PROGRAMMING LANGUAGE: FORTRAN

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

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:
PURPOQSE:

DESCRIPTION AND
METHOD:

DITS MAIN

This is a driver program used to execute
one or a series of image processing sub-
routines. The subroutine processed is
dependent upon the value of the variable
ISUB as listed below:

ISUB SUBROUTINE CALLED
1 TODWIN - Write a desired window
to tape or disk
2 SPAXFM - Spatial frequency trans-
form
3 GRALEV - Gray Level Histogram to
TEKTRONIX

DUMMY - Not used at this time
DUMPSC - Dump a picture to the

scanner

6 DUMPTV - Dump a picture to
CONRAC

7 GNCOPY - Copy a picture from one

device to another
GRAMAP - Gray Level Mapping
OUMMY - Not used at present time

10 JITTER - Introduce jitter into
an image

i GNOISE - Degrade with random
Gaussian noise

i (F s DIGDEG - Digitization Degraded

13 HGHALS - Sampling degraded, high
aliasing

14 REDALS - Sampling degraded,, re-
duced aliasing

99 END PROGRAM

The program is modular in construction,
and future routines can be incorporated
with ease.

Format for input to all programs from
cards is 8I10.
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INPUT VARIABLES:

PROGRAMMING LANGUAGE:

PROGRAMMERS :

COMPUTER:
OPERATING SYSTEM:

ISUB ~ Subroutine to be executed
FORTRAN

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

Harris 6024/5

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

DESCRIPTION AND
METHODS :

INPUT VARIABLES:

PROGRAMMING LANGUAGE:

PROGRAMMER:

COMPUTER:
OPERATING SYSTEM

TODWIN

Write a desired window from an image to
a tape or disk file

Any subset of an image can be written to
a new output file by specifying the line
and pixel parameters of the desired win-
dow

M,N - Main picture size

(M = no of lines)

(N = no of pixels/Tine)
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- Input file number
ITFI File no of input tape/disc
ID2- Output file no
ITF2 File no of output tape/disc

FORTRAN

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

Harris 6024/5

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

DESCRIPTION AND
METHODS:

INPUT VARIABLES:

PROGRAMMING LANGUAGE:
PROGRAMMER:

COMPUTER:
OPERATING SYSTEM:

GRALEV

Plot a histogram of image grey values on
TEKTRONIX

Data is sequentially read from the input
tape, the occurrences of grey values are
counted, and the mean is computed.

These results are then displayed on the

TEKTRONIX CRT.

M,N Pictur. size
M No of lines)
N No of pixels/line)

FORTRAN

G.R. CUTHBFRT
HARRIS ESD
(305) 727-5284

HARRIS 6024/5

Series 6000 DISC OPERATING SYSTEM
61516-03 EXTENDED NON-SAU FORTRAN
COMPILER, REVISION LEVEL
24.083076
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PROGRAM NAME:
PURPOSE:

DESCRIPTION AND
METHODS :

INPUT VARIABLES:

PROGRAMMING LANGUAGE:

PROGRAMMER:

COMPUTER:
OPERATING SYSTEM:

SPAXFM
Qutput selected spatial transform values

A spatial transform is executed on select-
ed pixels of an image using mathematics
equivalent to a Fourier transform. Re=~
sults are plotted on a TEKTRONIX ERT.

IU - Row number of pixel

IV - Column number of pixel

AMINR - Minimum value for X-axis plot
AMAXR - Maximum value for X-axis plot
AMINA - Minimum value for Y-axis plot

AMAXA - Maximum value for Y-axis plot
FORTRAN

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

HARRIS 6024/5

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

DESCRIPTION AND
METHODS:

INPUT VARIABLES:

PROGRAMMING LANGUAGE:

PROGRAMMER:

COMPUTER:
OPERATING SYSTEM:

DUMMY

This is a dummy subroutine to allow for
further expansion of the main program.

Establish a temporary subroutine by a
call statement and an executable state-~
ment

None
FORTRAN

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

HARRIS 6024/5

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

DESCRIPTION AND
METHODS:

INPUT VARIABLES:

PROGRAMMING LANGUAGE:

PROGRAMMER :

COMPUTER:
OPERATING SYSTEM:

DUMPSC

Qutput an unpacked 6-bit picture to the
scanner

8 bit data is converted to
6 bit data and read out to the scanner
for a hardcopy

ID1 - Input device no.

ITF1 - File no. on input tape

I1 - No. of lines to be transferred

JJd - No. of pixels/line to be transfer-

red

NFDPT- No. of first data point in a Tine
to be transferred

NBITS- No. of bits/pixel on input record
{6 bits or 8 bits)

FORTRAN
DR. R.,H. COFER, GiR¢ CUTHBERT
HARRIS ESD

(305) 727-5284
HARRIS 6024/5

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

DESCRIPTION AND
METHODS:

DUMPTV
Dump a picture to the CONRAC CRT

This subroutine has not yet been imples-
mented
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PROGRAM NAME:
PURPOSE:

DESCRIPTION AND
METHODS:

INPUT VARIABLES:

PROGRAMMING LANGUAGE:

PROGRAMMER:

COMPUTER:
OPERATING SYSTEM:

GNCOPY
Dump a picture from one device to another

A utidity subroutine which gives the
capability of transfer from disc/tape,
tape/disc or tape/tape. Uses BUFFER IN,
BUFFER OUT techniques

ID1 - Input device no.

ITF1 - File no. on input device

ID2 - Qutput device no.

ITF2 - File no. on output device

Il - No. of records to be transferred

JJ - No. of pixels/line to be trans-
ferred

FORTRAN

DR. R.H. 'COEER, G.R. .CUTHBERT

HARRIS ESD

(305) 727-5284

HARRIS 6024/5

Series 6000 DISC OPERATING SYSTEM
61526-01 EXTENDED NON-SAU FORTRAN
CNMPILER, REVISION LEVEL
24.083076
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PROGRAM NAME :
PURPOSE:

DESCRIPTION AND
METHODS :

INPUT VARIABLES

PROGRAMMING LANGUAGE:

PROGRAMMER:

COMPUTER:
OPERATING SYSTEM:

S

GRAMAP
Change grey level values as desired

Grey values are changed according to
breakpoints and the new desired grey
values input to the subroutine on data
cards

1D1 - Device no. for input pictare
ITF1 - File no. on input device

I1D2 - Device no. for output picture
ITF2 - File no/ on output device
IMAX - Total number of grey levels
11 - No/ of lines in picture

JdJ - No/ of pixels/line

11,12 - Grey level mapping values

13 - Flag to stop reading I1,I2
FORTRAN

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

HARRIS 6024/5

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

DESCRIPTION AND
METHODS:

INPUT VARIABLES:

PROGRAMMING LANGUAGE:

PROGRAMMER:

COMPUTER:
OPERATING SYSTEM:

JITTER

Introduce random jitter to degrade a pic-
ture

Jitter is introduced at random points in
an image through use of random number
generator

ID1 - Device no. of the input picture

ITF1-"="File noiof tnput if tape

ID2 - Device number of output picture

ITF2 - File no. of output if tape

11 - No. of 1lines to be transferred

JJ - No. of spots/line to be trans-
ferred

ISD - Standard deviation

IMN - Mean

ISEED - Seed for GRN generator

FORTRAN

G.R.CUTHBERT

HARRIS ESD

(305) 727-5284
HARRIS 6024/5

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

DESCRIPTION AND
METHODS:

INPUT VARIABLES:

PROGRAMMING LANGUAGE:

PROGRAMMER:

COMPUTER:
OPERATING SYSTEM:

GNOTSE

Introduce Gaussian random noise into a
picture

Gaussian noise is introduced into a pic-
ture through use a random number genera-
tor. The noise can be added to each pix-
el or by Tine.

1D1 - Device no. of input picture

ITF1 - File no. of input if tape

D2 - Device no. of output picture

ITF2 - File no. of output if tape

I1 - No. of lines to be transferred

JJ - No. of spot/line to be trans-
ferred

IMAX - Maximum picture value

ISD - Standard Deviation

IMN - Specified mean

ISEED - Seed for grn generator

ISL = 0 - Add a different RV to each
spot in picture

= 1 - Add a Different RV to each

line in picture

FORTRAN

G.R. CUTHBERT

HARRIS ESD

(305) 727-5284
HARRIS 6024/5

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

DESCRIPTION AND
METHOD:

INPUT VARIABLES:

PROGRAMMING LANGUAGE:
PROGRAMMER:

COMPUTER:
OPERATING SYSTEM:

DIGDEG
Picture is degraded digitally

The number of bits/pixel is changed by
shifting bits out according to values on
input cards.

ID1 - Device no. of input picture
ITF1 - File no. of input if tape

1D2 - Device no. of output picture
ITF2 - File no. of output if tape

11 - No. of 1ines in output picture
JJd - No. of spots/line to be trans~

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

FORTRAN

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

HARRIS 6024/5

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

DESCRIPTION AND
METHODS :

INPUT VARIABLES:

PROGRAMMING LANGUAGE:
PROGRAMMER:

COMPUTER:
OPERATING SYSTEM:

REDALS

Reduce a picture in size by low
aliasing

Reduce the size of an image by operating
on it in powers of two.

ID1 - Device no. of input picture

ITF1 - File no. of input if tape

I1D2 - Device no. of output picture

ITF2 - File no. of output if tape

11 - No. of lines to be transferred

JJ - No. of spots/line to be tran-

sferred

ISIZE - Power of 2 reductions in size
~ IMAX Maximum picture value

FORTRAN

DR. R.H. COFER, G.R. CUTHBERT

HARRIS ESD

(305) 727-5284
HARRIS 6024/5

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

PURPOSE: Reduce image using high aliasing
DESCRIPTION AND Reduce the size of an image by operating
METHODS : in powers of two
INPUT VARIABLES: ID1 - Device no. of input picture

IFT1 - File no. of input if tape

ID2 - Device no. of output picture

ITF2 -~ File no. of outobut 1f tape
i - No. of 1ines to be transferred
JJ - No. of spots/1ine. to be trans-
ferred
ISIZE - Power of 2 reductions in size
IMAX - Maximum picture value
PROGRAMMING LANGUAGE: FORTRAN
PROGRAMMER: DR.R.H. COFER, G.R. CUTHBERT
HARRIS ESD
(305) 727-5284
COMPUTER: HARRIS 6024/5
OPERATING SYSTEM: Series 6000 DISC OPERATING SYSTEM

61516-01 EXTENDED NON-SAU FORTRAN
COMPILER, REVISION LEVEL
24.083075
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SECTION B
PROGRAM LISTINGS

NAME PAKCUN
QIMENSIUN IBUF1(344d), I8UF2(1052)
VATA ICK,ILP,ITIY/7,6,1/

CONVERT B=RIT PACKED LATA (32«KLT wurD) TU
[0 HARKRIS 6024/9 R=nlIT DATA (U PIXEL/WORD
wWORDS HIGHT JUSTIF1ED

FROGRAMME k3 GERK] CUTHBERT
PRULKANM DATE: e/24/76

VAKIABLES USEDL:
ITI - INPUT TAFPE vEVICE
1T0 OUTPFUT TAPE DEVICE
Nk - MU OF WURDS/KRECURD
NKRF NUMEER OF RECORUS/FILE
ITE R TAPE FILE NO ON INPUT TAPE (99 = PRULRAY ENi1)
I1TF2 TAPE FILE NU ON OUTPUT TAPE

SOaaMmeaSEmOaOaaMmeo TN Om

KEADCICK,B8000)ITI,ITO
10 CUNTINUE
READCLCK,BOUO)INKF , Nk, [TFL1,11F2
C AUDVANCE INPUT TAPE FILE 1F NECESSARY
IF(ITF1.EG.99)GU TO Y99
IFLITFY B 1160 TO 20
DO 1S L=2,1TF}
“15 CaLL ADF(111)
C ADVANCE OUTPUT TAFE FILE IF NECESSAKY
cu JF(ITFP EW,.1)L0O TO 30
PO 25 L=2,1TF2
¢S CALL ADFCITO)
30 CUNTINUE

C SET DEFAULT PICTUKE S1Ze TU 1024 (344 DC wWURDS PACKED)
C AND CHANGE IF WECESSANY

lEND= 344

wREC=342

IF(NwR.NEL1024) 1IEND=172
IF(NRR,INE , 1024 )NREC=1T71
hu S00 II=1,NKF
C CLEAR OUT HBOTH vUFFEKRS
0 3S L=1,3%44
35 ImbFI (L) =Y

BEST AVAILABLE COPY '™




5

20
360

23

500

[ »*x»
( =x»

G99

00 Q

Pt 38 L=2y,10382
tsuRF2(L)=0

GET I A HlUFFeK

BUFFER IN(ITIIBUFL,S,wHEL,ISTAY)
CaLtL STRIUSCETT)

it U (d0,S50,50),15TAl

FRUCESS 1In INCKREMENTS OF 4 aOQRDS
rK = =2

LU 500 I=1,IEND,4

i 200 J=1,4

RKZKK+3

Jdzl+)=1

IA=]BUF1(JJ) 4NL,"*377
I=I8UF 1 (JJ) AND,"1T77400
IC=IruUF1(JJ)AND,."7T7600000
IMUF2 (KK )=255=(IC.SHIFT.=16)
[AUF2(KX+1)=255=-(1IB,SHIFT.=-8)
I[HUF2(KK+¢2)=255=]A

CunTInut

CUNT InUE

SUFFEK Tw CUNTAINS DUTHUT VDATA = PUT 11 unN TAPE
HUFFER QUTCITO,IBUFZ2, s, nwRrR, ISTAT)

CaLL STATUS(ITUL)

GO TO (230,500,500),181AT

CUNTINUE

FILE FINISHED WRITE EOF

EnD FILE 170

Ir YOU waAanT ToO PRUGCESS THE mNEXT FlLE wITHOUT KbawltoiNG
IHE TAPES AND ADVANCING THEM AGAIN, MaK:E ITF1 & T1F2 = 1}
o 10N l(]

rEniho [ TL

CALE EXLT

FurmMAT(RI1V)

c

 BEST AVAILABLE COPY
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CCMMON/IDATA/IBUF1 (4096) , IBUF2 (4096)
DATA ICR,ILP,ITTY/7,6,1/

FROGRAM PURPOSE ;@ THIS 1S A "RIVER PRILRAM J8kyu [0
cXECUTE ONE CGR A SERIES GF [emanE
PROCESSImG SUBROUT I NES, THF
SURBRUUTIANE PRUOLESSED [5 UEFENDERT
UPON THE VALUE OF |HE VARTGLLE 1SUR
AS LISTEL HELUOwWS

1Sub SUSROUTINE CALLEW
1 TOUWIN=wkTiE A DESIREYU w]liulw
TARPE TU DESK
2 SPaxFrt = Stalfal FREWUENCY THANSF w2
3 LRALEV = GikAY LEVEL nlSTu
TU TERImUNIX
4 DIVEAAN - NUT USEGC AT PRESENT 111t
5 QUbESC = DUMP FPICTU=RE (O
SCaNHEr (h=R]IT)
A LUYPIV = DUMP PTICTURE T Tv
7 GMCORY = CNHPY & PICTURE FrRUM UNE
DEVICE TU aNOTHFR
b GRAMAP = GraY LEVEL MAPPING
9 Dlpamy - NMOT USEDR AT PrRESENT Tlte
10 JITTER = JITIER
11 GHUITSE = DEGKRADE wIlTH KANOUM
GAUSSIAN NUISE
12 UVILODEG = DIGLITIZATLIUN DEGRALEY
13 HGRALS = SAMPLING birtrale =
rlett ALIASING
14 FEDALS = SAMPLING HEGHADEDR =
KFDUCEL ALlAS1NL
99 - FhD) PROGKAM
Pel(Gkata PATE S 274957
FHRUGRAMME RS ¢ GERT CUTHEERT/ UK W ,H, COFER

NOTE ¢ aLL SUBKRIMMITINKES wILL Kt RESPIUNSIALE FUK KEALLHG
UalA KEWUIKED, REwWIMDING DFEVICES, AnD WwlTInt EoF'S,

ﬂ‘.ﬁﬁﬁﬂﬁt”ﬁﬂﬂc’)ﬁﬁﬁﬁhﬁﬁ(‘,ﬁﬁﬁﬁnﬂﬁﬁﬁﬁnr‘ﬁﬁﬁﬁﬁ(‘)ﬁﬁﬁ

FUKMAT FOK

[(NPUL FRUM Cakps 1S
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.

el ol

el =L e e R e R

15 3| =

~ e~~~

o 1 5 O

Crlere inE wHICH SUBKLUT[NE Ju EXxeCUITE
10 LU Ingr
#ELRB(ICR,5000) 15Un
It ([SUNJEL . 99)6GU Tu YY99
LU TO (1006,200,500,400,500,600,700,500,900,1000,
( 1100,1200,1300,1400), ISUK

rxeLull SuBRudTIine TUDWIEN = WRITE wlnvUs SEGMENT
1oe CuNT] Uk

SusrOUTINE VARIABLES WREAD [N TULwIWN = B[10 FURMAT

Mgt = MAIN PICIURE SIZE(M=NU} GF LINES;
M=t OF SPOTS/ZLINE)

M - LUCATION UF FIRST LINE IN WinDUW

NN = LOCATIUN OF FIKST CESLIRED SPOT IN MM

11 - NO UF LINES T1) 2FE IHRANSFERRKED

Jul = NU GF SPUTZLINE TO bE TRANSFERRED

101 -~ INPUT FILE WUMBEK

ITF 1 e ERLE MOOUE TINBWD I FAPE

102 = QUTPUT FILE NO

FVF2 ELLE WO OE UUTEPYT FF - TAPE

READ(ICR,B8000)M, N, MM, N, 11,Jd
KEAD(ICR,&0060) TLL,1TFL,T02,11F2

cCaLL 10bwiIN
ok T4 10

cun LUnRTINUE

FXECUTE SubrOUTInNE SPaxFm =« COMPUTE THE SPAITITIAL TrANSFURM

1F1 - INkFul FILE NWUMHER

102 = DISKR FILE UF «INDUOWED AREA

IRS - STAKT Ruw UF Tht »~INDOWA

M = SIZe UF wlnvua (HUST HKE SulUARE)

CALL TOUDWIN

“EAf) In THE NECESSARY VARIAHLES
“EAD(LCH, 80Uu0)T02, I

CaLL SPaxrM(Ine,N)

LO TO v

-

—

f"~ ~

e T
o .

ABLE Copy |
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C EXECUTE  uRLEVZ = GrAY LEVEL HISTU JU TEXIRGNICY
C
260 COGNTINUE
C tXECUTE GrALEV= PLUT nISTuuraM UF GRAY VAaLUES
CALL Gkal. bV
G TO 16
C
C ExeCUule SUHKUUT]INE = SHECTRAL FRLA XFKRi
doo CALL Dummy
GO TU 1()
SO0 CONTINUE
C
C EXECUTE SUBKUOGUTINE vURPSC = Du™k PICTukE U SCANRER (A=t4]1TS8)
SUBRUUTLive vAKkLIABLES READ 1n DuvkSC
C 101 = DISKR FILE Nurstw
C [TF) = FILE N&OOF ENPUT JF -TAPE
C 11 - NO UF LINFS U HE ThkANSFERKED
C JJ = N1) UF SPOUT/ZLINE Ty HE TRANSFERREL
C NFUFT = 18T DATA POINT 10 BE TRANSFERKED
C HelTS = NUMbBER OGF BITS/PIyrlL(#enIl UATDS Ok o=vll LATA)
C
C KeAD(ICr,H4000) 1‘)IIJIFIIII'JJII.\IFL‘P]I'“'-IIS
C
CablL LUMPSL
68 I8 10
L
C FXECUTE SURKUUT[E LUMPTV = pUME PLCTURFE TO Ty
600 CaLl ovummy
by FO 1w
700 LundtInNUE
C
c EXECUTE SUUKOUTINE GMLUKFY = CuPY A PICTURE FRUM
€ Unt DEVICE TO AMOTHER
C SUFKUUTInNE VARTARLES wEAL IN GNCURY
(. 101 = INPUT DEVICE wUMKEK
= IVEY = FlLE NO GF INPUT IF LAPE
C 1D2 = UGUTPUT DEVICE wuMKEw
C LTFE FILE NO OF GUTPUT [+ TAPRE
C Il = NO UF LINES 10 e TrRANSHFENRKED
L JJ = NU OF SPUIT/ZLINE TU BE TrANSEFERKED

I ADLE COP

BB‘ A"m,...---w LUl
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e N e
o Bl o B vy

e lalelele e e Rl

HO0

YO0

1000

REARDCICR,8000) X1 pITE L, LO2pITES, E1 404

CALL GNLUFY
GO TO Yo

CONT INUE
tXFECUTE SUBROUTINE GRaMAP = GRAY LEVEL ™MARPPING
Var JABLES TO BE READL 1IN BY GRAMAP

I1D1 - DEVICE w0 OF INPUT PILTURE

IFF} = FILE WO UF INPUT IF TAPE

[be - DEVICE nO OF ODUIPUT PICTUKE

ITF2 FILE NOU OF BUTPUT: TF TAPE

[MAX - MAX[MUM PICTURE VALUF

L1 N) OF LIneES Tu #BE TRANSFERRED

Ji - NO OF SPOTS/ZLINE TO BE TRANSFERRED

READ(ICR,BODOYELY, T TF L1022 LTF2 , IMAX, 1T ,JJ

CaLL GkAMAP
GO TO 10

EXECUTE SUsxOUTINE LININT = LINE INTENSITY DEGRADATION
caLL Dummy
ui TO 10

EXECUTE SUBRUUTINE JITTER « JITTEK
CunfInue
VARIABLES TO BE REAUVIN IN BY JITTER

[01 - DEVICE NO OF THE 1n8PUT PICTURE

1TF ) = EITLE NO OQF TNPUT LE TAPE

Ive - DEVICE NhumBeEK OF QUIPUT PIClUKRE

8§ 3 FILE NO UF QUTPUT IF TAPE

11 - NO OF LINES TO BE TRANSFEKRED

JJ = NO UOF SPUTS/LINE T6 BE TRANSFERRED
[Sv - STANDAKD PEVIATION

IMN - MEAW

ISEED = SEED FUK GHN LENEKATOR

FEADCICK 8000101 :XTF Y102, ETF2,11,Jd
KEAD(ICK,0000)ISD, IMN, ISEED
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1100

1300

caLl JITTEK

GU TU 10 ’

CONTINUE

EXECUTE SUBRUUTINE GNUISE = DLEGKRADE WITH wANDUM  GAUSSIAN
NUISE

SUBKRUUTINE VAKIASBLES keAD InN GMUISE

1v1 = DEVICE w0 OF INPUT PICTURE
ITF1 - FILE NU OF INPUT IF TAPE
1D¢e = DEVICE NO OF QUTPUT PICTURE
[TF?2 FILE NO OF UUTPUL Ir TAPE
11 = NO UF LINLS TO BE TrRANSFERRED
JJ = NO OF SPOT/LINE TO BE TRANSFERKED
ImAaX - MAXIMUM PICTURE VALUE
150 - STANVARL DEVIATIUM
= 1M - SPECIFIED MeAN
1SEEL = SEEU FUR GRN GENEKRATOK
15L = 0 = ApD A DIFFERENT KV 10O EACH SPOT [N PILTUKRL

1 = AUD A DIFFERENT RV U EACH LINE In PICTURE

READCICR,B000)IDL,ITFL,102,1TF2,11,JJ
READ(ICKr,K000) ImMAX, TSSO, 1MN, ISEEL,1SL

CALL GNUISE

GU TO 10

CONTINUE

EXECUTE SUKROUTINE DIGDEG = DIGITIZATION DEGRADED

VARIASLES KEAD IN DIGOEG

ID1 - DEVICE ~NO OF INPUT PFICTURE

1TF1 = FILE NO OF [NPUT IF TAPE

102 - DEVICE WU OF UUTPUT PICTUKE

I1TF2 FILE W) OF QUTPUT 1F (APE

I1 NU UF LINES T BE TRAWSFEKKED

JJ = NO UF SPOTS/LINE TU BE IKANSFERKED

NBIT = NO OF BITS TO SHIF (CANNOT BE Q)
KEADCICK,4000)ICL,ITFL,ID2,1TF2,11,JJ,N8ILT

CaLL OIGLFG

<0 TO 10

CONTINUE

EXECUTE SUBROUTINE nGRALS = SamPLING DEGRAVDEDL HILH ALAISe .

ING
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1SIZe = PUWER OF 2 REOUCTIIONS In 512k

FEADCICK,58000)ILL,1TF1,102,1TF2,11,JJ,I51ZE

C VARKIABLES READ I HGMALS

L 1D1 = DEVICE ~NO OF 1nPUI PICTURE
C ITH1 = FILE n~NO OF LNPUT IF TAPE

C Ibe = DEVICE nu OF wulPUIl PICIUKE
7 ITFe FILE NO UF QUITPUT TF TAPE

C 11 NO OF LINES Tu BE TWRANSFEKRED
£ JJ = NU OF SPUTS/LINE 1U HBE TKRANSFERKED
5

C

C

C

CALL HGRHALS
LU TU 10
1du0G CUMTINUE
. EXECUTE SUBRUUTINE KEDALS = SAMFLING ODEGRADED
C FEDUCED ALIASING
CALL KEULALS
LU TU 10

C EnND PrOGRAM
9999 CUNTINUE
caLL EXIT
800G FORMAT(BI10)
i tND

e —

'BEST AVAILABLE COPY |

S T
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' SUBROUTINE TOOWIN
CUMMON/IDATA/IHUF1(4096), [B8UF2(40Y96)
DATA 1CR,ILP,ITTIY/7,6,1/

SUBROUT [NE PUKrPUSE: WRITE A VESIKED wiNDUwW SEGMENT FrO™
TAPE TO vISK

zNesleEa el

INITIALIZE 1BUF1 AND 1BUF?
TTTDO10 KR=1,4096

IBUFtL(k)=0
10 TB8UF2(K)=0

READ IN NELESSAKY VaRIASLES
EREERSR 1T - MAIN FICTUKE SIZE(M=NU UF LI1InNES,
N=NO UF SPOTS/LINE)
LOCATION OF FIRST LINE [N wINOuUwN
LOCATION OF FIRST DESIRED SFOT [N MM
NO OF LINeS TU BE TrANSFEKRED
NO OF SPOT/ZLINE TUO nE TKANSFERKRED
INPUT FILE NUMBERKR
FILE NO OF INPUI 1F TAPE
OUTPUT FILE NU
I1TF2 FILE NO OF OQUTPUT IF 1APE
"READ(ICR,H000)M, N MM, N, TT,JJ
READ(ICR,56000) lDl.IIFl'IUZ.ITFe
T T REWIND 101
REWIND ID2
€C "~ SET THE VALUES OF IwORD AND ILINE
IWORD=(NN+JJ) =1
dLIng =(MM+]I1) =1

MM

[ 49
<
IR

i i i i
I
i
i
] !
1 ]
?

—

(=

N

]

€~ ADVANCF TO CUKRECT FILE NO 1F NECESSARY
IF(ITF1.LEL1)GO TO 3
DU 1 K=2,1I1F1
1 CatL ADF (1l0D1)
5 CUNYINUE
IF(ITF2.LE.1)GO Tu S @
D0 4 K=2,1TF2 :
4 CALL ADF(ID2)
f TS CONTINUL
f c ADVANCE TO FIRST LINE IN SINDUW
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o
B

Fo

IF(MM L. 1)GU TU 70
iADVESVMM=]
DY 68 r=1,I1ADV
AUFFEN INLIVLL,IoUFY,B,N,ISTAT)
S0 CALL STATUSC(CIOD1)
LW TU (50,65,00),1ISTAT
o0 ARITECITTY,9010)
STOP
65 CONTInUE
70 CONTINUE
READ IN WINOOW AND wKITE TO DISK
DO 100 I=wM, ILINE
SUFFER INCID1,IbUF1,R,N,ISTAT)
60 CALL STATUS(ID1)
G0 T0O (80,85,90),ISTAT
90 wRITE(ITTY,9020)
Siop
58S CUNTINUE {42 S T arie
CHECK Tu SEE IF THE WHOLE LINE SHOULD GO TO THE DISK
IFCIWOKD.ELW.N)GU TO 300 REIRL SR il o g

TRANSFEX THE NECESSAKY wOROS 10 IBUF2
KK=(0
DO 200 K=NN, INORD
KK=KK+1 S T e
TTo00 1BUF2(KR)=IBUF1(K)
WRITE THIS BUFFER TO THE DISK

BUFFER OUT(ID2,1BUF2,8,JJ,ISTAT)
210 CALL STATUS(1L2)

L0 TO (210,220,220),ISTAT

220 GO TO 100

WRITE THE WHOLE LINE TO THE DI1SK
300 WUFFER UUT(1D2,IBUF1,B,N,ISTAT)
240 CALL STATUS(ID2)

50 T0(240,100,100),ISTAT
100 CONTINUE

DATA TRANSFER SHOULD BE COMPLETE
END FILE I0D2
REWIND [0}
REWIND 102
RETURN
6000 FORMAT(BI10) gl
9010 FUKRMAT(1X, 'E0OF ENCOUNTERED IN ADVANCING TO wWINDOW')
9020 FURMAT(1X,'FUF ENCOUNTERED DURING WINDOw PROCESSING')
EnU ’
I

o A
_

»  BEST AVAILABLE COPY &=
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SUBRUOUTINE SPAXFM(IDZ,N)

UUTPUI SAmMPLE SPATIAL TRANSFORM VALUES
COMMON/TUATA/IBUF1(4096),IbYF2(4090)

VIMENSION TU(S12),IVv(S12),A(512),F(512),R(51°2)
VATA IYES/3IHYES/

PI=3.14159265
READ IN X MIN AND MAX
"READ IN Y MIN AND MAX =]IN DB)
READ(7,50)AMINR, AMAXR, AMI A, AMAXA
60 FORMAT(4F10.3)
NRUN=0

TTT00CONTINUET T

————

NS=0
TNRUNZSNRUIN L
READ IN SPATIAL SAMPLING FREGUENCY LOCATIONS
"1 KEAD(7,2) 1UD,IVD,IFLAG
2 FURMAT(21S,11)
TTMS=NS+1
A(NS)=0,
F(NS)=0.
IU(NS)=]IUD
T IVINS)=IVD
RINS)=SURT(FLUAT(TUD) »%x24+FLUAT(IVD)*%x2)

TTIFUIFLAG.EG.1) GO TO 3

c
c

Gu TO 1

START Tnt TRANSFORM PROCESS

3 CONST==0,2831853/FLUAT(N)

c

DO THE ROwS FIRST FUR MINIMAL DISK ACCESS

T KEWIND ID2

BEST AVAILABLE copy

0O 4 IX1=1,n
IX=ixt=1
- BUFFER INCID2,1AUF1,8,N,ISTAT)

196

!
1V = RUN NUMBER
1v = COLUMN NUMKER
A, = SOQRT(IUx%x2+]Van2)==(VALUES FOR Xx=AXIS PLUT)
A - AMPFLITUDE VALUES
P = PHASE VALUtS
1be - DISK FILE UF PICTUKE

2
A
i
1
¢




24

2s

Call. STATUS(Ive)
GU TU (20,25¢25)181AT
COnTINUE
VO THE COLUMNS NREXT FPUR MINIMAL DISK ACCESS
DU 4 1Y1=1,N
IY=1Y1=1
Lel THEt SPFOTS VvALULE
VAL=FLOATC(IUFLIC(IYL))
VAL=1 .1 x2VAL
ADD Iw EFFFECT AT EACH SAMPLE SPAT1AL FREQUENCY
V) d K'—" "VS
ARG=CONSTAFLUAT(IX*JU(K)+IYX]IV(K))
TEMPORAKLY STOKE KEAL PART IN P, IMAG PART In A
A(R)=A(R)=VALXSIN(AKDG)
P(K)=P(K)+VAL®LUS (AKG)
CUNTINUE

) FINAL PrROCESSING
2SS K=1,08
A(K)SA(K)ZFLOAT (N)%x?
P(K)ZF(K)/FLUAT(N) %%
ABSHLU =10, *#ALOGLO(ALR)A*2¢+P (KR)xxy)
PIR)=ATANZ(A(R) ,P(R))
A(KR)=ABSULU
CONTINUE
WKITE(6,6)
FurkmAT (" SAP:FLE“,U,V,AMPLI'UD&' PHASE"')
vy 7 I=1,n8
NLsP(1)%x57,29578
welTEC(6,8) [,IU (L),1V (1),a(Ci),ANG
FURMAT (IX,3110,¢2 (3X,E15.8))
Call PLOTIT(WRUNSNS,K(1)0a(1)s0.0,0,0,0,0,0.0,10.0,10.0)
IF (kUNLLT L 3)GO Tu 1ov
caLL HhCuky
KE FUK
£ ND

e

BEST AVallagig opy |
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G
o
C
C
C
C
)00
C
C
10
C
G
C
20
30
an
S0
¢
(
C
L
00
9900

"I
i il
e ————————————————— T ————_ il

SUBROUTINE GRALEV

COMMUN /TUATA/ZIKBUF1(40Y0), Iur2(d499e)
DIMENSIUN 1GRA(e5€),AX(256),AY(250)
DATA JCR,ILP,IIn /7,6,21/

SUBKUUTINE PUKPUSES: PLUT A PICIURE HISTUGRAN UN TEKTRUN]X
VARJAWLES:
Moy N - FICIUNE SIZE (M=MU UF LINES,dN=n0 GF SFUTS)
IO} = InPUTl FlLt

READCICH,B000)IUL, M, N
FORMAT(&110)

INIT1ALIZE [GrA HUFFER
DU 10 1=1,256
IGrRA(I)=0

ASUY =0,.0
ADIVEFLOAT(M)XFLOAT(N)

GET In VDATA, COUNI GkAY VALUES
ACCUMULATE SUM FUR MEAN CALCULAIION
v S0 I=t,mM

rUFFEK LIn(ID1,]18UF1,b,N,ISTAT)
CALL STATUS(IDY1)

GO TO (20,50,30),1ISTAl

DO 40 Jd=1,N

vaL =[puUF1(J)=1¢8
ASUM=ASUM+ VAL

Iv=IBUF1(J)
IGKkACIV)=IGRACIV)+1

CONTINUE

CUMPUTE Mt AN
LASuUmM= (ASUM/ADIV)+128.

Sel UP THE TERTRONLIX nISTO

oU o0 I=1,2586 :

AX(I)=FLUAT(]=1)
AY(1)=FLUAT(ILKACT))

WRITE(6,9900) (AXC(1),AY(L),131,256)
WRITE(6,9900)A8uUm

FUNMAT(B(2X,F10,.3))

BEST AVAILABLE COPY
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CaLtl INITT(960)
CALL BINITT

CALL TEwkM (1,1024)
CALL NPTS(256)

0O

LT ThHE MIN K MAX FUR THF Y-AXIS
YMIN = 10000.0

YMAX= «10000.0

CALL MNMX(AY,YMIN,YMAX)

cCALL DLIMX(0.0,255.0)

“CALL DLIMY(YMIN,YMAX)

CALL VbBARST(8,5,3)

CALL CHECK(AX,AY)

CALL OUSPLAY(AX,AY)

—

C wrRITE OUT THE MEAN
CALL PNTAKS(60,30)
CALL ANMOUE
A JTE(LITK,9020) ASUM
Y02u FURMAT(1H+, "MEAN = ',rF10.4)

c GE1 A HARDCUPY
CALL TINPUTCIC)
CALL FINITTC(O0,0)
RETURN
END

SUKROUTINE DUMMY i
DUMMY SUB ¢
X=1 ;
KETURN

:ND

TN
o

!

Ly

BT AVANABLE (OPY
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SUBKOUUTINE OUMPSC
CUMMON/IDATA/ZIBUF1(4096),1IBUF2(4096)
DATA ICR,ILP,ITTY/7,6,1/

SUBROUTINE PUKKUSE OUTPUT AN UPACKEL b6=0dIT
PICUTKE TU SCANNER

KEAD IN NECESSARY VARIAKLES
3 1D1 - DISK FILE NuMeER
ITF1 - FILE NO OUF INPUT IF TAPE
11 - NU GF LINES Tu HE [IKANSFERKED
JJ - NU OF SPOT/LINE TO bBE THANSFERRED
NFDPT 1ST DATA POINT TO st TRANSFERRED
NKITS NUMBEK UF BLIS/PIXEL

OO0 0

READC(ICK,8000) ID1,LTF1,11,JJ,NFDPT,NBITS
ADVANCE TU CORRECT FILE WO IF NECLESSARY
IF(ITF1.LE.1)GLU Tu 3
DU 1 K=2,]1TF1

1 LALL ADFC(ID1)

I CONTINUE
DO 100 I=1,11
GET THE DATA FROMA THE DISK

(o]

g g

HUFFER JN(lUlllbllFl’N'JJl]S]A])
20 CALL STATUS(1D1)
Gu TUO (20,30,30),ISTAT

oo

CHECK FUKk 6=BIT Ok 8=BIT DAIA
30 CUNTINUE
IF(NRITS.EV ., 8)CALL SIXBIT(JJ)
CALL OTSCANCIHUF1,NFOPT,JJ,1EKR)
IFCIERK NELOIWRITE(ITTIY,9000) JERR
100 CUONTINUE

o0

PICTUKE SHUULD 8E PROCESSED
WRITECITTY,9010)

KETURN !

8000 FURMAT(A4110)

9000 FURMAT(L1X, 'ERKOUOR IN OQUTPUT TO SCANNER',15)
9010 FURMAT(1X, 'PICTURE PRUCESSED')

EnND

BEST AVAILABLE (CPY
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(o 3l )

O

SUBSRUUT [ine SIXBIT(JJI)

CuMMin /IDATAZ JBUF1(4096), [BUF2(4096)

DATA ICK,ILP,ITIY/T7,6,1/

SUskOQUTInEL PURPUSE: CONVERT
KEMUVING

JJ = NO OF PLIXELS/LINE
o 16 I=1,Jd4
10 [BUFT(I)=1BUFL1(]) .SHIFT =2
RETURN
END

201
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DATA TU 6 BIT DATA JY

TWO LSB (SHIFT RILHT 2)
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C
C
C
5
C
€
C
€
£
&
C
C
C
C
c -

C

1

3

4

5
C

20

30
€

50

00

100

el

9000

ROQU

SUBROUTINE GNCUPY
CuMMON /TDATA/IBUF1(4096),18UF2(4090)
DATA 1CR,ILP,1TTYZ7,86,1/
SURROUTINE PURPUSE: vuiP A4 FPICIUNE FRUM ynke DEVICE
10 ANOTHEKR
(UISK TO DISK) (vIsx Tu [A4RF)
(TAPE 10 TAPE) (1APE TC DISK)

~EAD 1IN NECESSAKY VARIABLES:

101 - INPUT DEVICE NUMBENW

1TF1 - FiLe NO OF INWNFUI 1F TAPE

102 - QUTPUT DEVICE NUMKEK

1TF2 FILE NO UF LUTPUT IF 1APE

11 - NO OF LINES TU BE TrRANSFEKRKED

JJ - NO UF SFOT/LINE TU BE TKANSFERKED

REAVD(ICK,4000)I01,1TF1,Iv2,1TFe,11,4J

REWIND THE DEVICES
RealN 101

ADVANCE TO CURKECT FILE NU IF NECESSAKRY
IFCITF1.LEL1)GO TU 3

VYD 1 K=2,1TF1

CALL ADF(lp}))

CUNTINUE

IFCITF2.LEL.1)GD TO S

VO 4 K=2,1TF2

CALL ADF(1DL2)

CONTInUe

nd 100 1=1,11

LET THE INPUT DATA

BUFFER INC(IUVUL1,IbUFL1,B,JJ,1STAT)
CallL STATUS(IO1)

L Tu(20,30,30),1I8TAT

CUnNTInUE

wrRiT: THE DAVA JU THE OUTPUTI DEVICE
BUFFER uul(lDe:lﬂufl;H:JJ.lSTAT)
CalLlL STATUSC(IDZ)

Gu TU (S0,60,60),1IS5TAT

CONTINUE

CONTIMUE

DATA TRANSFER SHOULD HE COWMPLEIE

T END FILE 102

REwIND IUL

WRITECITTIY,9000)

RE TUKRN

FORMAT (1X, 'COPY CUMPLETED')
FURMAT(B8I10)

EnD

BEST AVAILABLE COPY ™
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s NeNeNe]

(@]

SUBKUUTINE GRAMAP

CUMMON/IDATA/Z/IRUF1(4096), LKUF2(4096)
DIMENSTION INCLIOOU),TOC100),I0UTCI0G0)

DATA ICK'lLPllTY/7ab'1/

PUKPOSE==TO FEMAP ThE GrAY LEVEL UF A WINDOw
Ver]IABLES TO HE KEAD IN BY GRAMpP

ID1 = DEVICE NO OfF INPUT PICTURE

JIF1 - FJLE NO OF InPUT ]1F 1APE

ibe - DEVICE NO OF UUTPUT PILCTUKE

ITF2 FILE N0 OF QUIPUT LF TAPE

IMaX = MAXIMUM PICTURE VALUE

11 = NuU OF LINES Tu BE TRANSFEKRED

JJ = NO UF SPOTS/LIME TO Kt [RANSFERKED

St UP INTERNAL DIMENSIUNING LIMIIS
MAXBFS=100

SMAXPTS3=1000

FEAU IN USUAL VAKIABLES ;
READ(ICK,8000)ID1,[TF1,ID2,11F2,1I¥AX,11,JJ
IMAX=IMAX+1]

NOTE THAT TMAX HEKE REFERS TO
OF GrRAY LEVELS

THE TUTAL WUMBRER

KRENIN( THE DEVICES
REWIND ID1
ADVANCE Tu CURKLCT FILE nu IF NECFSSARY
JFCITFL.LE.1)60 TO 3
DU | K=22,1TF1
CALL ADF(1D1)
3 CUNTINUE
I CXIr2sbFIGH F0.S
DU 4 K=¢,1TF2
g CALL ADF(1D2)
S CONTINUE
KEAD IN EREAK POUINTS OF MAPPING FUNCTION
LU 21 IsP=1,MAXBPS
ReAU(ICK,8000) I1,12,13
IrCI3.NE.0) GU 10 41
INCIBP)=I1+1
21 Iu(CIBP)=12
WRITECITY,31)
31 FORMAT (' KEAD IN TUOO mMANY GRAY«LEVEL MAPPING BRREAKPTS=-
1STOPPING')
STOP

-

;' SIN IR
BES‘! ﬁt\,i'u; ’.: u.;:.i:
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e

C

41

51

[

7

p‘

11

*

Q

20

50

40

50

T END FILE 1ue

IFCIMAX LELAAXPTS) GO Tu 6
WRITRECITY,51)

Bl A S |

FO=mAT (' NOT ENOUGH MEMURY FOKk GRAY LEVEL MAPPING=STOPPING'

STap
luP=18P=2

vy 9 I=1,IMaX
vy 7 J=1,1IRP

TF(I.GELINGI) JAND ToLELINC(I+T)) GO TO 11

ERITECITY,B)

FURMAT (' HE GRAY LEVEL SPECIFICATION IS WRONG=STOPPING')

STO¢
CONTINUE

Xs FLOAT(CIV(I+1)=TUCJ))I*x(I=IN(J)))/FLOAT

(INCI+1)=INCJ))
IF(X.GE.O0) JOUTC(I)=STFLIX(X+.54¢IU0(J))
IF(XLTL0) TUUT(L)=IFLIX(X+.499+1UCJ))
CUNTINUE
FPERKFORM Tht MAPPING
vl 100 I=1,11
BUFFER INCID1,IGUF1,B,JJ,ISTAT)
CALL STATuS(ID1)
GU TU(20,30,30),1IS8T1A1
CONTINUE
L0 40 J=1,JJ
Iv=[BUF1(J)+1
IBUF2(J)=T0UTC(IV)
WRITE Oul THE MAPPED PICIURE
KUFFER OUTC(ID2,I8UF2,08,JJ,13TAT)
CALL STATUSC(IDZ2)
Gu TU (S50,100,100),LSTAT

106 CUNTINUE

0L i 5 o L G e T L e

REWING 101

KETUKN

A000 FURMAT(8I110)

END

>
. r-—“"':;\..
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sl an-'l:\l' JI"’,"’
Chmmtnge Z1LATAZLI=UE L (4uY0 ) , IRUF2{40%0)
|.X'li )(‘*'ILP‘pl]‘Y/7'b'1/

SURKUUT INE PURPUSE = CHEATE RaNDuM CINE JITTER
SUBKUUTINE VAR ARLES

1INy - DEVICE MU UF I1HE YRk PICTURE
Lir - FILe O OF [NPUT 1F (APt

10¢ - DEVICE AUMseR UF CUTPUT PICTURE
1TFe FLILE ™NO UF QUuliPul JF TAFE

11 = N1 UF LINES TU bbbk IkANSFER®ED

JJ = U0 UF SPUlIS/LILINE 10 He THRANSFErR~EUD
1SU = STAaNOARKD UEVIAY Lun

Ihw - M Ap

ISrt = SEFU FUk RN GENERATUR

InTIALLZE [rnurd
o 10 1=1,409k
InuF1(l)=o

kbEap [N THE VARIAKLES
*EAD(TC=,8000)I01,1TF1,102,11¢2,11+dJ
FEAQOCICH, mO00) LSD, Thit, ISEED

(uivVEw ) Meaw K ST DEV 10 FLOATINMG POIWI]
S=FLUAT(ISDL)Z1000.

AE AN = FLUAT (L1Mn)

~Eallic THE veEVICES

vk SwIND D]

BOVANLGE TO LURKRECT FILF v TF KFECESSARY
FFCLTFLGLE < 1)U TD 3

i1 R=2,00H)

CaLL ADFCI0L)
CuliiInut
[F(IIF2.LEL1)GO TO
DO 4 ns2,11F2

CALL &4k (Jog)
LuieTIut

CPERATE U THE PICTUKRE
o 100 I=1,11

(Vg

GET Tmbk IrPUT L LN

2r




o
C
cS
L
C
su
£
'RV
S0
ob
G0
C
C
70
100
rouo

nFFEF TNCIDL, LRurl,B8,JdJ,18141)
cALL STATUSC(IDY)

GO TO (20,25,25),151a1

LET A GAUSSTIAN wY AL Sel Tdlil
CALL RNUKM(SAIMP, ISEED, S, xMEAN)
IJITTI=1IFIX(3AMP+0.S)

CLEAF Trk OQUTPUT LINE TQ ZERO
Do 30 J=1,JJ

18UF2(J)=0
IFCIARS(IJITT).GELJUILU TU 9o
PUT v Ik GITTER
IFCLIJITTLLE L O)GL 10 So
1J=1AS{IJITT )+

Ji=o

Gu 40 J21deJdJd

Jiz=J1+}

Isub2(Jl)=InuF1(J)

Gu TU 9u

CONTINUE

IJ=1JITT+1

J1=0

bu 60 J=ld.JJ

Ji1=J1+1}

InUF2(J)=iBuUF1(al)

CONT INUE

FUT UUT THE LINE

HhUFFER UUT(TU2,18UFZ,8,JJ,15TAT)
CaLL STATUSC(1lue)

G 0o (70,100,100),1S5TAT
CONTINUE

twu FILE IDP2

REAIND DI

KETURN

FrURMAT(BI10)

v

BEST AVAILAZLE (OPY
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CeROTIOGO SN

MV

B e

Skl tha WNULSE

Loy JLoalA/ZIedR1(a090) , 1HRUF2(GUYSR)
irala ll"llL"l'l'/"!"ll/

SUerUTINE VARTIARLES REAL IV GMULSFE

1) = beVvICE 6O OF Tyl PICTuxE

11F 1} = FILE N ub 1&PUT [F TAPE

e = DEVICE WU GF JUTPUL PICTIHIKE

LTF /. FILE NJO ub OUTPUL IF |AFE

i1 = niu uF LINES T ME TrAMSFERKE

JJ = M)k SPOT/LINE T He THANSFFReRE D

L X = mMAXaue PrCTunt valot

IS - STAiDawKi UEtvIallGh

It = SrECIFIED wEAW

ISEtEU = SEEl FUR GLRN BENERATUF

ISL = 0 = ADD A PIFFEFENT KRV 100 EACH SPOUT 1o FICTURE
= 1 = ARV & DLIFFEENT KV TO e©ACH LINE T8 FICTune

ldTiAaLlZE TrUFL & LRUF?
Ly 1V '=1,u;_'qb
Intib1(f)=0

10 IstiFr2il1)=0

nEAD IN ThE VANLABLES
READCICR,®O000) I, TTF1,1D2,10F2,11,JJ
NLLU(}CR,KUUO)IMAX, LSO, [N, 1SEFL, TISL

CornveEnrT MEAN  AND STD OEV TU FLuATING PUINT
SUSFLUATCISLI/Z1000.

MiaB ANZFLUAT (M)

MEALNE THE 1HPUT ANLC UUTPUT DEVICES :
REwllt lul :
MUVvANCE Tu COKKRECT FILF N IF NECESSARY

PP CITFRYRLELL IGO0 - TO-5 3
bl 1 w=?2,1TF1 %
1 CALL AvF(lby) 1

3 CuMTliUE |
IFC(ITF2.LEL1)GLO TU S :
i 4 n=2,1TF2

G LaLl auF(ID?)

S Cuetl Twut
UPERATE ON THE PICTurE
vt 100 1=1,11
[F ADUING KV TO THE LIte, GET Ine KRy
IFC(ISL.EWLT)LALL HNONI(38MP, TSEED, Su, x“EAn)

nURFER INCIUL, I8UFL,p,dJ,1STAT)
20 Latl STATUS(IVLD)
cU TU (20,30,30),131A1
3v Challnie
! \
v,
| o BEST AVAILABLE COPY
’*’m——— i




Su

o

l=V)

70

160

i Q000

NI v

o

B S50 J=i,Jd4

IF ALuING Ky TU EsCr SFUT, GLET THE wv
TFCISLLEGLO)CALL RNUKIM(SECE, ISEED, SU, XibE AN )
app 15 InE wUSE

IntF2 W)= IFIX(FLOAT(IBUFT(J))+5AMF+0,.S)
JFCIEOF2(J) sLT Q) IBUF2(J) =0
IF(isUF2(J) LT IMAX) [nubP(J)=INMAXK

CunTIlnut

ax[iE Ul TraE NMOISY PICTUKE
LsL+1

HUFFE‘( \*’UI(lD?,""U"B;h:JJ,I&I‘-')
CaLL STaATust(ine)

i) “'J (O()'7"170)0151AI

CunT Iwur

CaLl SNORNM(SAMP,ISEED, Sty XM EAL)
CALL wMhORS(SAMP, ISEEU, 1, LinF AN)
caLlL winGrN(SAMP, ISFEFEL, S, xMEAN)
CONTI Uk

RewIhly Ive DEVICES
en) FILE Jul
HEfilN“ 101

RETURY
FOrRVAT(R]I10)

(AT

BEST AVAib‘_,,__“ Cony

i
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o~ an -

g

‘

"

Saanfu T v oleUte
Ll UNZ LAl AZLBRUF LI (W0YR) , 15Uk (L)ws )
vaTa gL, ]l PolIY/isb,1/

Sitaruldl TNE PURPUOSE = DEGFADE oY KECUREING OFLTHIZAT 0w
VAR TASLES weap 19 DlGuks

101 - DEVICE N OF 1D T 210 T Uikt

i1k = FILE ) OUF InPul (F TaPt

loe = PEVICE 00 vk GUTPYT PICTUNE

IR K FLoh A0 F DufPul JE O LARY

Il = MO UF LiNes t4 InPgl 2L T UK

JJ e N GF SrufdS/LIne Tu HF TrRALSFERKE,

Vel fr > NI UF RETS T8 He SHEPTEL. (x1GM7)

“EAD N The NECESSANY VAR]AHALES
AL (LR RGOO)TLUL, ITFL,10Ep I TE2 LT sdd, tin L]
IF (T ok a0 ITECITY Y000 )N T
TE(NS LT o6l 7)) RITECLTY,vy0OO)NETT

kexRInl ThHe VDEVICES
Fee Lot TODI

WOVANCE TO CORRECT FILE nt  TF NECESSARY
TFCETFL JLEL1)60 TU 8
i ] R=2,11F1

CatL ADFCEDYL)

CunT iuwuk
[FCITRCLELL)GO TU S
) 4 K=, 1Tre

Caclkl anr(ln?)
LUNTINUE

uELrADE THE PICTURE

Tulvszrexnh [T

N 100 Is=1,.11

BUFFER [9 (101,18UF1,3,JJ,181AT)
CALL STaluS(Iny)

S T0 (20,80,30),185T120

LN e

CEGRACE IThF SPUT WY SAIFTING

Ty aCCOHEPLISH Tk SHIFT DIVILE =Y 2xxns) T
U 40 J=1,JJ

foliF2ud)=lnF1(d)/ZITve DIV

209
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C NRLTF Oul 1HE New WiFFER
AUFFErR UT (1D, IHUF2, $pddeloTul)
a0 CALL STalustlue)
LD Tu(hO,100,100),18181
160 Coanl laue

™o

CLusSt OLT THE FILES
e FiLe IUL2
wEalfth 1D}
= Tukn
000 FORMAT(RLLOD)
900G FORAAT (11X, "SHIFT valiic srkJri, wall=',15)
ST

BEST AVAILAZLE 0PV

e
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fosd

semut LIne mEnALS
LetnwUNZTRETA/Z PR (0SS0 ) , LHUF S (L096)
DATA JUwLiLlKE/ZT 00
DuskGLTLNE VAK[esLFES USFED |nw REDALS

101 = LEVICE vU UF INFUT PICIURE

1TF1 = FILE &0 OF INPUT JF TAPE

lwe = DEviCe NU OF CUIFJT PLlCIUNE

LIt e FILE WU 9F DUIPUL JF 1AKE

11 - NOOOF eSS Tu IRANSFERNED

3 = Nt UF SPFUITS/ZLLINE 1o KBE TKANSFENAKEL

1S1Zt = Puvker LF 2 REDUCTIORS I SI7t
LA X = MaX[Aum PLCIURE vaLuk

invlTlecldt ITwukFl & Inuke
vt 10 I=),4094
L=UF1(I)=0

FsUF2(I)=0

FedAp [ THE vak[asLES
KEADCICR 500D I0Y, ITFL, 102, 1TFP2,11,Jdd,151(7¢

LF(ISIZE JLE J0)KETUREK _ i

el ITre CURKECLT ROw &b CULUMKN UFFSLTS

LU= R LXCFLUAT (L O 2 (1= 00 1, /FLOAT (ISIZE))/2.) =1
tCOLSIFIA(RFLUAT LI *(1 .= Yo /ZFLUAT(LISIZE))/2.)=1
152=1S1¢tbnw - '

“ee I THE INPUT AdD UTPUT LEVICES

~EwlnND U]

ADVANCE TU LUKRECT FILE WO IF MECESSARY
IF(ITF1.Lrl)LU Tu 5

] K=Z, LIk

CALL AavF (i)

Con|INUE

TF(ITFe.Lt 1)GU TO S

'y 4 R=Z2,1TF2

LaLL Aapr(lue)

CanT ik

GPr<ATE O THE PICIURE

wSerl it TP RUKDER

21

v 10 (=21, 1m0n

L=L+]

ke~ lJ'J‘(ll)).plﬂd"?pﬂoJJ'lsrh')
LAaLL STaTuscliu?)

oo Tu (J03,102,100),15T7AT

ks
I

r.
AN f (A ARIE
211 BE.)I AWVHILU LG




102 CONTINUE
00 100 I=1,II,ISIZE
TTTT D0 132 13=1,JJ
132 1BUF2(13)=0
L0 107 T111=1,1812¢
BUFFER IN(CID1,IBUF1,8,JJ,1STAT)
20 CALL STATUS(lO1)
GO TO (20,30,30),ISTAT
30 CONTIKUE o
n=ICOL
U0 143 13=1,JJ,1S512¢
K=K+1
T3MAX=13+1S812¢~1
DU 143 14=13,13MAX
143 TRUF2TK)=IBUF2(K)+IBUF1(I4)
107 CONTINUE
T L=Lel
K=ICOL
" DO 44 IS=1,JJ,1S1ZE
K=Kel
149 TRUFZ(K)=IBUF2(K) /182
C
B e WRITE OUT THE NOISY PICTURE
BUFFER QUT(ID2,1BUF2,B,JJ,ISTAT)
60 CALL STATUS(IDZ2)
GO TO (60,70,70),1ISTAT
T 70 TONTINUE
100 CONTINUE
o
C INSERT ThE sOTTUM BORDER
DO 104 1I=1,J0J
104 IdUF2(1)=0
p DO 105 I=L,I1
BUFFER OUT(ID2,1BUF2,B,JJ,ISTAT)
106 CTALL STATUS(ID?)
60 TO (106,105,105),ISTAT
105 CONTINUE
C

€~ REWIND THE DEVICES
END FILE 102
T UREWIND IDY
RETURN
"B000 FORMATIBY10)
ENO

212
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L

SUBROUTINE MGHALS
COMMON/IDATA/ZIBUF1(4096),IBUFZ(4096)
T T TiATA [CH,ILP/ZT,6/
SUBRUOUTINE VAKIABLES USED IN RGHALS
ID1 - DEVICE NU OF INPUI PICTURE
1THL - FILE WO OF INPUT IF TAPE
102 - DEVICE NO UF OUITPUT PICTUKE
LTF2 FILE ~nO OF OUTRPUT IF TAPE
11 = NO OF LINES TO TKANSFEKRKED
JJ - NO UF SKFOTS/LINE TU BE TKRANSFEKRED
IS1Zt =~ PUwneEr OF 2 KEDUCTIUNS IN SIZE
IMAX - MAX]IMUM PICTURE VALUE

aNzlalalaEaNalN el ]

C T INTIALIZE IBUF1 % IpukFe
DO 10 I=1,4096
i I8UF1(1)=0
10 18UF2(I)=0

oo

KEAD IN THE VARIABLES
“"'PEID(ICR,bOOO)IUIvlTF{:IDZ;IIFB,IlrJJ'ISIZE

IFUISIZE.LE.O)KRETURN
C GET THE CORRECT RUw AND CULUMA CFFSETS

IROW=IFIX(FLOAT(ILI)*(1,.~ 1. /FLOAT(ISIZE))/2.)=1
ICUL=IFIX(FLOAT(JJ)>(1.~ 1. /FLOAT(ISIZE))/2.)~1

T RE~IND THE INPUY AND .UUTPUT DEVICES
KEWIND ID1
C ADVANCE TO CORRECT FILE NO IF NECESSARY
IF(ITF1.,LE.1)GO TO 3
DU 1 K=2,ITF1
1 CALL ADFCID1)
T 3T TONTINUE
IF(ITF2.LE.1)GOU TO S
DN 4 K=2,1TF2
4 CALL ADF(IDR2)

S CONTINUE
C
T T UPERKATE ON THE PICTURE R

C
c INSERT THE TOP BOKDER

L=1

00 102 I=1,1R0wW

L=L+1

T T T RJFFER OUT(ID2,I8UF2,B,JJ,ISTAT)
103 CALL STATUS(IDZ)
69 T0 (103,102,102),18TAT
102 CONTINUE
DO 100 I=1,11,ISIZE
DO 107 T111=1,1S12¢

213
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BUFFER INCID1,I3UF1,b,JJ,ISTAT)
20 CALL STATUS(ILY1)
GO TO (20,30,30),ISTAT
30 CONTINUE
107 CONTINUE
h=ICOL
D0 S0 J=1,JJ,1I812¢ W
¢ SAMPLE THF IMAGE
TTTTKER e
IBUF2(K)=1BUF1(J)
S0 TONTINUE
L=L+1
- e o s o
C WRITE OUT THE NOISY PICTURE
77 BUFFER OUT(102,[BUFe,8,JJ,1ISTAT)
60 CALL STATUS(IDR2)
6 TO (60,70,70),1STAT
70 CUNTINUE
B 7 a0 T ) R T R R N S s b

i INSERT THE BOTTOM BURDER
DU 104 1I=1,JJ A e T
104 IBUF2(I)=0 :
N0 10S I=L,11
T TBUFFEW OUT(102,18UF2,B,JJ,18TaT)
106 CALL STATUS(ID2)
T 76U TO (106,105,105),ISTAT
105 CONTINUE TR
e . S £
c REWIND THE DEVICES A T2
T I e Do s L 2 T %
KEWIND ID1
...... RETURN -~ —--mmrmmmrm mmm e s e
BONDO FURMAT(8I10)
END

214
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SECTION C
PROGRAM FLOWCHARTS

PARCON

TAPE GENERATED
=< sy ( BEGIN )

| PAR

|
I [ READ IN:
e maces ITI, 170,

NWR , NWF ,
ITF1,ITF2

ADVANCE INPUT
TAPE

ITF2
>1
25

ADVANCE OUTPUT
TAPE

215
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9

IEND = 344 3
NREC = 342 S
NWR L
: IEND = 172 IA=1BUF1(JJ).AND.'377
02 NREC = 171 IB=I1BUF1(JJ).AND. ' 177400
T I1C=1BUF1(JJ).AND. ' 77600000
|
D0 500 I1BUF2(KK)=255- (IC.SHIFT.-16)
IT=1,NRF IBUF2 (KK+1)=255-(IB.SHIFT.-8)
IBUF2 (KK+2)=255-IA
fN%JIALI i3
Wielp” @
INPUT A
TAPE
RECORD
i WRITE THIS
RECORD TO
KK = -2 OUTPUT TAPE

Sheet 2
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B . e

EXECUTE
TODWIN

READ 1D2,N

SPAKEM
300

EXECUTE
GRALEV

400

ouMMY
SUBROUTINE

500 JL

EXECUTE
DUMPSC

ISUB

=10

DITS MAIN

60

700},

execute /TN
DUMPTV \8_/

EXECUTE
. GNCOPY

D

DUMMY
SUBROUT INE

100

EXECUTE
JITTER

ISUB
11

D

&2

e

=1

1200

ISUBJ] EXECUTE
2 DIGDEG

1300 i

EXECUTE

13 HGHALS

ISUBJ! EXECUTE
=14 REDALS

d & &

&

Sheet 1
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BEGIN

\
INITIALIZE
IBUF1 &
IBUF1 TO

ZEROES

v

B

READ M,N,MM,NN
11,3J,101,1TF1,
102,ITF2

N

REWIND ID1
REWIND ID2

W

IWORD=(NN+JJ)-1
ILINE=(MM+11)-1

WV
ADVANCE
TO CORRECT
QUTPUT
FILE

W
ADVANCE
TO CORRECT
OUTPUT
FILE

NO

READ INPUT
RECORDS UNTIL
DESIRED RECORD

IS REACHED

TODWIN

70
{ DO 100 I=MM,ILINE )

INPUT A
RECORD

> YES /)
X,

NO
KK=0

W
@ 200 K=NN, INORO

KK=KK+1
IBUF2(KK)=
IBUF (K)

&
D R

WRITE ENTIRE

RECORD TO
. D

END FILE
REWIND ID1
REWIND ID2

EXIT

INDO
COMPLETE

Sheet 2
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( DO 5K=I,NS )

N

A(K)=A(K)/FLOAT (N)**2
P(K)=P(K)/FLOAT(N)**2
ABSOLU=10.*ALOG10(A(K)**+P(K)**2
P(K)=ATAN2 (A(K),P(K))
A(K)=ARSOLU

D07 I=1,NS )
W

ANG=P (I)*57.29578

CALL
PLOTIT

WRITE 1
IU,IV,A(T)
ANG

YES

CALL HDCOPYu

EXIT Sheet 4
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BEGIN

INITIALIZE
IGRA AND
ASUM TO

ZERO

N
< DO 50 I=1,M )

GET INPUT
RECORD
<i DO 40 J=1,N )

VAL=1BUF1(J)-128

ASUM=ASUM+VAL

IV=1BUF(J)

IGRA(IV)=IGRA(IV)
+1

ASUM= (ASUM/
ADIV)+128

S

GRALEV

221

D

<f DO 60 I=1,256

-

AX(T)=I-1
AY(1)=FLOAT(IGRA(I))

e

I eor e
HISTOGRAM
ON THE
TEKTRONIX

EXIT

4E|

Sheet 5
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DUMPSC

ADVANCE TO
CORRECT
FILE

{_D0 100 I=1,I1 )

READ AN
INPUT
RECORD

NBITS
=8

CALL
SIXBIT(JJ) |

WRITE

RECORD
TO

SCANNER

x 223

SIXBIT
< D0 10 I=1,JJ >

IBUF1(JJ)=1BUF1(J
.SHIFT.-2

Sheet 7




DUMPTV

NOTE: This subroutine is not implemented at the present time.

~

Sheet 8
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READ ID1,
ITF1,1D2
ITF2,11,JJ

\

ADVANCE INPUT]
AND OUTPUT
DEVICES TO
CORRECT FILE

2
{ D00 100 I=1,11 )

READ INPUT
RECORD

END FILE
REWIND
DEVICES

EXIT

Sheet 9
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READ ID1,
ITF1,1D2,
ITF2, IMAX
11,J4J

ADVANCE IN-
PUT AND
OUTPUT TO
CORRECT FILES
. ]
MAXBPS=100
MAXPTS=1000
IMAX=IMAX+1

1 IBP=1,MAXBP

IN(1BP)=11+1

10(18P)=12
o
1o/

ERROR EXIT

GRAMAP

YES

X=FLOAT ((10(J+1)-10(J)
*(I-(IN(J)))/FLOAT
(IN(J+1)-IN(J))

YES

—@®

TOUT(I)=IFIX(X+.5
+10(J))

Sheet 10
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NO

YES

IOUT(I)=IFIX(X+
.499+10(J))

b——

( DO 100 I=1,I1 )

READ
INPUT
RECORD

=1,Jd

IV-1BUF1(J)+1
IBUF2(J)=I0UT(IV)
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END FILE
REWIND
DEVICES

EXIT
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L/
INITIALIZE
IBUF TO
ZEROES

READ ID1,
ITF1,1D2,
1TF2,11,
JJ

SD=FLOAT(ISD)/
1000.

XMEAN=F| QAT (IMN)
—k

REWIND ID1
W

ADVANCE FILES
IF REQUIRED

W
( DO 100 I=1,IT )

READ AN
INPUT
RECORD

CALL RNORM
(SAMP, ISEED,

SO, XMEAN)

JITTER

228

©

[JITT=IFIX
(SAMP+0.5)

\
CLEAR OUTPUT

IBUF2
£RO

BUFFER
10 Z

YES

IJ=IABS£IJITT)
+
J1=0

(0 46\\11{=IJ,JJ )

v

1+
i

mMTmMw
G

1=
BU
BU

——

-

50

qE(®)

10=1JITT+1
J1=0

Sheet 12
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{_Do 60 J 1J,JJ

Jl= J1+1
IBUF2(J)=
IBUF1(J1)

WRITE THE
OUTPUT
RECORD

END FILE ID2
REWIND ID1

‘ EXIT )
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BEGIN

INITIALIZE
IBUF1, IBUF2
TO ZERO

READ ID1,
ITF1,1D2,
ke, i1,
JJ

READ IMAX,
ISD, IMN,
ISEED, ISL

SD=FLOAT(1ISD)
/1000.
XMEAN=FLOAT
(IMN)

_\V

REWIND ID1

W
ADVANCE
FILES IF

NECESSARY

(2
\J4/

( DO 100 I=1,IT )

YES

NO

CALL RNORM
(SAMP, ISEED,
SD,XMEAN)

READ AN
INPUT
RECORD

30
( DO 50 J=1,JJ )

YES

CALL RNORM
(SAMP, ISEED,
SD, XMEAN)

W<

IBUF2(J)=TFIX(FLOAT(IBUF1(J)
+SEP+0.5)

Sheet 14
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1BUF2(J)
<0

IBUF2(J)=0

END FILE
102
REWIND ID1

WRITE THE
QUTPUT
RECORD

CALL RNORM
CALL RNORM
CALL RNORM

@

EXIT

Sheet 15




BEGIN
>
=

P

READ ID1,
L, 102,
TTE2 kL,
JJ,NBIT

WRITE
ERROR
MESSAGE
ON TTY

ADVANCE TO
CORRECT
FLLES

I

IDIV=2**NBIT

]

1GDEG

|

(2
\J6/

( D0 100 I=1,IT )

REA
IN

D AN
PUT

RECORD
Y

( DO 40

=1, )

IBUF2(J)=1B

J)/I1DIv*

WRITE THE
QUTPUT
RECORD

I

END FILE

REB{ND

D2

EXIT
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HGHALS

INITIALIZE L=1
IBUF1 AND
IBUF2 TO

ZEROES (D0 102 1=1,IROW )

READ ID1,
ITF1,1D2,
IF2,11,
JJ,ISIZE

L=L+1

IRCW=TFIX(FLOAT(II)*
(1.-1./FLOAT(ISIZE))/
2.)-1

.)- (D0 100 I=IT,TSIZE)
ICOL=IFIX(FLOAT(JJ)*
(1.-1./FLOAT(ISIZE))/ 4

2.)-1 (D0 107 I111=1,ISIZE)
N/
READ AN
REWIND 1D1 INPUT
7 RECORD
ADV/NCE -8
FILES IF K=1COL
NECESSARY

(&)

Sheet 17
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{00 50 J-1,4J,ISIZE )

K=K+1
IBUF2(K)=
IBUF1(J

L=L+1

WRITE
OUTPUT
RECORD

INITIALIZE
IBUF2 TO
ZERO

( po 105 I=L,11 )

WRITE
OQUTPUT
RECORD

234

%

END FILE
1D2
REWIND
ID1

EXIT
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REDALS

INITIALIZE
IBUF1, IBUF2
TO
ZEROES

READ ID1,
ITF1,1D2,
ITF2,11,

JJ, ISIZE

RETURN

IROW=IFIX(FLOAT(II)*
(1.51./FLOAT(ISIZE))/
2.)-1
ICOL=IFIX(FLOAT(JJ)*
(l.;l.gFLOAT(ISIZE))/
2.)-1

[ 1sz=1s1zE**2 |

ADVANCE
TO CORRECT
FILE

LR
19/

235

?

L=1

N
(D0 102 I=1,IROW )

L=L+1

WRITE
OUTPUT
RECORD

(D0 100 I=11,ISIZE)
A\

INITIALIZE
IBUF2 TO
ZERO

READ AN
INPUT
RECORD

Sheet 19
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K=ICOL

v

(00 143 13=1,J9,ISIZEY)

N
K=K+1
FILL IBUF2
WITH
[ 1amax=13+1s126-1 | ZEROES
WV

{ DO 143 14=13,13MAX )

( DO 105 I=L,II )

IBUF2(K)=1BUF2(K)
+IBUF1(14)

(<

L=L+1
K=1COL
END FILE
JL, 102
REWIND
(D0 144 15=1,JJ,ISIZE ) 1D1
K=K+1 ( Exr )
PBUFZ(K)-IBUFZ(KV
12

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 photointerpretator to evaluate the effects
of the various digital degradations selected, the prominent
response was verbal. These verbal comments, recorded in Tables
B-1 through B-23, are indicative of the subjective effects noted.
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TABLE B-1. ADDITIVE GAUSSIAN SPOT NOISE
APPLIED TO A HIGH RESOLUTION B/W
VERTICAL DIGITIZED PHOTOGRAPH

Standard Deviation = .3% of Gray Level Range

Good detail, good shadows

Standard Deviation = .6% of Gray Level Range

Good detail, good shadows

Standard Deviation = 1.2% of Gray Level Range

Good detail, good shadows

Standard 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 difficulty.

Shadow detail is good on all image 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-1. ADDITIVE GAUSSIAN SPOT NOISE
APPLIED TO A HIGH RESOLUTION B/W
VERTICAL DIGITIZED PHOTOGRAPH (Continued)

Standard Deviation = 9.77% of Gray Level Range

Detail of tail sections on both aircraft affected by
graininess. There is a loss in target background tone that
ijs caused by this "salt and pepper-like" appearance.

Detail of left tip of KC-135 wing completely lost. Men-
suration would be difficult.

Standard Deviation = 19.52% of Gray Level Range

Detail on KC-135 only apparent on right wing, portion of
left wing and fuselage. Detail of B-52 is completely lost
under magnification. Loss of background detail caused by the
"salt and pepper-like" appearance. Accurate target men-
suration would be impossible.

Standard Deviation = 39.04% of Gray Level Range

Almost complete loss of detail under magnification.
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TABLE B-2. ADDITIVE GAUSSIAN LINE NOISE APPLIED
TO A HIGH RESOLUTION B/W VERTICAL
DIGITIZED PHOTOGRAPH

Standard Deviation = .3% of Gray Level Range

Edges as sharp as original, good shadow, good tonal
differences.

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 fuselage biending in with hard stand parking ramp -
poor tonal differences causing lack of target detail.
Overall mesh effect.

Standard Deviation = 1.2% of Gray Level Range

Shadow detail not as sharp as on original image -
difference 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 target causes some "break-up"
of image and loss of detail.

Loss of target detail due to absence of tonal differences
between B-52 and hard stand.

Standard Deviation = 4.88% of Gray Level Range

Noise apparent on overall image scene, horizontal
"noise lines" break-up target, especially left edge of
KC-135 wing - mensuration of wing-span would prove
difficult - same applies tc B-52, left edge of wing
almost lost due to lack of target and background tonal
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TABLE B-2. ADDITIVE GAUSSIAN LINE NOISE APPLIED
TO A HIGH RESOLUTION B/W VERTICAL
DIGITIZED PHOTOGRAPH (Continued)

differences and noise. Poor detail in tail section of
B-52 because of noise and lack of tonal differences.

Standard Deviation = 8.77% of Gray Level Range

Excessive noise breaks-up target - causing lack of
detail - wide "noise-bands" very disturbing. Almost
complete lack of detail in left wing edge of B-52 and
tail section.

Standard Deviation = 19.55% of Gray Level Range

"Wide black and white noise bands" breaks-up target
detail. Target mensuration would be extremely difficult
if not impossible.

Standard Deviation = 39. % of Gray Level Range

Noise level causes greater loss of image detail than
image scene above.

NOTE: Adequate shadow detail is present on each image
scene.
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TABLE B-3. GAUSSIAN LINE JITTER APPLIED
TO A HIGH RESOLUTION B/W VERTICAL
DIGITIZED PHOTOGRAPH

Standard Deviation = .05 Pixels
Standard Deviation = .1 Pixels
Standard Deviation = .2 Pixels

Edges not as sharp as on other images.

Standard Deviation = .39 Pixels

Excessive "jitter" causing "break-up" in edges of target
and target shadow. Detail of KC-135 tail-section almost
completely lost.

Detail of back section of fuselage and tail section of
B-52 almost completely lost.

This "jitter" is quite apparent or. vertical painted
lines on hard stand.

Standard Deviation = .78 Pixels

Excessive jitter breaking up target and target shadow -
Detail lost on nose section and back part of fuselage and
tail of B-52.

Standard Deviation = 1.56 Pixels

No target detail apparent - except on back edge of
KC-135 wings and back edge of B-52's left wing. Greater
loss of detail apparent on painted B-52 vs silver (painted
KC-135). '
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TABLE B-3. GAUSSIAN LINE JITTER APPLIED
TO A HIGH RESOLUTION B/W VERTICAL
DIGITIZED PHOTOGRAPH (Continued)

Standard Deviation = 3.13 Pixels

Detail of B-52 completely lost. Edges of KC-135
broken-up to the point where all target detail is lost

except in wing sections.

Standard Deviation = 6.25 Pixels

100% loss of target detail and shadow - shape is still
apparent.

NOTE: Shape of target remains apparent on each image scene,
particularly when no magnification is used. There 1is
poor contrast between target and target background
making accurate interpretation difficult.
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TABLE B-4. VARYING THE SAMPLING OF A
HIGH RESOLUTION B/W VERTICAL DIGITIZED
PHOTOGRAPH UNDER HIGH ALIASING

Sampling Reduction = 2

fome loss of detail in nose section (radar) of B-52.

Sampling Reduction = 3

Some loss of detail in tail section of KC-135 and
nose of B-52.

Sampling Reduction = 4

Loss of detail in nose section, tail section and
engines of KC-135 - overall target image lacks sharpness.
Much of B-52 (especially right wing tip) "blends-into"
target background. Target image lacks sharpness.

Sampling Reduction = 5

Edge of left wing KC-135 very "choppy". Engines on
that wing not very apparent - very little detail in tail
section of aircraft. Target shadow and background tone
differences are not as good as on original image scene.
Poor detail in B-52. Target tends to blend in with
background.
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TABLE B-5. VARYING THE SAMPLING OF A HIGH RESOLUTION
B/W VERTICAL DIGITIZED PHOTOGRAPH UNDER
REDUCED ALTASING

Sampling Reduction = 2

Good detail, good shadow, good tonal differences
between target and background.

Sampling Reduction = 3

Overall image (especially KC-135 appears a bit fuzzy)

Sampling Reduction = 4

Targets do not appear sharp, loss of detail in nose
sections and tail sectionsof A/C. Wing-tips of B-52
tend to "blend-in"” with background.

Sampling Reduction = 5

Targets lack overall sharpness, much detail lost.
Right engine of KC-135 not apparent under magnification.
Right wing of B-52 blending in with background.
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TABLE B-6. ADDITIVE GAUSSIAN SPOT NOISE
APPLIED TO A LOW RESOLUTION
B/W VERTICAL DIGITIZED PHOTOGRAPH

Standard Deviation .3% of Gray Level Range

Standard Deviation .6% of Gray Level Range

Some detail is lost in targets. Second aircraft from
the left appears to be a "delta wing" aircraft, rather
than a swept wing.

]
—

Standard Deviation .22% of Gray Level Range

Standard Deviation 2.44% of Gray Level Range

Very "spotty" - loss of edge detail because of spot-
tiness. Target background (aircraft parking area) tone
affected by "salt and pepper-like" interference taking
away from the target itself, by "blending-in" with the
target.

Standard Deviation = 4.88% of Gray Level Range

Aircraft are still detectable, however, they are not
identifiable. Edges of hard stand lack any detail or
sharpness. Area between third and fourth hard stand
appears to contain an aircraft (false alarm).

Standard Deviation = 9.77% of Gray Level'Range

Spot noise effects entire image scene. "False alarm"
detected still apparent. Target can still be interpreted
as an A/C parking area.
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TABLE B-6. ADDITIVE GAUSSIAN SPOT NOISE
APPLIED TO A LOW RESOLUTION
B/W VERTICAL DIGITIZED PHOTOGRAPH (Continued)

Standard Deviation = 19.51% of Gray Level Range

Area can still be interpreted as an A/C parking area.

No other information can be obtained from this scene.

Standard Deviation = 39.04% of Gray Level Range

Target area not identifiable.

248




- —————

TABLE B-7. ADDITIVE GAUSSIAN LINE NOISE APPLIED
TO A LOW RESOLUTION B/W VERTICAL
DIGITIZED PHOTOGRAPH

Standard Deviation .3% of Gray Level Range

Standard Deviation .6% of Gray Level Range

Standard Deviation 1.22% of Gray Level Range

Line noise effecting (distorting) shape of the two
A/C on the third and fourth hard stand.

Standard Deviation = 2.44% of Gray Level Range

Line noise effecting shape of all parked aircraft.

Standard Deviation = 4.88% of Gray Level Range

Aircraft are still identifiable.

Standard Deviation = 9.77% of Gray Level Range

Aircraft are deteciable; however, the "wide-bands"
or line noise is "breaking-up" the target and making
interpretation difficult.

Standard Deviation = 19.52% of Gray Level Range

A11 aircraft are detectable. None are identifiable.

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 B-8.
TO A LOW RESOLUTION B/W VERTICAL
DIGITIZED PHOTOGRAPH

GAUSSIAN LINE JITTER APPLIED

Standard Deviation = .05 Pixels
Standard Deviation = .1 Pixels
Standard Deviation = .2 Pixels
Edges of fourth aircraft from the left are broken.
Standard Deviation = .39 Pixels
Standard Deviation = .78 Pixels

Aircraft shape distorted by tiitter”.

Edges of

taxi-ways and hard stands are also distorted.

Standard

Deviation

= 1.56 Pixels

Hard stand still identifiable.

Standard

Deviation

Aircraft can be detected.

= 3,13 Pixels

Hard stand still identifiable.

Standard

Deviation

Aircraft can be detected.

= 6.25 Pixels

Target not identifiable.
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TABLE B-9. VARYING THE QUANTIZATION OF A
LOW RESOLUTION B/W VERTICAL
DIGITIZED PHOTOGRAPH

Number of Gray Levels = 32

Poor contrast between target and target background
make identification difficult. A1l four aircraft are
detectable, however,

Number 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
target area might allow an interpreter to make an accurate
interpretation.
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TABLE B-10. VARYING THE SAMPLING OF A LOW
RESOLUTION B/W VERTICAL DIGITIZED
PHOTOGRAPH UNDER HIGH ALIASING

Sampling Reduction = 2

Target area is identifiable, and aircraft are detectable.

Sampling Reduction = 3

Target area is identifiable, and aircraft are detectable.

Sampling Reduction = 4

Target area is identifiable. Loss of detail does not
allow for the detection of the aircraft.

Sampling Reduction = 5

No detail in image. Shape of A/C parking area is still
apparent.
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TABLE B-11. VARYING THE SAMPLING OF A LOW
RESOLUTION B/W VERTICAL DIGITIZED
PHOTOGRAPH UNDER REDUCED ALIASING

Sampling Reduction = 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§

Parking 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 INFRARED IMAGE OF PARKED AIRCRAFT

Standard Deviation = 3% of Gray Level Range

Edges broken, detail remains.

Standard Deviation = .6% of Gray Level Range

Edges broken, detail remains.

Standard Deviation = 1.22% of Gray Level Range

Edges broken, detail remains.

tandard 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 Deviation = 19.52% 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. Right wing-tip

N
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TABLE B-12. ADDITIVE GAUSSIAN SPOT NOISE APPLIED
TO AN INFRARED IMAGE OF PARKED 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 magnification. Image
appears almost like a half-tone newspaper picture.
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TABLE B-13. ADDITIVE GAUSSIAN LINE NOISE
APPLIED TO AN INFRARED IMAGE OF PARKED AIRCRAFT

n

Standard Deviation .3% of Gray Level Range

]

Standard Deviation .6% of Gray Level Range

]

Standard Deviation 1.22% of Gray Level Range

]

Standard Deviation 2.44% of Gray Level Range

Standard Deviation 4.88% 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.

Standard Deviation = 9.77% 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.

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 Deviation = 39.04% of Gray Level Range

Rear section of fuselagé 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 PARKED AIRCRAFT

Standard Deviation = .05 Pixels
Standard Deviation = .1 Pixels
Standard Deviation = .2 Pixels

Standard Deviation = .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 Pixels

Lack of detail caused by “"broken" edges.

Standard Deviation = 3.13 Pixels

Target lacking detail. No edge sharpness at all.

Complete Toss of target components, i.e., engines, boom.

Standard Deviation = 6.25 Pixels

Complete loss of target detail. Shape could be
interpreted as a "thermal shadow."
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TABLE B-15. VARYING THE QUANTIZATION OF AN
INFRARED IMAGE OF PARKED AIRCRAFT

Number of Gray Levels 32

16

Number of Gray Levels

Light gray border along edge of target. This does no
effect the detail too badly.

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 tail 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
with background ("smearing effect").
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TABLE B-16. VARYING THE SAMPLING OF AN
INFRARED IMAGE OF PARKED AIRCRAFT
UNDER HIGH ALTASING

Sampling Reduction = 2

Poorer target - background contrast than other three
images, especially in tail section.

Sampling Reduction = 3

Better contrast. Good tone differences between

target and target background.

Sampling Reduction = 4

Good tone differences between target and target back-
ground.

Sampling Reduction = 5

Good tone differences between target and target back-
ground.
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TABLE B-17. VARYING THE SAMPLING OF AN
INFRARED IMAGE OF PARKED AIRCRAFT
UNDER REDUCED ALIASING

Sampling Reduction = 2

Poorer target - background contrast 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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TABLE B-18. ADDITIVE GAUSSIAN SPOT NOISE APPLIED
TO A SYNTHETIC APERATURE RADAR IMAGE

Standard Deviation .3% of Gray Level Range

Very little
(if any)
change was
noted be-
tween these
four image
scenes and
the original
image.

Standard Deviation .6% of Gray Level Range

Standard Deviation 1.22% of Gray Level Range

Standard Deviation 2.44% of Gray Level Range

/

Standard Deviation 4.88% of Gray Level Range

Image appears slightly grainy.

Standard Deviation = 9.77% of Gray Level Range

Shape of aircraft on parking ramp distorted,
graininess increased causing some loss of background
detail and target sharpness.

Standard Deviation = 19.52% of Gray Level Range

Detail lost, especially in hanger area. Aircraft
shape distorted. Change in run-way construction
material (on over-run, not as apparent as it is on
original).

Standard Deviation = 39.04% of Gray‘Level Range

Detail almost completely lost in hanger area closest
to hard stand. Shape of aircraft distorted beyond recog-
nition. Complete loss of background detail, road not as
apparent as in the other three image scenes due to "salt
and pepper" (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 Range

Some distortion in shape of aircraft noted.

Standard Deviation = 1.22% of Gray 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 Oeviation = 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
aircraft lost.

Standard Deviation = 19.55% of Gray Level Range

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.
Targets are "broken-up" by the noise. The scene can,
however, be recognized as an airfield and aircraft parking
area. The hangers located in the vicinity of the parking
area (hard stand) are no longer apparent.

263

B e ~ e

—— g o




TABLE B-20. GAUSSIAN LINE JITTER APPLIED TO A
SYNTHETIC APERATURE RADAR IMAGE

Standard Deviation = .05 Pixels
Standard Deviation = .1 Pixels
Standard Deviation = .2 Pixels
Standard Deviation = .39 Pixels

Edges of run-way and taxi-ways appear "choppy"
because of jitter.
Imagery is still useful to the interpreter.

Standard Deviation = .78 Pixels

Target shapes are distorted due to jitter. Straight
lines appear extremely "choppy."

Standard Deviation = 1.56 Pixels

The target scene can be recognized as an airfield;
however, all detail is lost. Parked A/C is no longer
detectable and the hangers are no longer recognizable.

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. VARYING THE QUANTIZATION OF A
SYNTHETIC APERATURE RADAR IMAGE

Number of Gray Levels = 32 )
Number of Gray Levels = 16
Number of Gray Levels = 8

"Gray-like, blotchy appearance" takes away from
target 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 of Gray Levels = 4

Same as above.
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TABLE B-22. VARYING THE SAMPLING OF A SYNTHETIC
APERATURE RADAR IMAGE UNDER HIGH ALIASING

"
N

Sampling Reduction

Sampling Reduction 3

Parked A/C no longer detectable. Some loss of detail
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 airfield. 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

Sampling Reduction = 2

Parked aircraft not detectable. Poor contrast between
targets and background causing loss of detail in overall
image scene.

Sampling Reduction = 3

Parked aircraft not detectable. Poor contrast between
targets and background causing loss of detail in overall
image scene.

Sampling Reduction = 4

Loss of contrast and overall sharpness causes loss of
detail in any targets that may be present in the image
scene.

Sampling Reduction = 5

The target scene can be recognized as an airfield;
however, all detail is lost.
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APPENDIX C

INTERPRETATION OF MOIRE' PATTERN FORMATION
AS A DIGITAL SAMPLING PROCESS
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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 science to detect optical flat-
ness, crystalline inhomogeneities, stress, faint signals, etc.

At its conceptual simplist, the Moire' pattern is formed
by viewing one periodic structure through another periodic
structure. 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-11is the spatial frequency represen-
tation of the test image, Figure 5-1. The test image is actually
composed of square wav~es and thus possesses an infinite number
of harmonics. For simplicity and with no serious results we
ignore the harmonics in this discussion. Now remember that
the test image was seen by viewing through its slightly rotated
self, Figure C-2, giving Figure 5-4. Thus the transparent
rotated copy of the test image forms a spatial sampler of the
nature discussed in Section III-A. The resulting sampling
action is one-dimensional. This implies that the spatial
frequency spectrum will be replicated throughout the spatial
frequency plane with the origin moved to each of the points 4
as shown in Figure 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-
tem, it is apparent that certain spatial frequencies are more
prominent to the human than others. By moving the image of
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Figure C-1. The Spatial Frequency Representation
of the Image 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
Used as a Sampler
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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 5-4 which are most apparent are D, E, and F. E is
the average brightness while D and F form an aliased Tow
frequency nearly vertical spatial sine wave. This sine wave
is the quite evident Moire pattern observed in Figure 5-4.
Thus Moire' patterns are seen to be the aliased phenomena of
a digital image sampling process and are subject to the Taws
and properties thereof. For instance the reason that the
Moire' pattern is horizontal while the original patterns are
vertical is apparent in the spectral plane of Figure C-6.
Very complex and rich forms of digital image testing
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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Figure C-5. Modulation Transfer Functions of
Visual System (at Retina)
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Figure C-6. Relative Response of the Eye to the Spatial
Frequency Distribution of Figure 5-4
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APPENDIX D
MATHEMATICS OF MOIRE' PLOTTING
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APPENDIX D
MATHEMATICS OF MOIRE PLOTTING

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, consisting
of horizontal lines be indexed by the sequenced

Boe s By e L N Ty
and the lines of Figure be indexed by the sequence
k = Wi saell i Qe a2,
as shown there. It will be seen in Figure that the Moire

patterns will be observed at the locus of the points of inter-
section of the two patterns of Figures 5-9 and 5-10 where h-k

is another integer p

That is, the Moire' patterns are solutions of the subtractive
indicial equation

h - k =p (D-1)
Now the equation for the lines of Figure is
y = bh + tf (bh) (D-2)

Where
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y = the vertical position of any point on
the line

b = the normal spacing of the Tlines
= 1is defined above
= a constant, the scale factor
1. = the function by which the line spacing
deviates from the normal spacing, b
The equation for the lines of the figure consisting of
horizontal Tines when canted at angle a is

x =y cot a - bk cos a/ sin a (D-3)
where

x = the horizontal position of any points on
the line and all other values are defined
above

Equation (p-2) can not in general be solved for h. Instead.

solving tquation (D-3) for k gives

= Yocobe - X 2
. b tan @ (0-4)

Inserting Equation (D-4) into Equation (D-1) gives

Wby - Ax_coszogax sina , op (D-5)

Now rotating the coordinate system clockwise through an angle a
gives the old coordinates x, y in terms of the new coordinates

e, 5

X
y = y' cosa + x' sina (D-6)

x = y' sina + x' cosa (D-7)
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Combining Equations (D-6) and (D-7) into Equation (D-5) gives

G il 8
hb e % pb (D-8)

Substituting Equations (D-8) and (D-6) into Equation (D-2) gives

PN 3 A R
* ® $Tha [y (COSa COS“)+ it tf(COSa 2 bp”

Now as a0

' x L oo+ tf(y+bp)]

Upon appropriately shifting the origin and dropping primes, the
Moire' pattern obeys the equation

' t
kEm =y )
Thus it is seen that the Moire' pattern plots the function f(-.)

at an amplification inversely proportional to «. the angle of
cant, of the original patterns of Figures 5-9 and 5-10.
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APPENDIX E
MEASUREMENT OF MTF BY THE OBSERVER
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APPENDIX E
MEASUREMENT OF MTF BY THE OBSERVER

Section V-B described an approach by which the MTF of a
digital system could be determined by an observer without test
equipment. The mathematical justification is given here.

Let AIN(x,y) and AOUT(x,y) be the amplitude of the sine
wave at location (x,y) in the original and reproduced test

images.
Now from Equation (1 ) x is also the spatial frequency of
the sine wave at the point (x,y). Thus
Ay (xsy) =y

Now from the definition of MTF it is seen that

AouT(x)y) - MTF(X) AIN(X»Y)

MTF(x)y
For any given conditions, 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), Figure 5-7, such that
AOUT(x'b(x)) = d(x)
and there exists an a(x) such that
Ay (xsa(x)) = d(x)

It follows

Agur(xsb(x)) = d(x) = Apu(x,a(x))

e e it
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or
MTF(x)b(x) = d(x) = AIN(x,a(x))
or

MTF(x)b(x)

a(x)

or

MTF(x) = £ i)

which is the results obtained at Step 4 of the procedure of
Section V-B.
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