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2 . Continued

As the signal power in the image decreases relative to the noise power, the probab ility increases that
energy concentrations resnlting from random noise patterning will appear in the transformed image. It is pos-
sible, therefore , that the human operator working with the original image alone may be able to separate signal-
related patte rning from SpUrI OUS noise patterning as well as can be achieved by using the transform . The experi-
ment reported herein was designed to provide a definitive test of this hypothesis.

Results showed that at high SNR levels the transform domai n image representation was clearl y
superior to the original image as a mode for systematic measurement and ranking of periodic spatial features
in the image . As the SNR level was reduced the accuracy of measurement in the transform domai n fell off
more rapidl y than the original image domain , resulting in a convergence of the performance curves under the
two modes. With the SNR level reduced so that the signal-related patterning was barely perceptible , measu rement
of periodic spatial features in the transform domain was no better than in the original image domain .
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SUMMARY

PROBLEM

Two-dimensional transform processes are a promising new tool for acoustic image
analysis since they provide decomposition Of the image in terms of its two-dimensional
spatial frequency components. These components are readily identified in the transform
domain by noting the locations of major energy concentrations. Previous studies have
shown that the representation of an acoustic image in the form of its two-dimensional
Fourier transform enhances the identification and measurement of periodic spatial features
in the image . However , none of the previous work has made a quantitative comparison of
the accuracy of measurements in the transform domain with those made from the original
image alone. In this report the effectiveness of pattern feature measurement is addressed
by comparing operator performance using the transform image versus the original image
over a range of SNR levels , including much lower SNR levels than previously studied.

RESULTS

At high SNR levels, the transform domain image representation is clearl y superior
to the original image as a mode for systematic measurement and ranking of periodic spatial
features in the image . As the SNR level is reduced the accuracy of measurement in the
transform domain falls off more rapidly than in the original image domain , resulting in
a convergence of the performance curves under the two modes. With the SNR level reduced
so that the signal-related patterning is barely perceptible , measurement of periodic spatial
features in the transform domain is no bette r than in the original image domain.

A supplementary analysis was performed to identi fy factors that migh t account for
the superior performance in the transform mode at the higher SNR levels. The magnitude
or prominence of the spatial feature was found to be such a factor. At each SNR level ,
perform ance scores for the three most prominent spatial features were compared with the
scores for three less prominent features. At the highest SNR level in the original image

• mode , the measurement accuracy for the less prominent features was significantly lower
than for the three most prominent features. A comparable diffe rence in accuracy was not
found when the measurement accuracies in the transform domain were compared , i.e., at
the highest SNR level the less prominent spatial features were , relative to the most

• prominent features, more difficult to identify and measure in the original image domain
than in the transform domain. At the two lower SNR levels no comparable differences
between the two modes were observed. The measurement accuracy for the three less
prominent periodic features was equally poor in both the original image and transform
domain. ___________________
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INTRODUCTION

BACKGROUND

The technology area of digital image processing has matured considerably durin g
recent years, par ticularly in applications dealing with digitized natural images. However ,
many image processing concepts can be directly applied to other classes of digital images,
e.g., in the area of acoustic signal displays, ambiguity surfaces , freque ncy-azimuth data
arrays, and lofargrams) This report provides an experimental assessment of the applica-
tion of digital image processing to a class of acoustic imagery characterized by strong
pat terning.

The basic hypothesis which motivated this investigation is that the tools of image
processing can be applied to acoustic signal space imagery to enhance the perceptibility
and measurement of periodic spatial features. Since the two-dimensional Fourier trans-
form process decomposes an image in terms of its two-dimensional spatial frequency
componen ts, the transform provides a measure of the relative energy for all spatial fre-
quencies in the original image . From this measure , spatial featu res in the original image
can be individually identified and analyzed based on the location and magnitude of the
spatial frequen cy energy concentrations.

OBJECTIVE

The objective of this experimental study was to evaluate the use of the two-
dimensional Fourier transform as an aid in extracting spatial frequency components in
acoustic data images by means of direct operator observation .

More specifically, the study add ressed the question of the relative gain in precision
of measurement which might be realized using the two-dimensional transform as compared
to making these measurements directly from the original image . Of particular interest was
the amount of gain at the weaker signal strengths typical of the class of processed acoustic
data under investigation.

As the signal power in the image decreases relative to the noise power, the proba-
bility increases that energy concentrations resulting from random noise patterning will
appear in the transformed image. It is possible , therefore, tha t the human operator work-
ing with the original image alone may be able to separate signal-related patterning from
spurious noise patte rning as well as can be achieved by using the transform . The experi-
ment reported herein was designed to provide a definitive test of this hypothesis.

I Naval Ocean Systems Center , NOSC TR 337 , “Two.Dimensional Transform Processing for Acoustic
Signal Space Image ry ,” by J . A. Roese , August 1978.
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APPROACH

DATA DISPLAY FORMATS

The acoustic images used to evaluate the transform process were displayed in color on
• the COMTAL display system (appendix A). Operator performance was compared using two

data display formats: the original image alone and the tra nsform image represent ation in com-
bination with the original image . An example of the combination format for one of the test

• patterns is shown in figu re 1. In this figu re the format presents data in four quadrants. Note
tha t the image transform itself is displayed in a rectangular coordinate system form ing four
subquadra n ts.

The image transform in figu re 1 provides a logarithmically scaled and normalized
representation of the image energy riiagnitude coded in color. Phase information is not dis-
played in this format.

The location of concentration of energy or magnitude peaks in the transform permits
direct measurements of spatial frequencies (numbe r of horizontal and vertical axis crossings)
of any periodic components in the original image. These spatial frequencies may be deter-
mined from the transform by noting the X and Y coordinates for any given peak. Note that
the da ta displayed in the transform are symmetric with respect to the origin of the horizontal
and vertical axes. Thus, all data needed for in terpre ting the transform energy distribution are
available in the two quadrants to the right of the center axis.

The lower left quadrant of figure 1 contains data parameters which are readout auto-
matically by the computer. Parameters displayed include the horizontal and vertical spatial
frequency values , the slope of the periodic component , and the relative magnitude of any
point with in the images directly under the cursor. The use of these parameters will be
described in more de tail in a later section .

EXPERIMENTAL VARIABLES

The primary independent variable in the experiment was the mode in which the data
were displayed together with the interactive measurement aids associated with each mode .
The test patterns consisted of processed data from three different sources. Calibrated
amounts of Gaussian noise at two levels were added to each of the original data sets , forming
test sets of three images each in which the signal-to-noise ratio (SNR) varied from +5.8 to

• —9 .3 dB. The three different test patterns plus the variation in SNR for each set were para-
metric variables, i.e., variables held constant while the primary variables were changed to
determine their effects. The dependent performance variable was a score based on the accu-
racy and completeness of the subject ’s measurement of the parameters of each of the six
strongest periodic components relative to a set of re ference values estimating the “true ”
coordinates of these components. These re fe rence values were derived from measurements
in the transform domain for each image with no added noise .

7
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INTERACTIVE MEASUREMENT AIDS

Measurement aids were available for both the original image and the transfo rm modes
of presentation. When the original image alone was viewed , the subject was able to obtain
exact measurement of the spatial frequency and slope by constructing an overlay, or grid of
lines, with any desired spacing and slope. An example of such an overlay corresponding to
the predominant periodic component for one pattern is in figure 2. Note the readout of
spatial frequency components and slope. In this case the magnitude value shown is a readout
of the point directly beneath the cursor at the time the overlay parameters were entered into
the computer. An overlay such as this is constructed by the subject by entering three points
into the computer using the trackball and cursor. The firs t two points are used to define a
line coincident with a major spatial feature while the third point defines the desire d spacing
between lines. The task for the subject in the original image mode is to determine predomi-
nant spatial frequency components (up to six) and measure their spatial frequency coordinates
by constructing overlays with lines which coincide with each of the perceived spatial patterns.
The parameters obtained for each overlay are recorded manually on a prepare d data sheet.

When both the transform and the original image are present , the subject has addi-
tional interactive aids available. If the subject wishes to determine a periodic component
from the image transform . the cursor is placed directly over a major energy concentration
or peak and an overlay and readout are requested. The computer displays an overlay on the
original image corresponding to the spatial frequency coordinates of the selected peak and
also draws an “X” over the selected peak in the transfo rm for future re fe rence. In addition ,
the data parameters for the coordinates of the peak are displayed. An example of an overlay
constru cted in such a fashion is in figure 3. Because the transform image does not display
the phase of the periodic component , the resultant overlay is not necessarily coincident with
the pattern feature , although it has the correct spatial frequency and slope. An additional
interactive feature , using the cursor , allows the subject to reposition the overlay . A line of the
overlay can be made coincident with any desired peak or ridge in the original imag e. Thus the
subject is able to establish the correspondence between major peaks in the transform and
corresponding spatial feature s in the original image . The subject can also construct any
desire d overlay in the original image with a corresponding “X” overlay in the transfo rm . This
coupling of the transfo rm to the original image allows the subject to verify that the parame-

• ters of th e constructed overlay correspond to a high magnitude energy peak. This aids the
subject in selecting the six strongest spatial frequency components as require d by the test
instructions.

A graphic representation of two periodic spatial feature s with grid overlays as they
migh t appear in the image and transfo rm domains is in figure 4. Note that the spatial fre-
quency is dete rmined from the image domain by the number of horizontal and vertical axis
crossings of each grid , counting froni the lower righ t corner of the image . In the transform
domain the spatial frequency of each feature is represented by the location of the corre-
sponding energy peak , scaled in X ,Y coordinates that correspond to the number  of hori-
zontal and vertical axis crossings. For grids inclined to the left of vertical axis , the sign for
the Y coordinate is negative and the energy peak will always appear in the upper of the two
quadrants for the transfo rm domain. In a similar manner ,  grids inclined to the rig ht  of the
vertical axis have a positive slope with spatial frequency coordinates in the lowe r quadrants
of the transfo rm domain. Because the transfo rm representation is symmetri c with respect to
the origin, only two of the four quadrants are shown.

8
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CALIBRATED TEST DATA SETS

Three SNR levels were selected for test from a more complete set of 11 calibrated
images that had been used in a previous study.2 The levels selected were the highest SNR , an
intermediate value , and the level at the threshold of pattern perception. Construction of the
calibrated test data sets is described in detail in re ference 2. Some of these details are repeated
here . The original images were derived from a processed segment of real data with a high
SNR. For this case the SNR can be calculated by using the maximum amplitude of the image.
With this case as a re ference , known amounts of noise power were added to the original image

• to produce a readily de termined change in SNR. The same additive noise wave form was
used for each SNR to control any effect caused by noise patterning. The SNR is defined for
these experiments as 10 log~~ (signal power to total noise power) in a 1-Hz band at the input
to the signal-processing algorithm. One test data set with SNR levels of +5.8 , —5 . 1 , and
—9 .3 dB is in figure 5 , which illustrates the effects of noise on the perceptibility of the periodic
components that are readily apparent in the original image . Note that the image color coding
was not normalized to match the dynamic amplitude range of the image as the SNR was
decre ased. Since normalization of the output color coding improves patte rn perceptibility in
the original image , lack of normalization is a factor which should bias the results in favor of
the transfo rm mode.2

EXPERIMENTAL DESIGN

The design for this experiment is usually called a “subject by treatments ” design,
since each subject is tested under all conditions. In ef f e c t , each subject acts as his/her own
control . Such a design is the most efficient test available for a relatively smal l , diverse group
of subjects. The design for the experiment consisted of all combinations of the following
variables: 3 (image patterns) X 2 (presentation modes) X 3 (SNR levels) = 18 trials. The
order of presentation during the 18 trials was the same for each subject. This order is most
easily described in terms of the rapidity with which each variable is changed. The most
rapidly changing variable was pattern , then the two modes , and finally the SNR. The order
of mode presentation was original image alone followe d by the combination of transfo rm and
original image. The three SNR levels were presented in order from lowest to highest.

TEST PROCEDURE S

The general procedure for the experiment require d the subjects to determine and
record the spatial frequency coordinates of the six strongest periodic components in each
image for each trial. The subjects determined the coordinates for each spatial feature with
the aid of overlays, The vertical and horizontal coordinates and slope value were recorded
manually on a special data sheet. The test procedure was straightforward . Prior to starting
the test the subject read the written instructions (appendix B). There were no practice
trials. Each subject had served in a previous study using the same test data patterns. They
we re also familiar with the use of the cursor and the data terminal keyboard. For the fi rst

2Nava l Ocean Systems Center , NOSC TR 207 , “Grey.Scale Versus Color Coding of Acoustic Data ~mage s ,”
by Robert S. French , March 1978.

9



-- -~~~~~ - -~~•—~~~~~
_ ,  •- •~~~—~~~~--~~ -~

1 ~~~~~ - - 
.. 

_ 
. - -  _

~
-_

~~ 
•
~~

_ 

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

few trials the test conductor remained to answer procedural questions and to determ ine that
the subject was operating the equipment properly. To minimize carryover from one set of
measurements to the next , the subjects were not allowed to compare measurements for a
given pattern under the two modes or SNR conditions. Once a given data sheet was com-
pleted , the subject was not allowed to change any entry or to re fer to the sheet again during
the test.

SCORI NG

SCORING ALGORITHM

The subject’ s recorded measurements , consisting of groups of six spatial frequency
coordinates for each of the 18 trials , were scored in terms of their accuracy and completeness
relative to the coordinates of a set of reference values. Each pai r of coordinates for a given
spatial feature was assigned a score based on the absolute “miss” distance relative to the “true ”
coordinates for the periodic spatial feature in question. This general concept of scoring is
illustrated in figure 6, using the same pattern and coordinates used for feature I in figure 4.
It should be emphasized that the diffe rence between the “tru e” coordinates and the subject ’s
corresponding overlay for this particular spatial feature has been greatly exaggerated for
illustrative purposes and is not typical of the test results.

The subject ’s perfo rmance score for a given tri al was based on the ave rage miss
distance (ci) for the six X ,Y coordinate pai rs reco icied by the subject. However , the deter-
mination of(d)  for any given spatial feature was complicated by the fact that the subject had
complete freedom in the selection of the particular spatial feature s to be measured. It should
be recalled that the subject was instructed to select the six strongest , i.e., most prominent .
features. This instructi c undoubtedly guided the subjects in their choice of features , particu-
larly in the transform domain where the magn itude of each energy concentration was easily
determined by the color coding. Nevertheless , it was necessary to establish a systematic
procedure for matching each of the six pairs of coordinates selected by the subject with the
most closely corresponding coordinates in the re fe rence set befo re the (d) values for the trial
could be computed.

The automatic matching procedure was based on an al gorithm which computed a
matrix taule of the (ii ) values for all combinations of six re fe rence coordinates against the
six coordinates recorded by the subject. The al gorithm then performed the matching by
selecting the six lowest (d) values in order , starting with the lowest value. As each match was
made in this manner , the corresponding row and column of the matri x o f ( d )  values were
eliminated prior to the selection of the next highest (d) value. The result achieved by this
procedure was the selection of a set of six ( ( I )  values , the sum of which was lower than any
other possible alternative matching. In other words, the subject ’s perfonnance score t’or the
trial was maximized in a consistent , objective manner by this procedure .

Additional features of the scoring algorithm included the inversion of the (d~ values
to normalized units rang ing from 0.0 (lowest score ) to 1.0 (hi ghest score and the use of
weighting factors applied to the conver ted (d )  values prior to averaging over the set of six.
A more complete discussion of the scoring procedure s may be found in appendix C.
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SCORING CRITERION

As noted above , the spatial frequency coordinate s selected by the subjects were
scored against a set of re ference coordinates. These reference coordinates were the best
available estimates of the “true” coordinates for the six most prominent signal-related spatial
features in each of the thre e image patterns. One of the difficulties inherent in the use of real
acoustic data in studies of this nature is that “truth” with respect to signal characteristics is
often difficult to define in any precise , quan titative way . Even in cases of high SNR level , the
ambient noise in the ocean environment modifies the signal-related patterning in a random
manner that cannot be specified in any exact mathematical sense .

The approach taken in this study to approximate the “true” coordinates was to derive
them from the transform domain representation of the thre e image patterns at the highest
SNR level , i .e., the image without added noise . Since the two-dimensional Fourier transfo rm
process decomposes an image in terms of its two-dimensional spatial frequency components ,
the transform provides a precise measure of the relative energy b r  all spatial frequencies in
the original image . Through the use of color coding in the transform domain , spatial feature s
in the original image can be individually identified and analyzed based on the location and
magnitude of the spatial frequency energy concentrations.

There are other reasons why a more precise estimate of the “true” coordinates can
be obtained from the transform rather than from any other feasible alternative (the original
image , for example). The transform representation provides a display representing the
decomposition of the spatial frequencies ordere d by magnitude. In addition to ranking the
feature s by prominence , the use of a color coding scheme designated “band-step coding ”
outlines the concentric contours for each peak , simplifying the localization of the coordinates
of the highest point in the energy concentrat ion (re ference 2). Through the use of the inter-
active cursor with direct readout of the magn itude at the cursor location , an operator can
easily determine the exact coordinates of the highest magnitude , even where the color coding
provides no apparent diffe rentiation. Final ly, the operator is provided a direct readout of the
coordinates for the cursor when he is satisfied that the peak has been located.

It should be apparent that there is no comparable method for systematically extract-
ing and ranking spatial features using only information from the original image . The use of
the interactive grid ove rlays does provide a direct readout of the spatial frequency coordi-
nates of the overlay, but the spacing and slope of the overlay are determined solely by the
operator ’s judgment of the best match to perceived pattern features.

For the cases of the highest SNR image s, it was apparent from a preliminary examina-
tion of the recorded measurements that in the transfo rm domain the coordinates of the six
most prominent feature s were extracted with high consistency across the group of six sub-
jects. For the comparable measurements in the image domain , a degree of consistency was
obtained for the thre e most prominent spatial feature s only. In view of this high degre e of

• consistency among the su bjects in the transfo rm domain , the decision was made to derive an
estimate of the “true ” coordinates by averaging the recorded measurements of the six sub-
jects , obtained from the transfo rm domain at the highest SNR level for each of the thre e
image patterns. The resulting set of six coordinate pairs , ranked by the magnitude or
prominence of the corresponding spatial feature , constituted the set of “reference ”

2Nava l Ocean Systems Center . NOSC TR 207 . “Grey-Scale Versus Color Coding of Acoustic Data Images .”
by Robert S. French , March 1978 .
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coordinates used to score the six measurements made by each subject on each trial. These
reference values were used for all the conditions tested under the experimental design , i.e.,
for both the image and transform modes and for all three SNR levels.

Use of the transform mode test results to derive the criterion for scoring imposes a
constraint on the upper limit of the scores in the original image mode. The scores made by
the subjects using the original image at the highest SNR level can be as high as, but no higher
th an , the scores made by using the transform . This constraint means that the results com-
paring the two modes should only be interpreted relative to each other , not as though the
scoring criterion represented an absolute standard or “truth.” Note that the scoring con-
straint imposed by the nature of the criterion applies only to the highest SNR level , as this
level was used to derive the criterion. At the two lower SNR levels, there is no constraint on
the possibility of higher performance scores in the original image mode.
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F i gure I . Th e  combination format represent ing the transf orm m ode of
prese nta t ion . The original image is in the upper left qua drant ti m e tra it s-
form , t ipper rig ht : a 2 .to .l nma gnill ca t ion of the transform , lower r ight :
and a rcado ut of data parameters , lowe r left .
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RESULTS

The norm alized mean performance scores for the six subjects comparing the two
modes of presentation at the three SNR levels are in figu re 7. The data for the three patte rns
have been combined in this fi gure . They indicate that at the highest SNR level (from +2. 1 to
+5.8 dB) the periodic components are measured with almost twice the efficiency when the
transform is available (0.88 versus 0.50). However, when the SNR level falls to —5.1 dB the
two performance curves converge and there is little difference in performance between the
two modes. Finally, at the lowest SNR level , —9.3 dB , the original image alone yields slightly
better scores than does the transform. The mean performance scores for the six subjects at
the three SNR levels are in table 1. Figure 8 presents the same comparison between modes as
shown in figu re 7, but for each pattern separately. These data indicate that the difference
favoring the use of the original image at the lowest SNR level is present in two out of three of
the patterns, suggesting that the rate of convergence may be patte rn related.

Table 1. Mean perform ance scores for the six subjects. The scores are tabulated to compare
the original image and transform modes of presentation and the three SNR levels. Note that
the average scores for the original image mode at -9.3 dB are slightly higher for each subject.

________________________ 

Value , dB
—9.3 —5 .1 ________ ÷5.8, +2.1

Subject Original Transform Subject Original Transform Subject Original Transform

0.24 0.17 1 0.38 0.39 1 0.51 0.86
2 0.28 0.18 2 0.44 0.38 2 0.45 0.86
3 0.22 0.21 3 0.29 0.39 3 0.58 0.91
4 0.23 0.18 4 0.31 0.42 4 0.52 0.88
5 0.38 0.15 5 0.43 0.39 5 0.53 0.87
6 0.27 0.18 6 0.27 0.40 6 0.44 0.88

To help understan d the natu re of the task confronting the subjects , two photographs
for the transform mode of presentation for pattern I are in figu re 9. (The comparable
photograph for the highest SNR level is in figure 1.) It is evident from these photographs
that as noise is added to the original image the numbe r of energy concentra tions in the

• transform increases. Since the order of presentation of SNR levels was from lowest to
highest , i.e., the subject had not yet been exposed to the transform s with stronger signal-
related peaks , the subjects had no basis for rejecting these noise peaks with high magnitude
coding. Undoubtedly it is this proliferation of easily measured noise peaks which accounts
for the relatively poor pe rformance in tht transform mode at the lower SNR levels.

A supple mentary analysis was made to determine if the diffe rence between the two
modes was a function of the relative amplitude or prominence of the spatial feature . The
scoring algorithm was modified to divide the six scores for each subject into two sets: those
three scores matching the spatial feature s in the reference set with the three highest ampli-
tudes and the remaining three which were the best match with the remaining low amplitude
features. The results of the analysis are in figure 10. Each set of functions is now based on
three scores for each subject instead of six. When comparing figures IOA and lOB for the
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highest level it is evident that the average score in the original image mode is reduced by a
greater amount (0.65 to 0.34) than it is in the transform mode (0.94 to 0.83), i.e ., the less
prominent periodic spatial features are particularly difficult to find in the original image as
compared wi th the transform . For the two lower SNR levels there is essen tially no diffe r-
ence between the two mod~ ~~. The performance with both modes falls off dramatically for
the less prominent spatial features when noise is added to the image .

_ _ _  ~~~~~~~~
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CONCLUSIONS

At high SNR levels the transform domain image representation is clearly superior to
the original image as a mode for systematic measurement and ranking of the periodic spatial
features in the image . As the SNR level is reduced , the accuracy of measurement in the
transform domain falls off more rapidly than in the original image domain , resulting in a
convergence of the performance curves unde r the two modes. With the SNR level reduced so
that signal-related pattern ing is barely perceptible , measurement of periodic spatial features in
the transform domain is no better than in the original image domain. However , the amount
of convergence for one of the patterns was less than for the others , suggesting that the rate of
convergence may be pattern related.

A supplementary analysis was performed to identify factors that might account for
the superior performance in the transform mode at the higher SNR levels. The magnitude or
prominence of the spatial feature was found to be such a factor. At each SNR level , per-
formance scores for the three most prominent spatial features were compared with the scores
for the three less prominent features. At the highest SNR level , in the original image mode,
the measurement accuracy for the less prominent features was significantly lower than for the
three most prominent features. A comparable difference in accuracy was not found when
measurement accuracies in the transform domain were compared: At the highest SNR level
the less prominent spatial features were , relative to the most prominent features , more diffi-
cult to identify and measure in the original image domain than in the transform domain. At
the two lower SNR levels no comparable difference between the two modes was observed.
The measurement accuracy for the three less prominent periodic features was equally poor
in both the original image and transform domain .

At high SNR levels the transform domain is an excellent mode for systematic measure-
ment and ranking of both the major and the less prominent periodic spatial features using the
interactive aids developed for this study. There exists no comparable method for system-
atically extracting and ran king periodic spatial features from the original image alone.
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APPENDIX A. COMTAL DISPLAY SYSTEM

All experiments described in this report were conducted in the NOSC Surveillance
Display and Image Processing Laboratory . The test data were viewed directly on the
COMTAL 8300 Display System (figure A-i , center , back) . This display system , which is the
central featu re of the laboratory , provides the user with the capability to display and manipu-
late interactively high-resolution color images. The host computer for the laboratory is the
UNIVAC 1108. The COMTAL accepts input/output commands and data from the 1108 and
internally performs scan conversion and refresh storage opera tions on the data to produce
bright flicker-free displays in grey scale or color. Pertinent features of the COMTAL system
include the following:

• 5 12- by 512-picture element (pixel) resolution with a 1: 1 aspect ratio.

• Selectable data display modes including grey scale , pseudocolor , and true color.

• Three independent images stored at one time.
• Eight bits of intensity coding stored for each pixel (six bits displayed).
• Scan conversion for moving (rising or falling) raste r presentations.
• Graphic overlay for superimposing outlines , grids, or alphanumerics on

displayed images.
• Trackbal l positioning of a targe t pointer using a trackball input control device.
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APPENDIX B. TEST INSTRUCTIONS

These are the exact instructions given to the six subjects at the beginning of the
tests.

“This is an experiment to evaluate the two-dimensional Fourier image transform as an aid for
measuring spatial frequency patterning. Much of this patterning is periodic in nature and gives rise to
measurable concentrations of energy in the transform domain. These periodicities are often evident from
direct observation of the original image, as well. In this experiment you will be concerned with measurement
of the spatial freq uency of axis crossings in the horizontal and vertical , the slope of the periodic pattern and
in some cases the magnitude of the energy concentration in the t ransform . The definitions of each of these
parameters are provided late r in these instructions. The approach will be to compare the accuracy and com-
pleteness of the measurements under two conditions: a) directly from the original image , b) when viewing
both the original image and the transform. The images will be viewed on the COMTAL in a standard format.
The original image is in the upper left quadrant; the two-dimensional Fourier transform in the upper righ t
quadrant; a 2: 1 magnification of the transform is in the lower right quadrant; and the spatial feature param-
eters are summarized in the lower left quadrant. Because the transform is symmetric with respect to the
original, measurements may all be made in the two subquadrants within the transform area to the right of
the axis crossing (zero spatial frequency or “DC”). The major features of this formature are illustrated in
Figure 1.” (Same as figure 1 in this report.)

“Various readouts and overlays will be available to aid you in measuring the pattern parameters.
When you are working in the image domain , your primary measurement aid will be to generate overlays by
positioning the CURSOR. For each overlay the computer will readout the spatial frequency components in
the horizontal and vertical (i.e., the number of lines crossing the horizontal and vertical axes) and the slope
of the overlay.” (See fi gure 2 in this report.)

“When both the original image and transform are viewed , a variety of CURSORS and readouts are
available which directly coup le the two image domains. For example , when you generate an overlay on the
original image , you will automatically generate an “X” in the transform at the coordinates defined by the
overl ay. You will also get a readout of the horizontal and vertical frequency components , the slope and the
magnitude . When you select any spot in the transform using the CURSOR , the computer will generate the
corresponding overlay in the original image as well as provide the readouts. Because the phase information
is not used in the display of the transform , the overl ay is not likely to be superimposed on the designated
periodic feature . As an aid in veri fying that you have located the correct energy concentration in the trans-
form , you may reposition the overlay by placing the CURSOR at any point through which you wish an
overlay to pass. Repositioni ng the overlay is done by shifting the entire overlay to the right or left . Neither
the slope nor the vertical placement is changed by this action. ” (See figure 3 in this report.)

EXPERIME NTA L DESIGN

“The test sequence will consist of measurements on three different patterns using the two modes 
C

of image presentation , at three levels of signal strength. The experimental design is 3 (patterns) X 2 (modes)
C X 3 (SNR levels) 18 trials. The test sequence will be the same for each subject and can be defined in term s

of the rapidity with which the three variable s are changed. The most rapidly cha nging variable will be the
patter n , then the two modes and finally the SNR. The two modes will be presented in the order: original
image , bo th. The three SNR levels will be presented in the order from lowest to highest.

“Your task in this experiment will be to determine and record on the prepared data sheets as many
periodic spatial frequency components as you can find (up to six) in either the original image , or when both
are viewed. Your measurements will be scored both on their accuracy relative to the correct values , and the
extent to which you identify all six of the components. Be sure to include the six with the strongest pat-
terning in the original image or the highest peaks in the tran sform . Do not include the DC component which
is located at the origin.
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“Since you will he viewing the same patter ns repeatedl y, under di fferent conditions , it is
important to minimize carryover from one set of measurements to the next. To mini m ize carryove r you will
not be allowed to compare measureme nts for a given pattern under the two modes or SNR conditions. Once
the set of measurements for the three patterns has been recorded you cannot change your measurements or
refer to them again . Each completed data sheet must be turned upside down and must not be looked at
again during the test. ”

IMAGE DOMAIN MEASU REM ENT

“To construct an overlay in the original image , you need to define three points using the CURSOR.
Initially, the CURSOR is located at the lowe r left hand corner of the image . To construct an overlay , place
the CU RSOR over a prominent peak which you wish to have coincide with a line of the overly and press the
SPACE BAR. The instruction will appear on the terminal to select another point on the same line. To do
this , reposition the CU RSOR to a second peak which together define the desire d line and press the SPACE
BAR , again. The next instruction on the terminal will be to select a position on a different line . The third
point should coincide with a parallel set of peaks or pattern feature , with a spacing represe nting the interpeak
distance and thus the spatial frequency of the desired overlay. Pressing the SPACE BAR the third time will
lead to the construction of the overlay and will also give a readout of the horizontal and vertical spatial fre-
quency components and the slope of the lines. If you wish to erase the overlay before constructing another
one , press the “RUB OUT” button. ”

TR ANSFORM DOMA IN MEASU REMEN T

~To read out the parameters of any point in the transform , place the CU RSOR ove r the peak of
interest and press the SPACE BAR. You will get a readout of the horizontal and vertical coordinates of the •
point , the magnitude . and the slope of the corresponding overlay.

“Note that the slope of any point in the upper righ t quadrant of the transform is negative , increas -
ing in value as you approach the hori zontal axis. Points in this quadra nt correspond to overlays in the
original image that are inclined to the left of the vertical . In a similar manner points in the lower ri ght
quadrant are positive and correspond to overlays inclined to the rig h t of the vertical . This change 01 slope
“sign ” occurs from original image to transform because the effect of the transform is to rotate the pattern
90 degrees. It should be noted that  slope is always defined relative to the overlay in the image domain. An
overlay consisting of horizontal lines has a iero slope (Y=inf. X=O .O) ; an overlay consisting of nearl y vertical
lines will have a very large value of slope. If the lines are fully vertical the slope is infinitely large but will be
computed as zero , due to a computer limitation. ”

COMBINED I MAGE /T RANSFORM MEASUREMENT

“To construct an overlay and readout parameters when both the orig inal image and transform are
viewed , one would normally begin by placing the CU RSOR over a prominent peak in the transform and
pressing the SPACE BAR. This action will generate an overlay in the original image and give a readout of
x. y slope , and the relative magn itude of the energy concentration. To reposition the overlay, place the
CURSOR over a point in the original image through which you wish the overlay to pass and press the
“ LIN E F E ED” button . If ~~0U wish to remove the overlay to construct another one , press the “RUB OUT”
button.  You may also begin the analysis by constructing an overlay in the original image as in the image
mode. Now , however , the image overlay will be coup led with the construction of an “X” at the correspond-
ing coordinates in the tra nsform . This coup li ng will allow you to verif y that your overlay corresponds to an
energy peak , and if not , to modify the overlay until it does correspond. ”
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CONTROLS

“As a convenience , the use of each of the spatial keyboard entries and controls is summarized
below:

RETURN — Sequences to the next trial
TRACKBALL — Controls the position of the cursor
SPACE BAR — Enters a point to define an overlay
LINEFEED — Repositions the overlay
RUB-OUT — Erases the overlay ”
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APP ENDIX C. SCORING ALGORITHM

The subjects ’ recorded measurements were scored in terms of accuracy and corn-
pleteness relative to a set of reference coordinates derived by measurement of the six
strongest periodic spatial frequency components in the images. The coordinates for the
set of reference values were obtained from measurements in the transform domain at the

• highest SNR level for the three patterns. The measurements made by the six subjects for
these images were averaged to provide the best available estimate of the “true ” coordi-
nates of the six strongest components.

The first element in the scoring algorithm was the computation of the absolute
“miss” distance (~)  relative to the reference coordinates for each of the six frequencies
recorded by the subject. This aspect of the algorithm is complicated by the need to make
the best possible match between the subject ’s six values and the reference set . The
approach taken calculated all (~ ) values for a matrix of the six reference values against the
values recorded by the subject. The algorithm then performed the matching by selecting
the six lowest (~) values in order , starting with the lowest value. As each match was
determined , the corresponding row and column of the matrix of (~)  values were elimi-
nated from further consideration. The subject ’s performance score was maximized in a
consistent objective manner by this procedure.

Following the computation of the six (~ ) values for each trial , a cutoff value was
determined to ensure that the data points included in the score were within a reasonable
distance of the corresponding reference points. Based on a preliminary examination of
the test data , it was dete rmined tha t a cutoff value of 3 (~ ) units would adequately
separate near misses from cases of obvious mismatch. Accordingly, the next computa-
tional step was to subtract each of the selected (~) values from 3. The resulting values
were then divided by 3 to produce a normalized miss distance , Qn’ with units ranging
from 0 (any (a.) value which is 3 or higher) to 1 .0 (perfect score).

The final step was to sum the six values of Qn. Prior to summing, each Qn was
multiplied by a weighting factor , Wn, proportional to the amplitude of the transform peak
for the corresponding reference value. The weighting factor was determined by summing
the amplitude values of the six reference values and dividing each amplitude by this sum.
Since the weighting factors equal unity, the sum of the six scores when multiplied by the
weighting factors also ranges between 0.0 and 1 .0.

The mathematical relationship for computing the score for subject , Sk, on a
given trial was

score (Sk)=  Qn Wn ‘ 
(C-I)

where

n = index for the selected coordinates

45

L -~~~~~ - 

. 

- . -— ~- - -. - .. - -.  - . .. --
— 4 — ------ ---- - ---~~~ _ _~ _1_._ ~~~~~~~~~~~~~~~~~ ~~~~~~ ._..~~



_ _ _ _ _

d
I _~~~~~~~~, i f O  ~~dn ~~

0 i f d~~~~3

= 
[(X reference Xsubject k ) 2  + (Yreference — Ysubject k
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and

W n = ~

Ear
r 1

where

an = peak amplitude for a given re fe rence value.

In equatio n (C-I ) Qn is the norm alized miss distance , dn is the absolute miss distance
between the subject ’s test coordinates (X subject k ‘ 

‘
~
‘SubjCctk ) and the reference coordinates

n n
(X reference , 

~ reference n )’ and W n is a fractional weighting factor relating the peak ampli-

tude for a given re fe rence value (a n ) to the sum of the amplitudes of the six reference values .
where r inde xes the six reference values.

.
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APPENDIX D. SUBJECTS

The type of experimental design used in this study ensures that differences between
the subjects in background and experience will not affect comparisons involving the primary
variables. However , it is desirable that the subjects possess skills and knowledge similar to
those of the operational personnel towards which the study conclusions are directed.

The six subjects used in the experiment were drawn from the professional staff of
the NOSC Signal Processing and Display Division. All subjects had served in a previous
experiment comparing grey-scale and color coding of acoustic data images.Dl Because the
subjects had had previous exposure to the three images they were generally familiar with
the patterning and the degraded appearance of the images at lower SNR levels. The sub-
jects had a basic understanding of the Fourier transform as a result of their signal process-
ing background , but had had only incidental exposure to any specific coupling of grid
overlays to peaks in the transform domain for the test images used. Although the subjects
as a group were highly trained in the theoretical aspects of signal processing, triis knowledge
was not required for the successful execution of the task. With respect to the skills and
knowledge essential to the task , the subjects were comparable to operational Navy person-
nel who might utilize similar displays for data analysis at some future time.

DI Naval Ocean Systems Cente r , NOSC TR 207, “Grey-Scale Versus Color Coding of Acoustic Data Images .”
by Robert S. French , March 1978.
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