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SECTION 1 - INTRODUCTION

Many techniques fundamental to digital image processing hold great potential for
• 

the analysis and enhancement of acoustic signal space images. Historically, applications of
• image processing have addressed problems relating to natural images and include image

coding for bandwidth compression , edge detection and feature enhancement , spatial noise
suppression , and corrections for image distortions due to motion blur or optical aberrations.

• Application of this weII”defined body of image processing theory and analysis techniques to
acoustic signal space imagery represents a fundamentally new approach to info rmation
extraction for this class of data.

Many problems in acoustic signal detection and extraction involve the analysis of
pattern s or spatial features in a two-dimensional signal space. The tools of digital image
processing provide a means for establishing a solid theoretical and mathematical basis for
dealing with such problems.

The basic elements of’ digita l image processing employed in this investigation include:
two-dimensional Fourier and Hadamard image transfo rmations; transfo rm domai n filtering
and pattern modification operations; and inverse transformations to isolate , suppress , or
enhance signal features of interest. The results obtained provide an assessment of the feasi-
bil i ty of applying digit al image processing to the analysis of acoustic signal space imagery.
The display and processing resources of the NOSC Display and Image Processing Facility
and Univac 1108 computer were used in obtaining the results presented in this report .t

SECTION 2 - TWO-DIMEN SIONAL IMAGE TRANSFORMS

The underlying concept of transform domain processing is that a discrete representa-
tion of the input or source acoustic data array, f(x ,y) undergoes a two-dimensional trans-
formation to produce an array of transform coefficients , F(u ,v), where u ,v are spatial
frequency coordinates. Transform domain decomposition is based on the premise that an
image can be considered as the superposition of multiple transfo rm basis functions , each
with different weighting coefficients.

Computation of a two-dimensional transform produces a decomposition of the
source acoustic image in term s of horizontal and vertical spatial frequencies. The transform
domain image representation gives a two-dimensional distribution of image energ y at each
spatial frequency. The location and magnitude of peaks in the transform domain energy
distribution provides a direct means of measuring parameters of features contained in the
source image .

For transform domain image representations , the transform is normally chosen from
the class of linear unitary operators , i.e., operators (TI having the property that (TI [TJ4 =

(TI ~E T J = [ I J ,  where * denotes the conjugate transpose of the complex operator. When
restricted to real-valued variables , [TI is termed an orthogonal operator. Properties of
unitary transform s include: preservation of length under transformation; transformation
of sets of orthonormal basis vectors into other orthonormal basis vectors : and transfo rm a-
tion of sums of square s into sums of squares. This latter property implies that the total

tA description of the NOSC Display and Image Processi ng Facility is given in Appendix A.
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energy in both domains is preserved under transformation. Unitary transformations com-
monly used in transform domain image processing include the Karhunen-Loeve , cosine ,
Fourier, slant, Hadamard , and l{aar transforms. With the exception of the Karhunen-Loeve
transform , fast computational algorithms are known for each transform. The Karhunen-
Loeve transform produces completely uncorrelated components in the transfo rm domain ,
whereas the other transform types possess varying amounts of residual correlation.

Two main classes of uni tary transform s have been investigated for application to
acoustic signal space images. These are the discrete Fourier and 1-ladamard transfor ms. *
The Fourier transform is of interest because it provides a decomposition of the source
image in terms of periodic exponential basis functions of increasing spatial frequency. In
general , the Fourier transform of an N X N image array is a complex function of size 2N 2 ,
i.e., the real and imaginary (or magnitude and phase) components at each spatial frequency.
However , because of the complex conjugate symmetry properties of the Fourier transform ,
only half of the real and imaginary (or magnitude and phase) components are require d for
complete image reconstruction. Thus , the two-dimensional Fourier transform of an N X N
image array is completely defined by N 2 transform components.

An example of the application of two-dimensional transform processing of an
acoustic signal space image is given in Figure 2- 1. In this figure , the source image , f(x ,y),
is displayed in the upper left quadrant. The two-dimensional Fourier transform domain
energy distribution for the source image is shown at the upper right. A magnified view (2:
expansion) about the origin of the energy distribution is presented at the lower right. This
data set illustrates severa l well-defined transfo rm domain energy concentrations. The
existence of these energy concentrations is significant since it indicates the presence of
multiple features in the source image. From the locations and relative strength of the
transform domain energ y concentrations , quantitative measurements can be made of the
major feature parameters in the source image .

The second class of unitary transformations considered is the two-dimensional
discrete Hadamard transform. This transfo rm diffe rs from the more familiar Fourier trans-
form in that , instead of periodic complex exponential basis functions , the Hadamard trans-

• form basis functions assume only ± 1 values. A desirable property resulting from the
Hadamard transform basis functions is that hardware for performing Hadamard image
transformations can be imp!emented using only simple addition and subtraction operations.

The fi rst eight horizontal , vertical , and off-axis Hadamard basis functions are
illustrated in Figure 2-2. This figure shows that the set of Hadamard basis functions is
slightly aperiodic in nature but are ordered according to increasing number of axis cross-
ings (sign changes). These properties of the Hadamard transform have led to the intro-
duction of the term “spatial sequency, ” where sequency refe rs to the number of basis

• function axis crossing (sign changes) for a nonperiodic function. In the case of a periodic
function , the concepts of spatial sequency and spatial frequency are identical.

*The mathematical relationsh ips defining the two~dfmensional forms for the Fourier and Hadamard
tran sforms are given in Appendix B.
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I:~gure 2~ I . Represent at ions of the ori ginal inmge , its two-dimensional Fourier I ran slorm wil h
an expanded view of the cen ir a l por~Ion of the image transform , and typ ical feature par amelef
nicasure ,neiits . The ohwrvcd transform domain energy concentrat ions indic ate th e presence ol
iiiultipk sp at ia l Icaturc s in the ori gi nal image .
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Figure 2-2. Two-dimensional Hadamard transform basis functions for first
eigh t hori ionta l , vertical and off-a xis spatial sequency components.
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SECTION 3 -- FOURIER TRANSFORM PROCESSING

Fourier transform spatial frequency domain representations are well suited for image
processing applications because of the direct analogues which can be drawn with the method
of conventional one-dimensional Fourier time series analysis.

SPATIAL FREQUENCY DECOMPOSITION

Much usefu l information can be obtained by direct measurement of feature para-
meters made in the transform domain energy distribution of an image . For example ,
numerical values for horizontal and vert ical spatial frequencies can be determined from
the locations of energy concentrations in the transfo rm domain energy distributi on. These
measure d values represent the number of times the spatial feature intersects the horizontal
and vertical axis boundaries of the transformed portion of the source image. Also , hori-
zontal and vertical spatial perio ds are obtained as the reciprocals of the measured spatial
frequecies.

Measurement of horizontal and vertical spatial periods also permits a direct compu-
tation of feature slope within th e source image . The slope parameter is a measure of the
feature ’s orientation relative to the coordinate s of the source image and is computed as

Vertical Spatial PeriodSlope = _____________________

Horizontal Spatial Period

Figure 3-I shows the basic format for two-dimensional transfo rm domain analysis.
As in the earlier example of Figure 2-1 , the source image is shown at the upper left. The
outlined region of the source image defines the portion of the image selected for transfor-
mation. For purposes of illustration , a prominent spatial feature within the source image
has been highlighted by the use of an overlay. The highlighted feature is one of many
features which , when taken together , comprise the total structure of the source image. The
highlighted feature has a repetitive structure that intersects the horizontal axis six times and
is essentially parallel with the vertical axis.

The magnitud e of the two-dimensional Fourier transform energy distribution for
the transformed portion of the source image is shown at the upper right of Figure 3-1 . Log-
arithmic scaling is used to compensate for the large dynamic range of the transform magni-
tude values. Phase information is not shown in this example. The lower right quadra nt is a
2: 1 expansion about the origin of the transform domain energy distribution . The observed
symmetry about the origin in the transfo rm domain is due to the complex conjugate sym-
metry properties of the Fourier transform.

A complex conjugate pair of X ’s has been superimposed in the transfo rm domain
energy distribution of Figure 3-1. These X’s correspond to the overlay on the source image
and are located at (±6 ,0) along, respectively, the horizontal and vertical spatial frequency
axes. The presence of a large transfo rm domain energy concentration at these locations
confirms the presence of the highlighted feature in the source image .
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Figure 3.1 . Iwo-dimensional Fourier transform domain anal ysis format. The overlay hi gh l i ghts
a major featu re in the source image , and t he X’s Indicate (lie location of t h e  correspond ing

ra ns form domain energy concen tration.
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SPATIAL FREQUENCY FILTERING

Frequency domain image representations provide a useful format for manipulating
the properties of the source image . For example , the familiar concepts of one-dimensional
frequency domain filtering can be directly applied to the two-dimensional spatial f. equency
decompositions of acoustic signal space images. Two-dimensional spatial frequency filters
can be applied in the transfo rm domain prior to reconstructing the source image by an
inverse transform operation. *

Specification o1 spatial frequency filters is done in a highly interactive manner by
the display operator. Filtering options available include selection of: low-pass , high-pass ,
band-pass and band-resect filters : rectangular or contour-following filter geometry; single or
mult iple  filter implementations; and specification of filter position in the tran sfo rm domain.

BAND-PASS FILTERS

Figure 3-2 illustrates the use of a two-dimensional band-pass filter to isolate the
horizontally repetitive feature shown by the overlay in Figure 3- 1. To perform this filtering
operation , it was necessary to interactively specify filter bounds and position the filter
on the energy concentration of the feature. In this case , a very narrow two-dimensional

• band-pass filter was used. The results of the filtering procedure are illustrated in the upper
• right quadrant of Figure 3-2. In this quadrant , the spatial frequency magnitude components

outside of the rectangular band-pass filter bounds have been set to zero. Due to the complex
conjugate symmetry about the origin in the transform domain , the upper right quadrant
shows the spatial frequency magnitude components both prior to and after the transform
domain filtering operation.

The filtere d reconstruction of the image is shown at the lower right. Within the
transformed portion of the image , the effect of band-pass filtering has been to isolate the
horizontal feature from the sourc e image.

Another example of band-pass filtering is shown in Figure 3-3. This case illustrates
the isolation of one of the major off-axis high spatial frequency components of the source
image . From the filtere d image reconstruction , the high repetition rate and orientation
of this feature can be easily observed and measured.

A third major high-repetiti on-rate feature of the source image has been isolated in
Figure 34. The energy concentration for this feature is located in a different quadrant of
the transfo rm domain . The feature ’s structure and orientation relative to the source image
are apparent in the filtere d image reconstruction.

*The mathem atical development of the various types of spatial frequency filters is given in Appendix C.
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Figure 3.2 . Spat ial frequency two-di m ensional band .pass fi lter showing (lie energy c (m nc etml r atum
and corresponding Image reconstruction for the hori zontally repetitive feature in the outlined

- por t ion of the Source image .
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Figure 3-3. Ih i g hi .spat ial-Ir cqucncy band-pass filter. The filtered image reconstruction i l l u st r a t cs  *the str ucture and orientation of (lie isolated feature.
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Fi gure 34. h k gh spat ia l tr eque ncy hand-pass filter.  The fi ltered image reconstruction il lustrat es
a simi lar feature  structur e II) t h at oi Fi gure 3.3 but with di l fc r en i  orientation.
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MULTIPLE BAND-PASS FILTERS

Combinations of band-pass spatial frequency filters can be effectively used to
analyze interactions between individual image features. Figure 3-5 illustrates the application
of dual band-pass filters to the two major high-repetition-rate features of Figures 3-3 and 3-4.
This example shows that much of the repetitive structure in the source image can be attri -

BAN D-REJECT FILTER S

The complement of band-pass filtering is band-reject filtering. Figure 3-6 illustrates
the use of dual band-reject filters . This illustration shows the elimination of two major
high-repetition-rate features in the source image reconstruction.

LOW-PASS FILTERS

High-repetition-rate features in the source image can be removed with the applica-
tion of a low-pass filter. An example of low-pass filtering as applied to the source image
is given in Figure 3-7. The image reconstruction after low-pass filtering is noticeably
smoothed since all spatial frequency components exceeding the horizonta l and vertical
filter bounds have been removed.

CONTOUR FILTERS

The technique of contour filtering represents a refinement of the basic filter sped-
fication process. In contour filtering, the previously employed rectangular filters are replac-
ed by filter geometries that follow the actual contours of the transform domain energy
concentrations. Contour filters permit a more precise delineation of complex energy con-
centrations than is normally obtainable with rectangular filter techniques. Use of contour
filtering requires operator interaction to initially specify the local region of the transform
domain to be filtered and then to select a specific energy contour which defines the actual
filter geometry .

An example of the contour filtering technique as applied to source image energy
concentrations in the transform domain is given in Figure 3-8. In this example , a band-
reject contour filter with a non-rectangular geometry is illustrated.
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Figure 3.5. l)ual hand-pass spatial irequ ency filters. The image rec onstruction shows t im e c hhec t s
of rcinhorccmcnt a nd cancellation betwe en the two major high-repeti t ion-rate features.
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Fi gure 3~~. l)ual band-reject spatial frequency filters. The image reconstruction shows the
effccts of t h e  removal of the two b igh -r epht i ti on-r atc image features.
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Fi gure 3-7 . Limw-pa ss spatial frequency fil ler. The reconstru ction of the source image appear s
siimooth since the h i g h spatial frequency components h ave been filtered out.

- 

15

~ ‘J-~~~~ ii i~~~~_——~~~
—,~

———————--.—-•—--—-—•----
~~ ‘

-
V- V 

V .  V
~~~

’
~ 

V

- - - . . - 
- 

4.-.- —



• ~--~~~ w -. - -V V 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

‘ V .- -V 

N

U —  ! 4 ! 4  -

— *  

_

. 

— 

j
— Figure 3.8. H an d-r ep ect contour f i l t e r .  Time fi l l er geometry is determined hy c on t i ,ums ut  l i m e

transfor m energy concentration for the hig h-repetition-rate vertical feature .
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PATTERN MODIFICATION

The concept of pattern modification is a direct extension of two-dimensional spatial
frequency filtering. In a pattern modification , transform domain energy concentrations
corresponding to individual or multiple image features are selectively altered (increased or
decreased in strength) prior to inverse transform ation.

This approach offers many advantages over conventional spatial frequency filtering
techniques , which completely eliminate or zero out the value of certain spatial frequency
components. Pattern modification is important because it permits the acoustic image
anal yst to introduce subtle or major changes in the preceived strength of spatial features or
patterns within an image. In many cases, these changes can be made without destroying the
basic structure of the source image .

To perform pattern modification , the basic methodologies of high-pass , low-pass ,
band-pass , and band-reject filtering are used. h owever , diffe rent operator-selectable weigh t-
ing factors are applied to the spatial frequency components within and outside of the filter
bounds. For example , setting a weighting factor of uni ty  for components outside of the
filter bounds and less than unity within the bounds results in a relative suppression (but not
elimination) of a feature in the resulting image reconstruction. Conversely, setting the
wei ghting factor to a value greater than uni ty  within the filter bounds causes relative
enhancement of the perceived feature strength in the image reconstruction.

It should be noted that scaling adjustments are made in the computation of the
forward and inverse transforms to insure that the total energy of the input in’ ige equals
the energy of the output  image even though the energy distribution may have been distorted
due to the effects of pattern modification operations.

To illustrate the concept of pattern modification , test cases demonstrating spatial
feature pattern suppression and enhancement were performed using the source image.
Figures 3-9a and b illustrate modifications of the high-vertical-repetition-rate feature in the
source image .

In Figure 3-9a , a weighting factor of 0.25 was used within the bounds of a two-
dimensional band-pass filter to achieve feature suppression. The spatial frequency compon-
ents outside of the filter bounds were unchan ged. The image reconstruction illustrates a
significant de-emphasis in the perceived strength of the vertical-repetition-rate feature in the
image reconstruction while preserving the basic structure of the source image .

Another example of pattern modification is that of feature enhancement. This
operation is of importance when a feature of interest is present in an image but at a low V

level. Pattern enhancement provides a technique tor increasing the relative strength or
detectability of the feature within the context of the original image . An example of pattern
enhancement is shown in Figure 3-9b , where a weighting factor of 2.0 is used within the
two-dimensional band-pass filter bounds. The resulting image reconstruction presents an
enhanced representation of the high-vertical-repetition-rate feature .

The pattern modification process is closely related to spatial frequency filtering and
is subject to the same processing considerations that are inherent in two-dimensional inverse
transformations for filtering applications. In fact , with the use of a zero-valued weighting
factor outside or inside of the filter bounds , pattern modification reduces directly to
conventional spatial frequency band-pass and band-reject filtering, respectively -
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SECTION 4 -- HADAMARD TRANSFORM PROCESSING

The spatial characteristics of the features of interest within an image determine the
choice of transform operator to be used for processing. In the case of spectral time history
acoustic imagery , the significant image features are known a p riori to be individual or
harmonically related sets of vertical lines.

Operations involving manipulation of vertical lines are not well matched to the
complex exponential basis function decompositions of two-dimensional Fourier transfor-
mations. However , two-dimensional Hadamard transforms have been successfully applied to
vertical line features in spectral time history imagery. By inspection of the Hadamard
transform two-dimensional basis functions given previously in Figure 2-2 , it can be seen
that combinations of the first few rows of these basis functions can provide excellent
vertical line feature representations. It is this property of the Hadamard tr4nsform which
has been exploited for the enhancement of line structures.

It should be noted that the set of (-ladamard transform basis functions used will only
permit enhancement of lines which are exactly vertical over alt or some poTtion of the
source image . Lines which exhibit horizontal variations due to time-dependent frequency
changes or have a slope resulting from a constant rate of frequency change will , in general ,
benefit very little if at all from this class of Hadamard transform techniques.

LINE ENHANCEMENT

The techni que of enhancing vertical lines is a direct application of the pattern
modification concepts discussed previously. In this case , the patterns of interest are indi-
vidual and harmonically related vertical lines . Figure 4-1 illustrates the l-Iadamard transform
line enhancement procedure for a spectral time history source image. At the upper left of
this figure , a region of the source image has been defined for transform analysis. The
Hadamard transform energy distribution is given at the upper right. Carefu l inspection of
the transform energy distribution indicates concentrations of energy along the top few
rows of energy components that correspond to the d. c. and low-sequency vertical Hadamard
basis functions. These concentrations are caused by the vertical line structures present in
the source image . Enhancement of the lines is accomplished by increasing the energy
concentration values for the d.c. and low-sequency vertical basis functions prior to recon-
structing the image by inverse transformation. In the example of Figure 4-1 . a moderate
increase in these basis function values results in a significant line enhancement in the image
reconstruction. A comparison of an enhanced portion of the image with the original is
shown at the lower right of this figure.
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EXPER I MENTAL RESULT S

Three different evaluations of the 1-ladamard transfo rm line enhancement technique
were perfo rmed. The source image data base used in these evaluations contains several
different vertical lines at varying levels of perceptibility. The data base consists of the
original source image and four noise-degraded versions of the source image at successively
lower signal-to-noise ratios ( SNR ).

The first evaluation performed was to determine use fu l d.c. and low-sequency
vertical basis function weighting factors for line enhancement. Weighting factors which only
sli ghtly exceed uni ty  will essentially preserve the source image and are of little use since they
result in only slight line enhancements. Very large weighting factors are also undesirable
due to extreme distortion effects in the image reconstruction and the potential for genera t-
ing line-like artifacts from vertically aligned noise components in the source image.

Fi gures 4-2a throug h c illustrate the effects of different weighting factors for the
source image. In Figure 4-2a , a wei ghting factor of 2.0 was used. This weightin g factor
introduced only a moderate distortion of the Iladamard transform energy distribution and
basically preserves the source image with minimal line enhancement effects. A weighting
factor of 4.0 was used in the example of Figure 4-2b . The resulting image reconstruction in
this case shows a signif icant increase in the level of line detectabilit y. In particular , certain
weak line structures that are essentially undetectable in the source image can be observed in
the enhanced image reconstruction. By close examination , the newly observed line struc-
tures can be related back to extremely weak lines in the source image . In Figure 4-2c , a
high scale factor of 8.0 was used. The distortion in the image reconstruction for this case is
severe and has effectively obliterated the detailed structure of the source image.

The second evaluation illustrates that only a small percentage of the d.c. and low-
sequency Iladamard transfo rm basis function coe fficients actuall y require adjustment for
line enhancement. In this evaluation , a weighting factor of 4.0 was applied to increasing
percentages ( 10 , 24 , 33 and 1 00% ) of the largest coefficient values along each of the 256 d.c.
vertical basis functions. The results of this evaluation are shown in Figures 4-3a through d.
These figures indicate that only minor improvements in line enhancement are achieved by
weighting more than the largest 25% of the d.c. vertical coefficients, thus , the computa-
tional requirements of the Hadamard transfo rm line enhancement technique can be
minimized by applying the desired scale factor to only a selected portion of the transform
coefficients.

A special case of computational interes t occurs with the Hadamard transform line
enhancement techni que when the scaling factor is applied to all energy components of all
d.c. vertical basis functions. In this situation , an operation equivalent to weighting the
Hadamard transform energy components can be performed in a column-wise manner on the
source image directly. This procedure does not require computation of the two-dimensional
transform and , accordingly, results in a significant reduction in the total computational
load , *

sThe author wishes to acknowledge Dr. Charles Persons , NOSC Code 7132 , for making this observation.
A mathematical development of the image domain line enhancement procedure is presented in Appendix D.
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The third evaluation consists of comparisons between the set of noise-degraded
representations of the source image and the image reconstructions with line enhancement.
In the first series of comparisons , each noise-degraded source image is compared with the
corresponding enhanced image reconstruction using all d.c. vertical coefficients at the same
SNR level. These comparisons are illustrated in Figures 4-4a through d.

In each case considered , a significant increase in the detectability of vertical line
structures was observed in the enhanced image reconstruction. An example of particular
interest is Figure 4-4d , where the lines are no longer detectable in the source image . How-
ever , even at this low SNR level , the enhanced image reconstruction indicates the presence
of the major source image line structures.

The line enhancement examples presented in Figures 4-2 and 44 used all of the d.c.
vertical basis function coefficients. As such , the Hadamard transform , results presented
could have also been obtained by using the image domain line enhancement procedures
given in Appendix D.

Although the above evaluations are subjective in nature and must be considered
as preliminary , they do indicate a strong potential for increasing the detectability of vertical
line structures in spectral time history images by means of image processing techniques.
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SECTION 5 —  CONCLUSIONS
V 

The intent of this program effort has been to demonstrate the application of two-
dimensional transform processing techniques to acoustic signal space imagery . It has been
shown that transform processing gives the acoustic image analyst an extremely versatile and
powerfu l set of investigative tools. The continued development and refinement of this
class of processing techniques for acoustic signal space images is highly recommended .

Specific conclusions resulting from this effort include the following:

• The basis functions of the Fourier and 1-ladamard transform s are well suited to
transform domain analysis of acoustic signal space imagery.

• Extension of one—dimensional time series filtering concepts to two—dimen sional
spatial frequency filtering is an effective technique for analysis of acoustic signal space
imagery .

• The concept of transform domain pattern modification is a powerful technique
for selective enhancement or suppression of spatial features with in an acoustic signal space
image .

• The techniques of transform domain analysis-are well suited to a highly inter-
active approach for performing acoustic signal space image analysis operations.

• Hadamard transform domain line enhancement can produce significant gains in
the detectability of vertical line structures in spectral time history images.

• Under specified circumstances , Hadamard transform domain and image domain
techniques for vertical line enhancement are mathematically equivalent.
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APPENDIX A - DISPLAY AND IMAGE PROCESSING FACILITY

BACKGROUND

The NOSC Display and Image Processing Laboratory shown in Figure A-I is a
user-oriented research facility for the analysis and display of digital and video imagery.
Laboratory facilities are used in a variety of applications requiring display of natural and
computer- processed images and real-time video. Displays of computer-processed imagery
include various format options for time sequence presentations of surveillance sonar data ,
sit uation displays for system performance prediction , and defo rmation modeling of sonar
transducers . Natura l image displays include digitized multi-spectral satellite imagery ,
encoded aerial reconnaissance sequences, and X-ray fluoroscopy. In addition , laboratory
resources include a three-d imensional real-time color video system. This system has been
used with a NOSC unmanned submersible work vehicle to evaluate three-dimensional video
in an operational undersea environment. Other Laboratory activities include research
programs on two-dimensional processing techni ques for digital image analysis and enhance-
men t and computer-generated stereoscopic imagery.

DISPLAY HARDWARE

Display devices in the Display and Image Processing Laboratory include:

COMTAL 8300 Digital Image Display
Digital-to-Video Image Conversion System
ADVENT I 000A Videobeam projection system

- VARIAN STATOS V electrostatic printer/plotter
- . - MAGNAVOX color television camera (2 units)

HONEYWELL stereoscopic viewers (3 units )
SONY 2850 editing video tape recorder
SONY color monitors (2 units)

- TEXTRONIX 4014 graphics display terminal
NIKON and POLAROID cameras
GAM MA SCI ENT ! FIC spectro-radiometric instrumentation

The principal Laboratory display device is the COMTAL 8300 Digital Image Display
system. This system provides the user with the capability to display and interacti vely
manipulate high-resolution color images. Pertinent features of the COMTAL system include:

51 2 X 5 12 picture element (pixel) resolution with a I :  I aspect ratio
Selectable data display modes , including gray scale , pseudocolor , and true color
Thre e independent images stored at one time

- Eight bits of intensity coding stored for each pixel (six bits displayed)
Graphics overlay for superimposing outlines , grids , or alphanumerics on
display images
Trackball positioning of a target pointer using a trackball input control device
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In conjunction with the COMTAL system, a digital-to-video image conversion
system has been developed for producing NTSC compatible color video tape cassettes of
images displayed on the COMTAL. This system is called the Computer-Generator Video
Tape systerri (CVI). Tapes produced on the CVT system can be played on any standard
video playback/monitor unit.  With this system , results of current COMTAL display
simulations or experiments can be made available for immediate presentations outside of
the laboratory .

DISPLAY AND iMAGE PROCESSING SOFTWARE

l~xtensive user-oriented software has been developed in support of Display and
Image Processing Laboratory activities. An operating system supported by a library of
FORTRAN callable user routines has been written for the COMTAL 8300 system. Using
this system , highly interactive operations involving data retrieval and editing, alphanumeric
and graphic overlay generation , trackba ll target control , and image manipulation using
function memory modification can be performed on demand terminal s located in the
Laboratory area. In addition , many user application routines exist , including algorithms
for transfo rm and spatial domain image processing, continuous surface graphics , automatic
scoring and analysis of experiments, and image formatting for computer-processed and
natural images . stere oscopic imagery and high-refresh-rate loading of image sequences.

In the area of image processing, applications software has been developed to perform
one- and two-dimensiona l discrete Fourier , cosine , slant and Hadamard unitary transforms.
Much of this software is designed for interactive operator specification of transform domain
filtering operations using two-dimensional low-pass , high -pass, band-reject and band-pass
filters. Frequency domain filtering can be used for image noise removal and feature
enhance ment such as improving edge or contour definition. A similar set of algorithms
has also been implemented for processing in the original image domain. These methods
include tech niques for image domain spatial noise removal , edge detec tion , and contrast
enhancement.

User softwa re also exists for the auxi liary STATOS V electrostatic printer /plotter
and for the TEXT RON IX 40 14 graphics terminal. The UN IVAC 11 08 host computer
operated in batch or time share modes from Laboratory demand terminals. The 1108
computer facility offe rs bulk data storage (disc , drum , 7- and 9-track tape), a high-level
operating system (EXEC-8), a selection of standard compilers, including an extended
version of FORTRAN 4 (RFOR), and complete mathematical and plotter user libraries
(e.g., IMSL , DISSPLA) .
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• APPENDIX B: MATHEMATICAL FORMULATIONS FOR
r TWO-DIMENSIONAL TRANSFORMS

GENERAL FORMS

The general forms for the two-dimensional forward and inverse transformations of
an image array are given in Equations (B-l) and ( B-2). The two-dimensional transform of
an N X N image array its itself an N X N array of transform domain coefficients. The
forward two-dimensional transform operation is

N N
F(u ,v) f(x ,y) a (x ,y,u ,v) (B -l )

x 1  y l

where a(x,y,u,v) is the forward transform kernel and x ,y and u ,v are , respectively, image
domain and transform domain coordinates. The inverse transform is given by

f(x,y) ~~ F(u,v)a~~(x,y,u,v) (13-2)

where a~~(x,y,u,v) is the inverse transform kernel.
The transform kernel a(x,y,u,v) is called separable if it can be expressed in the form

a(x,y,u,v) = a~
(x,u) ay(y,v (B-3)

Computationally, transform kernel separability means that a two-dimensional transform of
an image can be performed by firs t applying a one-dimensional transform along the rows
of f(x ,y)

F(u,y) 
x= l  

f(x,y)a~(x~u) (13-4)

followed by another one-dimensional transform along the columns of F(u,y) which yields
F(u ,v), i.e.,

N
F(u ,v) ~~~ ~~~~~~~~~ 

(13-5 )

y= I

Thus, transformations of two-dimensional image arrays reduce to the application of
sequential one-dimensional transform algorithms along the rows and columns of the
image array.
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FOURIER TRANSFORMS

The two main classes of unitary transformations which have been applied to
acoustic source images are the Fourier and Hadamard transforms. For the Fourier
transform , the general forms for the forward and inverse transforms become

N N
(u ,v) = —ky ~~~ 

f(x ,y) exp 
[~~: 

(ux + vy )~ (B-6)
N x l  y 1  J

and

f(x,y) = 

u 1  v= l 
~~(u ,v) exp [2 .  (ux + vY )~ (B-7)

The two-dimensional discrete Fourier transform can be computed using
sequential one-dimensional transform algorithms since its transform kernel is
separable and symmetric , i.e.,

exp [2~L (ux + v~ )]  = exp [�L ux]  exp 
[

~~~i 
vy]  (B-8)

Unita ry transfo rmations result in the projection of an imput image into a new
orthogonal vector space. In the case of the discrete Fourier transfo rm , the vector
space basis functions are complex exponentials.

HADAMARD TRANSFORMS

For the discrete Hadamard transform with basis functions ordered according
to increasing seq uency, the forward transform assumes the form

n— I
N N [g~(u)x1+g~(v)y~]

.~~°(u ,v) _-
~~~- ~~ f(x,y) (l )i 0  (2 9)

x 1  y l

where

n = log2 N

g1 (u) = Un_I + 
~n—2 

g1 (v) Vfl_l + vn_2

g2(u) = u fl_2 + U~~~_3 g2(v) = “n—2 + v~_3

V g~_ 1 (u) u 1 +u0
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and x1,y~,u1.v~ are the coefficients of the binary expansions of the variables x ,y, u ,v ,
respectively.

The two-dimensional Hadamard transform also has the propert y of row and column
separability. Thus , two-dimensional Hadamard image transformations can also be computed
using sequential one-dimensional transform algorithms.

I .
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APPENDIX C — SPATIAL FREQUENCY FILTERING

GENERAL FORM

The general form for the reconstruction of an image after transform domain
filtering is

N N
f(x ,y) ~~ F(u,v)a~~(x,y,u,v)j3(u,v) (C-I)

u l  v l
A

where f(x ,y) is the filtere d image reconstruction and ~(u ,v) is a two-dimensional set of filter
weights. The values assumed by the filter weights determine the spatial features that are
eliminated , enhanced , or in some way modified in the reconstructed version of the image.

LOW-PASS FILTER

For the simple case of two-dimensional low-pass spatial frequency filtering, ~(u ,v)
has the form

v ~ V LOwV 13Lp(u ,v ) =  (C-2)

0 otherwise

where U~~ w and V 10~, define the bounds for the spatial frequency components used in the
image reconstruction. In low-pass filtering, the image reconstruction no longe r contains
horizontal and vertical spatial frequency components exceeding U LOW and V L0W. The
resulting visual effect of low-pass spatial frequency filtering is a general smoothing of the
reconstructed image since the higher spatial frequency components have been removed.

HIGH-PASS FIL TER

In a similar fashion, high-pass spatial frequency filtering can be obtained with
weights of the form

I 
U High l~~u

VH.~~~~Vaup(u,v)= 
I 

(C-3)

0 otherwise
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Visually , the result of high-pass spatial frequency filtering is that the bias and low-frequency
I f components less than U High and VHigh have been removed , leaving just the outlines of

image intensity transitions. In the context of the analysis and enhancement of natural
images , high-pass filtering is commonly used for edge detection and line enhancement
purposes.

BAND-PAS S FILTER

The properties of low-pass and high-pass filters can be combined to form two-
dimensional band-pass spatial frequency filters. The band-pass filter weights are

u LOW ’~ u~~u H~8h

V Low ~ v ~ V High (C-4 )

0 otherwise

Band-pass filtering is a powerful processing tool because it permits individual image features
to be isolated from the remainder of the image , The isolated features of the image can then
be analyzed and measured to determine their respective contributions to the original image .
Simultaneous implementation of multiple band-pass filters can be used to analyze inter-
actions between combinations of specific spatial features within the image.

BAND-REJECT FILTER

The complement of band-pass filtering is band-reject filtering. The expression for
two-dimensional band-reject filter weights is

0 
U Low~~~u~~~U High

V
LOW ~~ v ~ V Hig h

= (C-5) V

I otherwise

This form of spatial frequency filtering allows selective removal of image features while
preserving the basic structure of the residual image. By means of this technique, image
features attributable to known phenomena can be effectively eliminated to permit an V

unobscured view of the signal structures of primary interest.
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-S PATTERN MODIFICATION

A special case of spatial frequency filtering are those filters that permit relative
adjustments to be made in individual patterns or spatial features of the image. These
filters permit variable enhancement or suppression of specific image features by the use
of weights of the form

U 
LOW 

U High

V LOW ~ v ( Vfljgh
= (C-6 )

I otherwise

where J i >  I results in increased values for the selected components in the transfo rm domain
energy distribution and ~ .

. > 1 causes a corresponding component value decrease. Such
distortions of the transfo rm domain energy distribution produces , respectively, increases
or decreases in the perceived strength of the a ffected features in the image reconstruction.
Pattern modification is a potentially powerful image processing tool which can be used to
enhance weak features or suppress undesirable ones for subsequent image feature analysis
and measurement.

ENERGY RATIO MEASUREMEN T

The techniques of spatial frequency filter provide a direct method for evaluating the
relative strength of individual spatial feature s within the source image . The energy ratio
measurement has the form

N N
I F ( u ,v ) 1 L 3 ( u ,v)

V u=o v 0Energy Ratio = 
N N (C-7)

2 ~~~ I F(u ,v I
u 0  v 0

where ~3(u,v) is the set of filter weights discussed previously. The numerator of Equa-
(ion ((‘-7) represents the energy of a particular feature after filtering, while the denom inator
is the total energy of the source image . This fractional energy ratio is one of the feature
parameters displayed in the lower left quadrant of the spatial frequency filtering display
format.
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APPENDIX D - IMAGE DOMAIN LINE ENHANCEMENT

In the special case of Hadamard transform attribute modification in which the values
of all of d.c. vertical basis function terms are simultaneously adjuste d , the equivalent result
can be achieved in a computationa liy simpler manner using image domain processing.

The relationship between the Hadamard transform and image domain vertical line
enhancement is developed as follows. From the general form for the forward two-
dime nsional transform given in Appendix B,

N N
F(u,v) f(x,y)a(x,y,u,v) (1)-I)

x 1  y l

and , assuming separability of the transform kernel ,

N N
F(u,v)= ~~ f(x~y)a~(x u)ay(yv) (D-2)

x=l y 1

where F(u,v) is the transform domain representation of the source image , flx ,y).
The vertical Hadamard transform d.c. values, F(u,0) are given by

N N
F(u,0) 

~~ f(xy)ax(x~
u)ay(Y~O) (D-3)

x 1  y 1

where a~(Y O) = I. Thus, F(u,0) becomes

N N
F(u,0) f(x ,y)a ,~(x ,u) (D-4a)

x=l y l

N N
= a,~(x,u) ~~ F(x,y) (D—4b)

x l  y 1

or, for notational convenience,

= ax (x ,u) f1(x) ( D-4c)

The interpretation of Equation (D-4 ) is that F(u ,0) is the column-wise integration over y
followed by the transform over x. The inverse transform of F(u ,0) is then

N N
F ’(u,O) ~~ ~~ F(u,0)a~~(x,y,u,v) (D-Sa)
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N N
= ~~ F(u ,0)a~~(x ,u) ~~ a;l (y ,v) (D-Sb)

u l  v l

= f 1(x ) ’ unit (y) (D - 5c)
The reconstruction of the entire image fR (x ,y) is

fR(x ,y= ( U F(u,V ) + b F(u,0) i
_ I 

(D-6a)

= af(x,y) + bf1(x) unit (y) (D-6b)
where the constants and and b define the relativ e weights assigned to the entire image(normally a I) and to the inverse of the vertical transform domain d.c. values.However, since t’1(x) is simply the integration over y at each x location , the compu-tation of f R (x ,y) can be performed entirely in the image domain with a significant reductionin computational requirements. Thus , the image domain equivalent of l-Iadamard transformline attr ibute modi fication using all vertical d.c. values is to combine the original spectra ltime history source image with a weighted computation of f1(x )  unit  (y).
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