Rochester Institute of Technology

RIT Digital Institutional Repository

Theses

1-1990

Automated boundary detection of echocardiograms

Rolando Raquefio

Follow this and additional works at: https://repository.rit.edu/theses

Recommended Citation
Raquerio, Rolando, "Automated boundary detection of echocardiograms" (1990). Thesis. Rochester
Institute of Technology. Accessed from

This Thesis is brought to you for free and open access by the RIT Libraries. For more information, please contact
repository@rit.edu.


https://repository.rit.edu/
https://repository.rit.edu/theses
https://repository.rit.edu/theses?utm_source=repository.rit.edu%2Ftheses%2F8434&utm_medium=PDF&utm_campaign=PDFCoverPages
https://repository.rit.edu/theses/8434?utm_source=repository.rit.edu%2Ftheses%2F8434&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:repository@rit.edu

Automated Boundary Detection
of Echocardiograms

by

Rolando Raqueno

A thesis submitted in partial fulfillment of the requirements for
the degree of Master of Science in Computer Science at the
Rochester Institute of Technology.

December 1990

Signature of the Author ROIa ndO Ra CI UeﬁO

Peter G. Anderson

Coordinator, M.S. Degree Program

Accepted by




Computer Science
Rochester Institute of Technology
Rochester, New York

CERTIFICATE OF APPROVAL

M.S. DEGREE THESIS

The M.S. Degree Thesis of Rolando Raqueno
has been examined and approved by the thesis
committee as satisfactory for the thesis requirement
for the Master of Science Degree

John Schott

Dr. John Schott, Thesis advisor

Peter G. Anderson

Dr. Peter Anderson

Robert T. Gayvert

Robert Gayvert

/

~
/9 9 {
Date

V/

""-.._‘__F‘J




Computer Science
Rochester Institute of Technology
Rochester, New York

THESIS RELEASE PERMISSION FORM

Title of Thesis : Automated Boundary Detection of
Echocardiograms

I, Rolando Raqueno, request that the Wallace Memorial Library of
the Rochester Institute of Technology notify me prior to
reproducing this thesis in whole or in part. I can be reached at the
Digital Imaging and Remote Sensing Laboratory of the Center for
Imaging Science at the Rochester Institute of Technology.

Rolando Raqueno

Rolando Raqueno

2[20/90

[}
Date




Automated Boundary Detection
of Echocardiograms

by
Rolando Raqueno

Abstract:

Two-dimensional echocardiograms of the left ventricle of the heart have been used to produce
three-dimensional wire frame reconstructions of the inner wall of the left ventricle chamber.
Currently, this process is accomplished by tracing the boundary of the images manually after
applying simple image processing algorithms. This manual interaction is a very tedious and
time consuming step in the three-dimensional and four-dimensional reconstruction process. It
would be desirable to remove as much operator interaction as possible from the process to
improve repeatability and decrease throughput time.

This thesis investigated and implemented several basic and novel image processing
algorithms which automatically preprocessed the echo images and extracted the boundary
information necessary for a reconstruction process. Among the algorithms investigated are
common spatial kernel operators such as the Gaussian Convolution Kemnel and the Standard
Deviation Kemel. Also implemented and discussed are the Robust Automatic Threshold
Selector (RATS), a Contour Following Algorithm, and a variation of a QUAD-TREE/Pyramid
Resolution data structure. Morphological operations of erosion and dilation were applied to
give the closing effect necessary in handling boundary dropouts found in some echo images.
An effort has been made to utilize the Gould/Deanza image processing system to execute the
algorithms in order to take advantage of its unique architecture.

The accuracy of the final sequence of algorii.hms was tested on actual images and a
comparison made between hand drawn borders and the computer generated borders traced on
actual echo images.

Keywords: Pattern Recognition, Medical Imaging, Image Processing, Echocardiograms,
Boundary Detection
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1. Introduction:

One of the most popular medical imaging modalities used today is the echocardiogram
(sonogram of the heart area). This diagnostic technique utilizes ultrasonic signals to image
various sections of the thoracic anatomy. At present, echocardiograms provide a real-time
tomographic sampling of the heart walls and associated chambers. The current trend of
echocardiograms, as in other medical imaging modalities, is the extension of the technology
into three and four dimensions. The objective of this thesis is to introduce and evaluate several
image processing algorithms used for automated boundary detection -- a necessary step for
feature extraction in the extension of two-dimensional information representation to spatial and
temporal dimensions.

An overview of the basic principles of sonography will be discussed to present its advantages
and limitations and a survey of research work in echocardiogram reconstruction will be
enumerated. The details of a specific three-dimensional reconstruction regimen will be
presented to convey the necessity for the key step of automatic boundary detection. Lastly, an
overview of the hardware, software, algorithms, results, and areas of further investigation will
be presented.

1.1 Two-Dimensional Sonography Overview:

Two-dimensional sonography is a diagnostic medical imaging technique which uses
ultrasonic energy to form a two-dimensional tomographic image of an anatomical feature.
Sonography operates on the principle of dissimilar acoustic impedance of tissue interfaces.
Propagation of ultrasonic signals through each tissue produces a relative signature based on the
tissue type and the surroundings. This information coupled with the physician's knowledge of
the anatomy can yield a great deal about the structural condition of an organ (Feigenbaum
1981).

The actual ultrasound hardware utilizes an array of piezoelectric crystals to act as a
transducer/receiver of the ultrasonic signal. These piezoelectric crystal transducer elements
undergo bulk distortion when subjected to an electric signal and conversely produce an electric
signal when distorted by some force. As a transducer, the crystals propagate 3 to 5 megaHertz
ultrasonic pulses into the body where the signals are attenuated, reflected, and refracted by the
different tissue types and their interfaces with other tissues or body cavities. The different
types of tissues in the body and surrounding structures each have a characteristic reflective,
absorptive, and transmissive property to the ultrasound signal. The degree of attenuation and
return time of the reflected ultrasonic pulses to the transducer indicates the relative densities of
the tissues as well as their physical location.



A special form of ultrasonography known as phased array sector scanning pulses an
array of crystals under computer control and takes the returning signals and maps them into a
two-dimensional raster image of the sector slice subtended by the array of transducers. This
results in a tomographic view of the scanned anatomy. Figure 1 gives a diagrammatic
representation of the transducer location and the corresponding image as it would be seen on
the display screen (Cromwell 1980, Brown 1980).

The appeal of echocardiograms lies in its non-invasive nature and relatively low cost. It does
not expose the body to the traumas experienced during conventional exploratory surgery.
Unlike other modalities such as x-ray angiography and radionuclide scintigraphs which use
radiation and radioactivity to form images, the ultrasonic signals generated by sonogram
hardware pose no known health hazard. The cost of ultrasound equipment and its maintenance
cost is considerably less than computerized axial tomography (CAT) or magnetic resonance
imaging (MRI) systems. Another significant advantage of echocardiograms not common in
other imaging modalities is its high sampling rate. This allows imaging and recording of
events at video rates -- a necessity for studying the dynamic nature of the heart.

Sonograms do have a major drawback in that the spatial resolution is much lower than other
imaging modalities. Sonograms generally resolve features of approximately one millimeter in
the smallest dimension. There is also a compromise between resolving power and signal
penetration. The resolving power increases as the frequency of the ultrasonic signal increases,
but the depth of penetration of the ultrasonic pulse into the body decreases. Sonograms are
also characterized by a relatively low signal-to-noise ratio. The main source of noise is
attributed to speckle noise due to the tissue inhomogeneities and nonuniform reflection of the
signals. Although these low signal-to-noise ratio images are satisfactory for human visual
inspection, they pose significant problems in terms of automated image analysis.
Nevertheless, the cost effective utility of the echoimaging modality is exemplified by its
popularity in the medical diagnostic community. This interest is further supported by the
research that has been done in attempts to extend two-dimensional images to three-dimensional
data.
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Figure 1 - Transducer position and corresponding image.



1.2 Three-Dimensional Reconstruction Overview:

The trend from two-dimensional to three-dimensional representation is a necessary step for
quantitative diagnosis. At present, the two-dimensional images give a fragmentary view of
the anatomy. Physicians currently have to study several two-dimensional images from
different transducer positions and mentally reconstruct a solid representation of the organ
being scanned. This becomes more difficult in the case of the heart because of the additional
motion information involved. This mental reconstruction exercise requires considerable skill
and experience on the part of the physician to correctly merge the images into an overall
picture. The resulting mental image is qualitative and temporary. Because of the lack of
precise measurements and permanent hardcopy records of what the physician observes, there is
great interest in developing representative models to give immediate insights into diagnosis of
heart disorders. With this quantitative information, long term predictive assessments can be
used as a preventive measure against future ailments.

The majority of previous research has focused mainly on the left ventricle because it is the
critical chamber which pumps oxygenated blood to the rest of the body and is affected by many
pathologies due to the mechanical stresses from repeated contraction and relaxation. The ability
to model the left ventricle and its chamber boundary as it progresses along the cardiac cycle can
provide an enormous amount of empirical data relating to the pumping efficiency of the heart
and the condition of the heart walls. Quantitative measurements can theoretically allow the
modelling of blood flow (hemodynamics) within the left ventricle. Knowledge of the
hemodynamics not only gives a gauge on heart pumping efficiency, but also a measure of the
cardiac wall condition and corresponding mechanical stresses. This gives a locator as well as a
predictor of areas within the left ventricle which may be susceptible to coronary disorders.

Sawada, 1983 provided an early technique of three-dimensional reconstruction from
randomly recorded multiple two-dimensional phased array sector scanned echo images. The
images were of short axis type giving a circular view of the left ventricle chamber. These were
digitized into a computer, but no image processing was applied. The boundary information for
these images were manually traced. Likewise, Nixon, 1983, was interested in three-
dimensional echoventriculography (volume determination) and Chandra, 1983, was
investigating normal diastolic elastic properties of the left ventricle. Both used some form of
three-dimensional reconstruction to generate the surface description of the ventricle but without
any reference to image processing or automatic boundary detection.

Skorton, 1981 describes an application of digital image processing on echocardiograms with
emphasis on identification of the endocardium (inner chamber wall) using frame averaging and
thresholding to generate an initial boundary approximation. This process was combined with a
Sobel edge operator which produced a boundary confirmation edge map to improve the
accuracy of the boundary approximation in the thresholding step. The resulting boundary was
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traced manually based on the two processes. Matsumoto, 1981 applied simple image
processing techniques of size reduction, smoothing, thresholding, and differentiation. The
borders were then traced manually to generate the final reconstruction. Adam, 1987 developed
a semiautomated technique for border tracking of cine echocardioimages beginning with a
manually traced image. This initial image was used as a guide for border extraction for
subsequent images. Accompanying image processing algorithms included a fast median filter,
center of gravity calculation, a spatially dependent contrast stretch operator, and a statistical
estimator of possible boundary points. McCann, 1987 made significant improvements in the
acquisition of images by developing a mechanical device to increase sampling views to achieve
a better reconstruction. The resulting reconstruction also attempted to preserve the backscatter
to give a raster volume image instead of a wire frame surface description. A semi-automatic
operator-interactive algorithm is applied to extract the boundary information.

In each cited case, an operator was necessary at some stage of the reconstruction to manually
extract boundary information or guide a set of algorithms to do so. The following data set and
reconstruction method by Schott et al., 1987 will be the basis of the automation attempt of this
thesis because of the availability of the imagery and supporting software.

Figure 2 diagrams the hardware involved in the processing of the echo images. The images
were supplied by the Echocardiography Lab at the University of Alabama School of Medicine
at Birmingham in standard VHS video recorder format recorded in real-time. The selected
images were re-recorded onto a video-disc recorder and in turn freeze-framed by a time-base
corrector and digitized by a Gould/Deanza IP8500 image processing system. The image
processing system contains twelve 1024 x 1024 x 8 bit memory planes to store imagery for fast
pipeline processing by a Digital Video Processor (DVP) and display on a high resolution color
monitor. The images were digitized at a 512 x 512 spatial resolution with a 256 grey-level
resolution from a standard NTSC signal and then stored on the host VAX 8350's disc storage.
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Figure 2 - Hardware used in processing echo images.



Figure 3 illustrates the processing steps of the four-dimensional reconstruction. The
recorded images were real-time (video rate) samplings of the left ventricle contracting and
relaxing for several cardiac cycles at varying transducer positions. The transducer was apically
positioned and incrementally rotated about the major axis of the left ventricle every 30° (through
a 180° sweep) creating a cone of revolution subtending the left ventricle from which discrete
samplings were made. For each of the transducer positions (tomographic plane), a subset of
images representative of a complete cardiac cycle was digitized. Each selected image was then
processed by convolving the image with a 3x3 convolution kernel for a smoothing effect and
removal of salt-and-pepper noise. Each smoothed image was then radially differentiated from
the left ventricle center to visually enhance the endocardium borders. A trained operator then
manually traces the borders using a joystick input device.

For each of the tomographic planes, a 9 image sequence cycle of the left ventricle from
diastole to diastole were sampled. These samplings of 9 images were necessary to allow
interpolation of the heart chamber boundary with respect to time in order to compensate for
minute variations of heart rates from cycle to cycle. This boundary-time interpolation allowed a
boundary which was not represented by an actual image to be predicted from two other
sampled boundaries. Altogether, a total of 54 images were processed and traced by the
operator. To achieve more accurate results, a finer increment of transducer rotation of about 10
degrees was required. This increases the total number of images to process to 162 images.
Several wire frames as a function of time can now be generated by time interpolations. On a
more realistic level, an average cardiac cycle of 60 beats per minute can consist of as many as
30 frames of imagery. This translates to as many as 270 images needed to produce a wire
frame representation of the left ventricle contracting through a cardiac cycle.
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Although it is entirely possible to produce the reconstructions by hand tracing the left
ventricle boundaries, to achieve any level of practicality and accuracy requires the automation
of the boundary tracing process. Aside from the obvious fact that operator interaction is
tedious and time consuming, the accuracy and reproducibility of the manual traces also carry
variabilities due to operator subjectivity. This effort addresses the need for an automated
process of boundary detection. The conversion from training a human operator to trace the
images to programming a computer to accomplish the same task is not a trivial one. The image
processing algorithms presented by Schott, 1987 proved to be adequate when a human
observer performed the tracings. To train a computer to do the same task, however, requires a
larger and entirely different combination of image processing algorithms. The human visual
system, unlike computers, can globally process images and trivially detect borders while
ignoring certain image information (e.g. speckle noise in echo images). In fact, it is relatively
easy for a trained observer to interpolate missing image information (e.g. dropouts in echo
images due to degradation of the ultrasound beam) because of the high-level image processing
coupled with an even higher-level knowledge base. Computer processing, on the other hand,
can process images only on a pixel-by-pixel basis with some limited processing on groups of
pixels (kernels). Because of this limited scope, computer processing is very sensitive to noise
in the image. This noise, if severe enough, can easily be misclassified as a boundary feature.
A summary of the algorithms addressing the issues stated will be described in the next section
with some statement and treatment of the conditions and criteria that guided the choice of
algorithms and the design of their development.



1.3 Computer Software/Hardware Overview:

The objective of this project is directed at the selection of a combination of algorithms and
data structures which exploits the special hardware capabilities of the Gould/Deanza IP8500
Image Processing System to the solution of the boundary detection problem. At the same time,
considerations for software flexibility have been incorporated in the program code to allow
portability to other machines. The optimum configuration, however, resides with the exotic
hardware of the IP8500 system. Because of its highly specific processing power, a section is
devoted to describing the details of the IP8500 and its components. This will clarify many of
the rationales behind the algorithm logic and data structure design. A brief overview of the
algorithm flow is discussed which leads to individual algorithm subsections. The algorithm
subsections will discuss in detail the image preprocessing, threshold selection, quad-tree image
data structure variation, contour following, and an implementation and application of binary
morphological operations. A section discussing the integration and performance results of the
algorithms is also presented along with recommendations for improvements and further areas
of study.

A note about the selection of algorithms. Because a preference has been made for a specific
hardware system, certain classes of image processing algorithms become less suited to the
overall boundary tracing solution because of their computational complexity and non-linear
nature. An example of such an algorithm is the standard deviation kemmel. The standard
deviation kemel is a commonly used kemel operation for determining areas having large grey-
level variations. This process involves calculation of the grey-level standard deviation of the
image area encompassed by the kernel as it is moved over the entire image. This creates a
standard deviation map giving a measure of overall image brightness variability. With this
process it is possible to use this kernel to determine the location of boundary dropouts caused
by a weak signal as well as detect edges representing points of transition between tissue and
chamber. The drawback of this algorithm, however, lies in the non-linear nature of the pixel-
by-pixel calculations disallowing parallel image computations to be implemented. This in turn
magnifies the computational complexity making these types of algorithms even less favorable
to implement as a tool for the solution. The parallel image operation concept is a recurring
theme throughout this treatise. Although it was not always possible, efforts were made to
adhere to this paradigm in implementing the algorithms.

10



2. Image Processing Hardware:

The IP8500 is a very powerful image processing system which has been one of the
workhorses of the image processing community for almost a decade. In its fullest
configuration, it can contain a myriad of component combinations consisting of several 1024 x
1024 x 8-bit memory planes, video digitizers, interactive devices, and specialized image
manipulation hardware. The modularity and programmability of its design allows it to
accomplish an even greater combination of image manipulating operations which is limited by
the user's intimate knowledge of the hardware and the registers that control them. As with
many systems which attempt to combine general modularity with specialized hardware to meet
user specific needs, the result is a system which is notoriously difficult to program. The
IP8500 is no exception.

The specific IP8500 system on which the algorithms were developed and implemented is
housed and maintained at the Digital Imaging and Remote Sensing Laboratory. The overall
image processing system has been partitioned into three workstations consisting of a computer
terminal, an interactive joystick peripheral, a high resolution color monitor, and hardware
resources from the IP8500 as illustrated in Figure 4.

11
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The IP8500 resources allocated for each workstation unit, consisted of a bank of image
memory channels and a Video Output Controller (VOC) as illustrated Figure 5. The image
memory channels are physically arranged into four 1024 pixels by 1024 pixels by 8-bit pixel
image planes which are normally configured to operate as either four separate 8-bit
monochrome images, two 16-bit monochrome images or one 24-bit color ( 8-bit red, 8-bit
green, 8-bit blue ) image with 8-bit graphics overlay. For the purposes of this project, the
former two memory arrangements were employed by the algorithms. In addition, each of the
channels can be scrolled and zoomed in relation to a given origin with the aid of special
zoom/scroll registers. This hardware scroll feature is an essential manipulation that gives the
system an extremely fast capability to spatially shift the image channels relative to each other --
a primitive operation in spatial convolution and morphological operations of images. Also
included in the image memory resource are grey-level manipulating sections called Intensity
Transformation Tables (ITT). These allow all the image pixels of a given grey-level to be
mapped and changed to another grey-level in a look-up table (LUT) fashion. These hardware
ITT's render grey-level transformations such as grey-level thresholding and histogram
manipulations a trivial process. The other major IP8500 resource in a workstation is the video
output controller (VOC) which controls how the image data is to be displayed on the video
monitor including image channel selection, color representation/manipulation, and overlay
graphics control of the graphics channel, programmable cursors, and alphanumerics generator.
The workstation system configuration described thus far is basically limited to image display
with some limited spatial and grey-level manipulation. The power of the IP8500 system comes
in the form of a shared resource called the Digital Video Processor (DVP).

The DVP is conceptually the workstations ALU in the sense of image data sets, i.e., the DVP
operates on the images in the memory channels in much the same way an ALU for a serial
central processing unit operates on single registers. The DVP can perform arithmetic
operations on images such as add, subtract, multiply, divide, and compare. In addition, it can
perform Boolean operations on images such as NOT, AND, OR, XOR and bit-wise operations
such as logical/arithmetic shifts and rotates. The specific DVP in this system is limited to
processing images having pixel dimension of 512 x 512 pixels. Nominal execution time of
arithmetic binary operations on 512 x 512 x 8-bit operand images is 0.033 seconds or 30
operations cycles/second which in terms of video rates (30 Hz) is for all practical purposes a
real-time process. The DVP operates on the memory channels in a pipe-line fashion sending
the pixel data rapidly through two levels of multiple ALU banks and a data comparator. The
path of the data can be configured to achieve either 8 or 16 bit operations with more complex
operations requiring several passes through the DVP. In addition to the DVP, there is a special
histogramming board which can be used in conjunction with the DVP for high speed
calculation of a 256 grey-level histogram. The latter hardware component will be essential to
the fast execution of an algorithm to be discussed later.

13
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3. Image Processing Software:

There are several ways to access control of the IP8500. At the most primitive level, the user
may control the image processing system via bit manipulation of special hardware registers to
configure data paths and control execution. This level of programming interface is referred to
as LEVEL 0 which provides the greatest flexibility and control but at the expense of
programming ease. It requires the user to be intimately familiar with the image processing
hardware and all the registers that control all the individual components in much the same way
a user is required to be very knowledgeable of the architecture of a micro-coded processor. A
higher level of interfacing with the system involves an abstraction of the software into the
major components of the system in roughly the same manner in which it was described in the
previous section. This LEVEL 1 interfacing groups the software calls at a more intuitive level
to allow the user to focus on programming the system based on the major system components
and the corresponding operation each one accomplishes. Housekeeping responsibilities are
also shifted away from the user which, at the register level, requires user programming to
maintain. The interfacing software was supplied by DEANZA at both programming levels
with FORTRAN as the binding language. The actual interfacing software used, however, was
a customized package (referred to as IPI for Image Processing Interface) developed at
DIRS/CIS by Steven L. Schultz. This package, having a LEVEL 1 programming
functionality, was used in place of the OEM software because it has been tailored to meet
specific needs of the lab as well as implementing several optimizations of LEVEL 0 type calls.

The final algorithm software was developed using both FORTRAN and C programming
languages. FORTRAN routines involving the IPI routines were developed to provide another
layer of abstraction to the user giving the image processing calls a degree of device
independence at the higher programming level. Another motivation for using FORTRAN
comes from the ease of linking to other useful routines previously developed in FORTRAN.
The C programming language was used at the algorithmic level to allow for more elaborate data
structuring and recursion. A link was then made between the two languages to create the
executable code. The following sections will now describe these algorithms.

15



4. Algorithms:

The set of image processing algorithms used to solve the boundary detection problem can be
summarized by the following block diagram Figure 6.
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Figure 6 - Sequence and flow of algorithms.
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The first two processes, sector region of interest and spatial convolution, are preprocessing
steps which are necessary operations to limit the 512 x 512 pixel image area to a smaller region
of interest and to reduce the amount of noise in the image. The thresholding step utilizes a
special algorithm to generate a simple statistic for selection of a grey-level thresholding without
recourse to a histogram. After thresholding, the image is transformed into a variant of a quad-
tree data structure. This data structure was designed to emulate a quad-tree multiresolution
structure of the image without the search constraints that come with traditional quad-tree
structures implemented using linked lists. The resulting multiresolution representation is then
subjected to a contour detection algorithm which attempts to determine the contour of the binary
image at select resolutions. This step will detect any openings caused by loss of resolution
leading to the incomplete delineation of the endocardial boundary. This is due to the parallel
(rather than a perpendicular) interrogation of the left ventricular endocardium by the ultrasonic
signals. This is a critical step because it determines whether or not an opening has occurred
and at what resolution level it became apparent to the algorithm. This information gives some
mensuration of the greatest dimension of the structuring element needed to morphologically
close the boundary opening. The success of the closing operation can then be monitored by the
contour detection algorithm again and then subjected to another closing operation if necessary.
This feed-back loop allows the algorithm to cycle through the process until a successful closing
is achieved. The succeeding sections will elaborate on the algorithms, design motivations, and
special features.

4.1 Sector Region of Interest:

Sector region of interest defines the boundaries in which the images of the left ventricle are
expected to coincide. The shape of this boundary represents the field-of-view sweep of the
sonogram sector scan. Outside this boundary is sonogram generated annotation data used for
displaying and archiving patient/equipment setting information. Masking the original image
with the hand drawn sector mask removes all data outside of this region and limits the search
space to relevant echo image data. This masking operation is quickly accomplished using the
bitwise AND operation native to the IP8500's DVP instruction set and is diagrammed in
Figure 7.
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Figure 7 - Sector mask operation.

4.2 Spatial Convolution:

The next preprocessing step is a smoothing spatial convolution which limits the speckle noise
present in an image. Figure 8 diagrams this process.

Gaussian
Sectored Covolution Smoothed
Image Kernel Image
Smoothing
Convolution

Figure 8 - Smoothing Convolution.

To understand this process, a reference needs to be made to linear systems theory and the
concept of a Fourier Transform of an image. Simply stated, the Fourier transform of an image
is the result of a mathematical transformation that describes the image in terms of component
harmonic periodic sinusoidal brightness functions of varying amplitudes, i.e., a spectrum of
spatial frequencies. The following illustration (Figure 9) consisting of images of vertical
alternating bands of low and high brightness levels conveys the concept of varying spatial
frequencies.
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Figure 9 - Varying spatial frequency in the horizontal direction.

The spatial frequency representation of image(x,y) is given by the following complex valued
transform equation.

IMAGE(E ) = J:Eimage(x, y)e-izxtndxdy

IMAGE(L,n) is the Fourier transform of the image. The contribution of the different spatial
frequencies dictate the overall characteristics of the image. A one-dimensional analog of this
concept can be observed in acoustics in which sound signals can be decomposed into
component harmonic frequencies. A sound signal which has a large low-frequency component
is characterized by a signal that changes slowly as a function of time. As an example, certain
speech pronunciations such as "0" in "low" and "u" in "put" have a significant low frequency
sound component whereas fricatives such as "s" in "hiss" tend to have high-frequency
contributions. In the case of two-dimensional images, low spatial frequency sinusoidal
brightness components carry the information determining overall shape and global brightness
levels resulting in an image characterized by slowly varying brightness levels as a function of
space. High spatial frequency information, on the other hand, contains the fine image detail
such as edges and local brightness variations perceived as texture. The speckle noise that is
characteristic of echo images falls under the category of high frequency information and can be
thought of as the two-dimensional analog of "static noise" that is commonly found in acoustics
and communications.

Removal of this type of high-frequency noise is usually accomplished through a process
known as low-pass filtering in which all signal information below a given cutoff frequency is
maintained ( passed through ) and all frequencies above the cutoff is attenuated or removed
completely. Low-pass filtering can be achieved in two ways - through frequency domain
filtering or spatial domain convolution. Frequency domain low-pass filtering involves
multiplying the spectrum of the image by a filter function which attenuates the power of the
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spectrum as the frequency increases. This frequency filtering concept is analogous to
modifying a high fidelity stereo signal through a graphic equalizer by the setting of slider bars
to attenuate the selected frequency bandpasses. Spatial domain filtering, on the other hand,
uses a weighting function or, more accurately, a point spread function (psf) to respecify the
neighboring image area contributions to the brightness of each image point. This process (by
which the optical behavior of lenses are also described) can be described mathematically by a
convolution given by the following equation.

filtered_image(x,y) = [:,[: image(x,y) psf(x — o,y — B)d adf

Convolution in terms of digital images follows the same concept of assigning to each image
point a weighted contribution of neighboring image points based on the mirror image
transformation of a given kemel. If a kernel is used without the mirror transformation, then the
process is called a correlation. If the kemels are radially symmetrical, then the convolution and
correlation process will yield the same results. The operations, in any case, is a discrete
process. The nomenclature describing convolution also changes to convey the discontinuous
property of the image and psf. Image points are quantized into pixels and the point spread
function is represented by a discrete approximation known as a kemel. The convolution
equation in its discrete form is given by the following equation.

filtered_image(x,y) =

mllg M~|Z

ZN age(x + 1y + j) kernel(j, )

Where MxN represent the kemnel dimensions in pixels, x and y are the image pixel locations

with respect to the image coordinates, and i and j are the location of the kenel pixels with
respect to the kemnel coordinates.
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According to linear systems theory, there exists a duality between the two processes and that
each has a corresponding representation in the other domain, i.e., a convolution in the spatial
domain can be represented as a multiplication in the frequency domain and a multiplication in
the spatial domain can be represented as a convolution in the frequency domain. Therefore, a
convolution of an image using a specified kernel generates the same result as Fourier
transforming both the image and kemel into frequency space, multiplying the two transforms,
and back transforming the product to the spatial domain. This relationship is expressed
concisely in the following relationship.

f(xy) ** g(xy) ©F(EnGEMN)

The above expression states that there exists two fundamental ways in which the desired
filtering can be accomplished. The computational economy of the two methods depends on the
type of hardware available for the calculations. In the case of serial computations made on
general purpose computers, the frequency domain filtering algorithms have been favored over
spatial convolutions for images of any significant size in terms of spatial and brightness
resolution. This is in light of the development of the Fast Fourier Transform (FFT) algorithm
(Cooley 1965) resulting in a numerical method optimization of the Discrete Fourier Transform
(DFT). The FFT was deemed the more computationally economical algorithm in comparison
to spatial convolution for serial computations.

In cases where special hardware such as the IP8500 is available, spatial convolution becomes
a fast parallel operation rivaling the FFT algorithm. This parallelism is possible because of the
shift invariant properties of the kemel operation, i.e., all the calculations involving the
convolution kernel as a weighting factor is applied equally to each and every pixel in an image.
The ability of the IP8500 to process the images in parallel reduces convolution as well
correlation operations to a series of image scrolls, image multiplications, and image additions.
The number of operations is dependent only on the size of the kermnel and not the size of the
image (up to 512x512 pixel dimensions). To appreciate the enhancement that the hardware
offers in a correlation or convolution calculation, consider a simple case of a 3x3 image
correlated with a 1x3 kemel illustrated Figure 10 (N.B. a convolution would flip the kemel
from -101 to 10 -1 before applying the kernel whereas a correlation would use the kernel
form -101).
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Figure 10 - Serial computation example of correlation

(or convolution).

Note that undefined pixels outside of the image domain are assumed to have a zero pixel value.
From a serial computation paradigm, the convolution of the kernel with the image involves
localizing the calculation to the pixels of interest superimposed by the kernel as it is translated
pixel-by-pixel over the entire image. For each pixel coincident with the center of the kemel, the
calculated value is deposited into the corresponding center pixel in a result image. The final
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result image after the kernel has been applied to all pixels of the image is shown above. One
only has to increase the image size to appreciate the computational demand for this process.
The altemative to the conventional serial calculation involves the use of parallel hardware The
parallel computation method made possible by the IP8500 follows a different approach. Since
the DVP applies the calculations at the image level (i.e, all calculations are made to all the pixels
in the image eliminating the need to address each pixel individually as in the previous
approach), it is possible to represent the calculation as a sum of a series of translated and kemel
weighted images. Figure 11 diagrams this process for the same 3x3 image and 1x3 kemel
and verifies the equality of the results with the pixel-by-pixel computation method.
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Figure 11 - Parallel computation example of correlation
(or convolution).
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For this specific kernel, the IP8500 process requires 3 image scrolls, 3 image by constant
multiplications, and 3 image additions. This can be further optimized to 2 image scrolls, 1
negation, and 1 addition. In general, a kernel of NxN pixel size will require at most N2-1
image scrolls, N2 multiplications by a constant, and N2 additions. An additional scaling step is
also added to limit the grey-level range to the range of the memory channels.

The specific kernel chosen to low-pass filter the image was a 15x15 Gaussian convolution
kemnel shown below in Figure 12
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Figure 12 - 15x15 Gaussian convolution kernel

This particular kernel was selected because it is a radially monotonically decreasing function
which translates into a monotonically decreasing weighting of pixels. The Gaussian kernel
also has the unique property of having another Gaussian function as its Fourier transform pair.
This means that in the frequency space, the Gaussian low-pass filter has a monotonically
increasing attenuation effect as the spatial frequency increases. This monotonically increasing
attenuation property eliminates the phenomenon called "leakage" or "ringing" which introduces
spurious high frequency artifacts. Overall, the Gaussian function provides good blurring
characteristics to remove noise, average brightness areas, and limit image detail. The resulting
image from this process is a very smoothed image which can now be thresholded. As an
aside, it should be noted that although the information in the form of speckle noise is not usable
in this context, it does hold information related to tissue characteristics (Zhu 1990) based on
scattering properties. Future refinements of extracting information from the speckle
information may be of significant use to improve the performance of the existing algorithms.

25



4.3' Robust Autematic Threshold Selection:

The next algorithm needed to segment out the boundaries is an automatic thresholding
routine. Thresholding or grey-level binarization is a simple operation in which grey-levels
above a selected threshold are set to the brightest digital count (255) and those grey-levels
below set to the darkest digital count (0) (Gonzalez, 1977). This reduces the grey-level
dimensionality to a binary image and segments the image by maximizing the contrast between
the tissues and the chamber. This creates a simpler scenario for a contour following algorithm
to determine the location of the border. Thresholding is a trivial algorithm to implement, but
the automatic selection of the proper threshold is not. The common approach to automatic
threshold selection involves the computation of the grey-level histogram of an image and the
selection of an intermodal grey-level of a bimodal histogram distribution. The threshold value
of choice is often the grey-level midway between the peaks of the two maximum points
representing the image and background pixels in the histogram as shown in Figure 13.

(Threshold)

B 2 I

Number of Pixels

Grey Level

Figure 13 - Histogram based grey level threshold selection.
Bimodal distributions, however, do not always occur for high contrast object/background

images. Images many times generate unimodal or even multimodal distributions due to
brightness gradients and noise. In these situations, histogram statistics become an inadequate
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criteria because of the difficulty in resolving the proper threshold value. Histogram statistics
also have the disadvantage of being sensitive to the sampling size and the ratio of image pixels
to background pixels. This results in statistical fluctuations making automatic threshold
selection using histogram statistics inaccurate.

A threshold selection method developed by Kittler et al. 1985 called the Robust
Automatic Threshold Selector (RATS), bases its threshold selection on the ratio of the
sum of grey-grad values to the sum of grad values. The grad value is defined as the
resulting maximum value between the x-derivatives and y-derivatives for each pixel in an
image. The grey-grad values are simply the original grey value of the image multiplied by the
grad values. The insensitivity of this statistic to image size eliminates the inadequacies inherent
with histogram techniques operating on non-bimodal histograms. The RATS algorithm has
been tested successfully by its developers in assembly line scenarios involving high contrast
images of machine components. The high contrast nature of the echo images prompted the
selection of this algorithm to threshold the images in this situation. This particular method was
also chosen because the intermediate operations to determine the appropriate threshold lends
itself well to the architecture and capabilities of the IP8500 system.

Theory for this technique stemmed from previous work by Kittler, 1983 involving
absorption edge detectors. These edge detectors have a special property of generating edge
values proportional to the image/background contrast invariant of edge position and rotation.
These statistics were based on the observation that the sum of edge magnitude value of an edge
operator (kernel) in the vicinity of a scan line intersecting a vertical edge is a constant. The
following is a detailed treatment of the theory behind the this concept. Consider a simple scene
with a bright image having a mean grey-level value I against a dark background having a grey-
level value B. The contrast between the image and the background can be expressed as

C=I-B
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Now consider a horizontal scan line at the vicinity of an edge and the grey-levels associated
with the scan line can be represented by Figure 14.
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Figure 14 - Edge scan line (grey).
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By applying a 1x3 x-derivative kernel along the segment of the scan line as shown in Figure
15,

Background | B | B 051 (12 053 - Iak-i Otk I |1 Object

1101

x-derivative kermel

0 1 2 3 k-1 k k+1

Background | ( [¢-Ble-Bje-w@-a - .. @& o || () Object

Figure 15 - Edge scan line derivative (grad).
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the sum of the resulting derivative terms can be written as follows.

((al - B) e \
(az"B) T+
(O = Of;) +
— ) +

(ak o (xk-Z) +
(I T (xk—l) +

\(I - (xk) Y,

=2(I-B)

The term ej Tepresents the grad value generated by the derivative kernel. By substituting the
equation C =1 - B,the result can be expressed below.

The same concept holds true for an image to background transition giving a -2C value instead
of a 2C which merely indicates a contrast reversal, i.e., a transition from the bright object
pixels to the dark background pixels. By taking the absolute value of the edge operations ej,
the direction dependence of the derivative operation is removed.

As aresult, the sum of the derivative values along a scan line crossing a single edge can be
generally expressed by the following.

de| =2C
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The parameter N is the number of pixels processed by the x-derivative kernel. Each scan line,
however, can cross several edges which expands the equation.

i[e | =2Cn

The term n is the number of edges crossed by the scan line. This expression shows that the
sum of the vertical edge magnitude is proportional to the contrast by the number of edges
crossed by the scan line.

Assuming the image has a dimension of NxN pixels yielding N scan lines N pixels long, the
above expression can be augmented to relate the grad value sum relation to contrast for a two-
dimensional image.

>3le, = X2Cn, = 2C¥n, = 2Cm

i=1j=1

In the above equation, €; j represents the derivative magnitude of the jth pixel of the ith scan
line, n; is the number of times the ith scan line crosses an edge, and m is the total number of
edge pixels in the image. As with the individual scan lines, the sum of the edge magnitude for
the whole image is also proportional to the contrast by the number of edges crossed by all the
scan lines in the image.

A similar treatment can be made for the horizontal edge case using a 3x1 kemel to scan the
image vertically to detect horizontal edges. The results are analogous to the vertical edge case,
i.e., the sum of the horizontal edge magnitudes is proportional to the contrast by the number of
horizontal edges crossed by the vertical scan lines. The separate vertical and horizontal cases
can be combined by taking the maximum edge magnitude for each pixel, i.e., for each pixel in
an image, the horizontal and vertical edge magnitude are compared to determine what type of
edge (orientation) the pixel represents. By taking the larger of the two magnitudes, a
combination of the horizontal and vertical edge values can be merged to create a representative
derivative map from which the grad statistic is formulated. The working formula for
calculating the sum of the grad value is given by the following equation.
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eijly} = 2Cm

b
X

ii|eij] = gﬁ:,max{leu

i=1j=1

Where |e;;|, and |e;;|, represent the edge magnitude generated by the x-derivative and y-
derivative kemels, respectively. This represents the sum of the grad value of the image as
described by Kittler. An improvement implemented to this algorithm is a simple inclusion of
possible contributions by edges detected by diagonal kemels in addition to the previous two
kemels discussed. The resulting gamut of derivative kernels used in the grad value calculation

is illustrated below in Figure 16.

1 1 1
0 0 0
101 -1 -1 -1
0"-derivative 45'-derivative 90 -derivative 135 -derivative
kemel kemel kernel kemel

Figure 16 - Derivative kernels.

For each pixel location, the sum of grad values now consists of the maximum edge values
selected from each possible orientation (as allowed by the pixel tessellation). By including the
other possible edge contributions, a more accurate edge map can be derived resultin g in a more
representative sum of grad statistic This is especially significant since the images of interest
have edge contributions for all possible orientations because of the elliptical arrangement of the
boundaries being examined. The final working equation for the sum of grad statistic is given
by the following.

N N N N
e, = Xxmax{ley ,|e)| ,ley
0° a5° o0

i=1j=1 i=1j=1

c ij| 1350} = 2Cm

The terms Ieijlon, IeijL,SD, Ieijlgoa, and Ieijlm, represent the edge magnitudes generated by
the kernels illustrated in Figure 16.
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The next statistic to be derived is the grey-grad value. This statistic is derived from the sum
of the product of the grey-level values of the original image and the derivative map described
above. By reverting back again to the single scan line case, this relationship can be illustrated
by the same scan line method presented for the grad statistic case as shown by the Figure 17.
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Figure 17 - Grey-grad values.
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The product of the grey-level value, gj, multiplied by the maximum derivative value, e;j, for
each pixel, j, in the scan line can be represented by h - By taking the summation of hj along
the scan line near an edge transition, the following expression can be derived.

k+1 k+1

go'hj = éleﬂgj

The parameter k is the last pixel of the edge transition. This can be expanded to the following
expression.

k+1 k

%‘|ej]gj = (o, — B)B + %(Ocj+1 — o)+ (T— o)l
3 j=
This can be re-written as the following expansion of terms.

(o0, —oB) + )
(azaa - azax) +

(o0, — OL0L,) +

= (Bo, — B?) + + (I’ - Io)

(ak~lak - (xk—la'k—Z) +
\(O{'kI _ akak—l) )

A resulting simplification is given by the expression below.

=I'-B’=(I-B)I+B)=Cd+B)
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To summarize, the resulting expression for the grey-grad statistic for a scan line is given by the
following relationship.

S|h| = C(I+B)n

Again, n represents the number of edges crossed by the scan line. This concept can be
extended to the entire two-dimensional image given by the following expression.

>3h| = C + B)Sn, = CI + B)m

i=1j=1

In this expression, NxN is the dimension of the image in pixels, nj represents the number of
edge pixels in the ith scan line, and m represents the total number of edge pixels in the whole
image. The working formula for the sum of the grey-grad statistic is expressed by the
following equation.

ZZlhlJ = Zmax{gu|6u| ijleij|y} — C(I + B)m

i=lj=1

By incorporating the other edge contributions, the grey-grad statistic can be expressed by the
following formula.

= ZZmax{ g;/€;

i=1j=l1

Lgiled L giled sgded 1 =C+B)m
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The key expression for the automatic threshold selection can be established by combining the
expressions for the sum of the grey-grad values and the sum of the grad values as a ratio to
produce an elegant relationship to a threshold value as expressed below.

20 cu+Bm _14B
22 Cij| 2Cm 2

i=0j=1

The resulting grey-level threshold value, T, is a grey-level value between the grey-level of the
background and the grey-level of the image. In terms of the image grey-level probability
curve, this value represents the intermodal midway point in a histogram having a strictly
bimodal distribution as shown in Figure 13.

The simplicity of the threshold selection process is made even more elegant by its
implementation on the IP8500 system. The pixel-by-pixel differentiations and multiplications
associated with the algorithm are amenable to the high speed architecture of the image
processing system. The overall processing steps of this algorithm as implemented on the
IP8500 can be summarized by the following diagram in Figure 18 and outline steps.
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Calculation of the Sum of Grad-Values

A.Apply Derivative Kernel

1) Load original image into channel (0,1) as a 16-bit operand
and zero channel (2,3)

2) Scroll channel (0,1) one pixel towards the desired orientation
(0°, 45°, 90°, 135°), add channel (0,1) to
channel (2,3) as a signed 16-bit operation placing the result
into channel (2,3), and reset scroll.

3) Scroll channel (0,1) one pixel toward the opposite orientation
(180°, 225°, 270°, 315°), subtract channel (0,1)
from channel (2,3) as a signed 16-bit operation placing the result
into channel (2,3), and reset scroll.

4) Save 16-bit result in channel (2,3). This represents the
derivative of the original image for the desired orientation.

5) Repeat steps IA1-IA4 for each of the remaining orientations.

B.Magnitude (Absolute Value) of Derivatives
1) For a specific orientation, load the result of step IA4
into channel (2,3) and subtract the image from
a zero constant placing the result back into channel (2,3).
This will give a 16-bit two's complement image in channel (2,3).
2) Reload the saved result from Step IA4 into channel (0,1) and
compare it with the two's complement result in channel (2,3) from
step IB1 to create a 16-bit signed pixel-by-pixel maximum
image in channel (2,3) using a DVP maximum operation..
3) Save 16-bit result in channel (2,3). This represents the
absolute value of the horizontal derivative image.
4) Repeat steps IB1-IB3 for each of the remaining orientations.

C.Combine Magnitudes of Derivatives

1) For each orientation, load the magnitude of the derivative image
for the desired orientation from step IB3 into channel (0,1).

2) Load the magnitude of the derivative image for the next orientation
into channel (2,3).

3) Combine the two derivative magnitudes of different orientations
into channel (2,3) by using the DVP 16-bit signed
pixel-by-pixel maximum operator.

4) Load the next derivative magnitude of another orientation into
channel (0,1).
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Repeat step IC3-IC4 until all derivative magnitudes from the
remaining orientations have been compared. Save the resulting
grad image residing in channel (2,3).

S) Sum all the 16-bit values of the grad image in channel (2,3).

I1. Calculation of the Sum of Grad-Values

.Load original image grey values as a 16-bit operand into
channel (0,1).

.Load image grad value as a 16-bit operand into

channel (2,3).

. Multiply channel (0,1) and channel (2,3) placing result into
channel (2,3). This represents the 16-bit grey-grad image.
.Sum all the 16-bit grey-grad values in channel (2,3).

o o =W »

III. Calculate threshold value by dividing
sum of the grey-grad values by the
sum of the grad values.

It should be emphasized that the architectural features of the IP8500 enables expedient
execution times of what normally would be a lengthy serial process. Most of the binary
operations between two image operands usually require only a single frame time (1/30th
second) for the IP8500 with more involved operations such as image multiplication requiring
about three frame times (1/10th second). The bulk of the threshold selection calculation is also
contained within the image processing system. This would not be true for many histogram
based thresholding algorithms which may utilize the IP8500's fast histogram generator
hardware, but require subsequent analysis of the histogram outside of the image processing
system.

4.4 Quad-Tree/Multiresolution Data Structure:

A common data structure used in computer vision is the quad-tree (also known as a
resolution pyramid) (Ballard 1982). This structure has the effect of quantizing images at
progressively coarser resolutions from the original image. This operation starts with a full
resolution image and progressively reduces the resolution by consolidating the grey-levels of
four neighboring pixels into a single pixel value. This is repeated for all pixels in the image
and has an overall effect of reducing the sampling resolution from 22 to 22-1, For example,
consider how a 32x32 pixel image can be recursively sub-divided into quadrants (Figure 19).
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To borrow a concept from imaging, the information contained at the top-most level node of the
quad-tree would be analogous to the brightness information a single detector might observe for
a given field-of-view. If that single detector were sub-divided into four separate detectors one-
quarter the size of the previous detector, each would observe different brightnesses for each of
the different quadrants. This would be analogous to the second level of the quad-tree. The
lower levels of the quad-tree represent an increase in the number of detectors and a decrease in
detector size with the leaf nodes of the tree at the lowest level representing individual pixels.
Leaf nodes located at higher levels represent sections of uniform brightness which do not need
to be represented by lower level nodes since doing so would be redundant. Although this
process may seem initially disadvantageous and counterintuitive because of the reduction of
information, it does have the advantage of reducing the dimensionality of the image by the
systematic removal of image detail which might otherwise overwhelm automatic algorithms.
This heirchical reductionism of the image data allows a top-down approach to the search and
processing of image information.

The classic implementation of the quad-tree structure involves the use of nodes and node-
pointer data structures. The original design concept of the quad-tree for this project involved a
self-referential C structure as shown below.

struct quad node
{ short int x coordinate;
short int y coordinate;
short int quadrant_pixel_size;

additional node information

.

.struct quad_node *quad[3];

The quad-tree node structure above can be categorized into four types of informational
entries. The first type of information generally gives the x and y positions of the quadrant
nodes in question. This allows any routines that refer to a particular quadrant node access to
some form of positional information of the quadrant within the image; whether it be the center
of the quadrant, lower left comer of the quadrant, upper right comner of the quadrant, etc. The
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second piece of information is referred to as the quadrant pixel size. For each level of the
quad-tree, each individual quadrant can be regarded as an aggregate parent pixel carrying some
attribute or information about its offspring pixels found at the lower levels of the tree. These
individual quadrant parent pixels, depending on their level in the tree, encompass a fixed area
size of real image pixels, i.e., the pixels of the image at full resolution (leaf nodes in the tree).
By maintaining this information in each node, it is possible to determine the fraction of the real
image the node represents as well as the level the node occupies within the tree  The third type
of information is the node pointers which link the parent nodes to the offspring quadrants. The
last type of information can be any additional values pertinent to a specific problem which the
node carries about its offspring nodes. An exemplary case of a quad-tree involving images
might have each node contain the average grey-level value of its offspring nodes while it, along
with its three other sibling quadrants, contributes to the average grey-level value of the parent
node. There are other variations on this structure. The most common of these involve special
threadings (node pointer links) which are used to optimize the traversal of the quad-trees.

The utility of a quad-tree in image processing is dictated by the ability to traverse the structure
and extract information about the low-level high resolution nodes from the high level low
resolution nodes. The quad-tree of an image as implemented above, does not provide lateral
connectivity between sibling nodes short of traversing back up to the parent node and then
down to the other sibling nodes. It is possible to provide interlinking threads between
neighboring nodes, but complexity of traversal increases exponentially with connectivity. The
tree traversal problem is an issue best addressed by sophisticated graph theory and search
techniques which is beyond the scope of this study. A simplification of this data structure has
been implemented to permit a solution to this constraint.

The assembly of a quad-tree can either use breadth-first or depth-first approach. Because of
the self-referential structure of the quad-tree, a recursive algorithm provides an elegant method
for creating the tree. Recursion allows designing, prototyping, and debugging of the
procedures on much smaller 2" x 2™ pixel test windows. Recursive code is generally very
compact and streamlined. An implementation of quad-tree creation other than a recursive
procedure has proven to be very cumbersome. Details of the procedures and routines used in
the creation of the quad-tree will be discussed in a later section dealing with a search algorithm
used to determine positions of structuring element pixels in morphological operations. The two
processes utilize routines that heavily exploit special IP8500 capabilities.

A variation on a theme of quad-trees is the basis of the multiresolution structure used in this
thesis. A simplification of the quad-tree concept applied to images has been implemented after
adopting some underlying assumptions about the images. The implementation also targeted the
IP8500 architecture as a specification to which the data structure was designed. The major
simplifying constraint assumes that the images used for the quad-tree structure are binary
images. By making this assumption, a limit has been placed on the amount of information to
be handled allowing a data structure to be implemented which partially addresses the problem
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of quad-tree traversal. The binary image assumption allows each level of resolution to be
represented by a 512 x 512 x 1 bit image plane since only 1 bit per pixel is necessary to
represent the on and off states. A quad-tree representation of a 512 x 512 pixel image would
require ten levels of resolution starting from a 1 x 1 pixel level down to a 512 x 512 pixel level.
If it is assumed that each resolution level requires a 512 x 512 x 1 bit image plane, then ten 1
bit image planes are necessary to represent the entire quad-tree structure. At each resolution
level, the on or off states of each pixel would be dictated by the presence or absence of on or
off pixels at higher resolutions. By making the assumption that very little information is
offered by the 1 x 1 pixel and 2 x 2 pixel images in the quad-tree, it is possible to limit the
number of image planes to eight. This added constraint now allows the entire structure to be
represented by a single memory channel in the IP8500 system. Figure 20 illustrates this
modified data structure.
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Figure 20 - Modified multiresolution representation.

The advantage of this data representation lies in the compact nature in which the multiresolution
binary images are stored. What may have been an elaborate linked list structure has been
reduced to a single 512x512x8-bit image. Specifying the proper resolution level becomes a
matter of selecting the proper bit plane in the image. Addressing the pixels at a selected
resolution is easily achieved since the pixel dimensions are pre-specified at each resolution
level. The utility of this data structure in terms of the boundary detection problem will become
apparent in the discussion of the following two algorithms.
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4.5 Contour Following Algorithm:

The actual tracing of the boundary will be accomplished by a contour following algorithm
(Pavlidis 1982). Assuming that the previous algorithms have generated a correct binary image
free of salt-and-pepper noise, the contour following algorithm can automatically trace out the
chamber-border. Because the image to be processed is a binary image, the two pixel classes
are limited to ventricular wall pixels and cavity pixels. Any transition between the two classes
of pixel indicate a boundary. This algorithm is the only routine in the set of selected
procedures which does not heavily use the capabilities of the IP8500 system. The nature of the
border search does not allow any form of parallelism in the algorithmic process to be
implemented in the hardware of the image processing system. The algorithm itself is a very
simple procedure involving a moving 3x3 pixel sample window shown Figure 21.
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Figure 21 - Contour following kernel.

The window starts in the center of the image and scans across toward the left until a transition
to a border pixel is detected. This initial transition represents the thresholded border between
the chamber cavity and the ventricle wall giving an arbitrary first point of the border to start the
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trace. Once this point has been established, the 3x3 window is placed over this point and a
sweep of the neighboring pixels is made to determine the next boundary point. The
neighboring pixels are sampled in a counter-clockwise order at 45° intervais (because of square
tessellations) to determine the first pixel within the 3x3 window that matches the class of the
center pixel, i.e., a border pixel. This match indicates an adjacent edge pixel which allows the
search window to be moved to that pixel where the process of sweeping across a new set of
neighboring pixels is repeated. The starting search angle of the new window is set 225°
clockwise of the very last search angle made in previous window position. This guarantees
that any subsequent searches will not examine previously found border pixels. A record of
each border pixel is kept as this process continues giving a list of vectors representing the
boundary. Figure 22 illustrates this process.
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Figure 22 - Contour following.
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The contour following algorithm will continue the border tracking process until the initial
border pixel is encountered again. This condition signals a closed boundary. This condition,
however, does not guarantee a closed chamber as shown in Figure 23.

OO

Closed Contour with Closed Contour with
Open Chamber Boundary Closed Chamber Boundary

O

(O

>
Y

.

-

. N

+
+
(-

Figure 23 - Closed contour cases and corresponding area
contribution convention of contours and vectors.

drawing. The left hand trace, however, represents a contour enclosing the boundary perimeter
of strictly tissue area while the right hand trace represents a contour enclosing a cavity. An
additional condition is, therefore, necessary to distinguish between a contour trace of the cavity
and a contour trace of the tissues. This ability to discriminate between the two situations is
based on establishing a definition of positive (cavity) and negative (tissue) bounded areas.

These areas can be computed by summing the area under each vector of the boundary and
adopting the convention that all vectors having positive i component contribute a positive area
differential and all vectors having a negative i component contribute a negative area differential
as shown above.
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A closed contour with an open chamber boundary will then generate a negative contour area
whereas a closed contour with a closed chamber boundary will generate a positive contour
area. This concept of using positive and negative areas is used frequently in mechanical
engineering in the piecewise computation of area moments of inertia.

The ability to discriminate this condition is very important because the digitized echo images
frequently contain dropouts in the heart wall due to the deterioration of the ultrasonic signal.
This can also be complicated by the automatic threshold selection algorithm where the selection
of a less than optimal threshold will tend to amplify this condition.

The next logical improvement to the automation stream would be to devise a way to measure
the extent of the chamber opening and affect a closing process on the chamber boundary.
Although the contour following algorithm can detect this condition, it cannot easily measure the
gaps that frequently occur in the image. Some algorithms based on contour curvature metrics
may be applied, but would involve probabilistic criteria which would again, as with the grey
level threshold, require the selection of some form of confidence threshold level. Furthermore,
multiple gaps in a single chamber image would render any mensuration algorithm based strictly
on contour following, cumbersome and inefficient because of the accounting necessary to keep
track of multiple contours and their attributes.

The resulting mensuration algorithm is a hybrid between the existing contour following
algorithm and the quad-tree resolution representation of thresholded image. The contour
following algorithm can be combined with the quad-tree data structure, described in the
previous section, to determine a rough estimate of the size of the opening. This is based on the
premise that the open boundary will at low resolutions of the quad-tree, become closed. By
applying the contour following algorithm at several levels of resolution, it is possible to
approximately measure the size the physical extent of the opening since this will correspond to
the resolution size at which the opening is detected by the contour following algorithm. The
subsequent closing operation of this condition will be addressed by the following section.

4.6 Morphological Operations:

The implemented solution to the open boundary problem entails morphological image
operations. Morphological image processing differs from traditional linear system based image
processing in that its approach to image analysis is based on geometric structures inherent in an
image causing less distortion than normally observed with linear filters (Giardina 1988).
Morphological operations utilize a structuring element defined in separate coordinate space to
systematically alter the image in question. These structuring elements typically consist of
simple shapes such as circular disks and square areas. Although the structuring elements can
be of any shape and positioned anywhere in its own coordinate system, the structuring
elements used will be limited to point symmetrical elements centered at the origin as a matter of
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implementation simplicity. Conceptually, the process of these operations can be visualized as
positioning a structuring element (e.g. a circle) along an image boundary and taking the
traversed path of element to be the new image boundary to which the image will be expanded
(i.e., dilated) or contracted (i.e., eroded).

A more formal treatment of morphological operations can be expressed in terms of
Minkowski algebra. Dilation, for example, has the effect of expanding an image and can be
expressed as a special case of Minkowski addition defined as

A®B=%A+b

where A represents a binary image to be processed defined in its own coordinate system, B
represents a structuring element (essentially another binary image) defined in another
coordinate system, and b represents all the points within B. Simply stated, the above set
theory formalism specifies that the resulting dilated image is produced by translating image A
by all the points b in B and taking the union of all resulting translations. Another way of
representing this process involves defining the location of individual pixels in an image as the
terminal point for a given vector from a defined image origin. This implies that an image
becomes nothing more than a set of terminal points of a vector field emanating from the image
origin. Likewise, a structuring element can be defined in the same manner with respect to its
unique origin. By conceptualizing the image and structuring element as representations of
vector fields, the Minkowski addition becomes the set of all points produced by the vector
addition of each individual vector of the image vector field with each individual vector of the
structuring element vector field as illustrated in Figure 24.
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Figure 24 - Example of morphological operation (dilation).

31




. Either way, the dilation operation D is simply the Minkowski addition.
DAB)=A @B

The contrary operation to dilation is erosion. Erosion has the opposite effect of "shrinking”
the image and can be expressed as a special case of a Minkowski subtraction defined as

E(A,B)=ASB

where

AOB=NA+b

The operation is similar to the Minkowski addition, except that the intersections of the image
translations are taken instead of the unions. In terms of the vector field additions, erosion
represents only those points which are common to all the vector additions.

Figure 25 diagrams how the morphological operations of opening and dilation can be applied
to produce a closed contour to affect a proper boundary trace.
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Figure 25 - Sample morphological closing sequence.
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The utility of the closing operation is an obvious one. A major factor that has not been
determined and is a persistent issue in morphological image processing involves the
determination of the proper shape and size of the structuring element. As stated previously, the
choice of a structuring element for this specific application has been limited to a point
symmetric structuring element, namely a circular disk centered at the origin. Although this may
not be the optimum structuring element shape for this application, it does offer an intuitive
closing effect for this specific set of images. Selection of the optimum structuring element
shape is best treated as a separate study in morphological image processing. Since the
structuring element shape has been established, the size and sequence of morphological
operations remain the other variables to be determined. This procedure will be detailed in the
following section dealing with algorithm integration.

The implementation of the morphological operations can be decomposed into primitive
operations inherent to the IP8500 processing repertoire These include the basic image scrolls
and image bitwise logical operations performed by the DVP. Because of DVP limitations, its
use implicitly limits the image and structuring element dimensions to 512 x 512 pixels The
relevant structuring elements are origin centered which makes the rotation primitive
unnecessary due to symmetry. Actual execution of the morphological operations using the
IP8500 commences with the loading of the image into a spatially translatable operand channel
and a stationary result channel in the image processing system. The structuring element is
loaded into its own memory channel where it is used to control the scrolling of the operand
channel. A search is made on the channel containing the structuring element to determine the
positions of each individual pixel. As each pixel of the structuring element is located, its
position is noted. The operand channel is then translated by the vector connecting the origin of
the structuring element channel to the structuring element pixel. The appropriate binary
boolean operator is then applied to the scrolled operand channel and the stationary result
channel. The intermediate image is left in the result channel. Figure 26 illustrates this
process for one structuring element pixel.
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Figure 26 - DVP implementation of morphological operations.
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This process is repeated on the intermediate image until all pixels of the structuring element
have been searched and the corresponding translation and boolean operation applied.

Early implementations of the structuring element pixel search resorted to a simple search
algorithm in which all the pixels in the structuring element memory channel was interrogated
sequentially by column and then by row. Although simple to implement, this type of search
algorithm does not utilize any of the sophisticated capabilities of the IP8500 and was destined
to search every pixel in the 512 x 512 memory channel space. A later improvement in the
search algorithm utilized the same techniques and procedures used in building the quad-tree
data structure mentioned previously. This allowed existing code to be applied to a different
application with minor modification. This quad-tree type search follows a similar strategy
found in a one-dimensional array binary search. A binary search employs a divide and conquer
technique to recursively narrow the search space until the desired element is encountered. The
heart of this quad-tree type search lies in the exploitation of the fast-histogram board present
with the DVP hardware. Although primarily used for the calculation of grey-level probability
distributions, the fast-histogram board provided an expedient means to test the presence of
pixel in a given region of interest. The region of interests begin as large low resolution
quadrants. These are then tested for the presence of structuring element pixels. Absence of
structuring element pixels in a given quadrant, as determined by the histogram board calculated
statistics, makes further detailed search in that particular quadrant unnecessary. The presence
of pixels, on the other hand, would cause the search to continue by recursively subdividing the
quadrant into smaller regions until a homogeneous quadrant of structuring elements is
encountered. Figure 27 shows the subdivision partitions that leads to the location of a
homogeneous square subimage. The homogeneous square subimage dimension range in the
order of a single pixel to 256x256 pixels. In cases where the quadrant size is greater than one
pixel and contains all structuring elements, the search for the remaining pixels in the quadrant
reverts to a sequential type search.
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Figure 27 - Quad-Tree type subdivision search.
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4.7 Algorithm Integration:

The previous sections have described individual algorithms in detail without any specifics as
to how they interact. Aside from the pre-processing algorithms which are stand alone
processes, the quad-tree representation, the contour following algorithm, and the
morphological operation have been integrated to form an adaptive solution to the open
boundary problem.

Recall that after preprocessing and thresholding the resulting image is a binary representation
of a classification between tissue and background/cavity. In an ideal situation, the binary
image should be sufficiently thresholded to allow the left-ventricle chamber to be automatically
traced by the contour following algorithm. As mentioned previously, this ideal situation is
more of an exception rather than the rule as most of the the binary images exhibit boundary
dropouts. The solution chosen to cope with this condition involves the transformation of the
binary image into the quad-tree resolution form. This is the data structure discussed in the
quad-tree section where a single image plane virtually represents multiple resolution of the
binary image in several bit planes. Once in this format, the contour following algorithm is
applied to find the resolution at which dropout details are lost. the high resolution bit plane of
the image and the resulting area enclosed is measured. If the contour generated is not of the left
ventricle cavity, a negative area value will be computed. This will signal the contour following
algorithm to proceed to the next bit plane containing the lower resolution representation of the
binary image. This process is repeated until the resolution bit plane generating a positive area
(i.e. a closed contour of the ventricle cavity) is found. The resolution of this bit plane is noted
as well as the size of the super-pixel (in terms of full resolution pixels). For example, Figure
20 shows a diagram of a binary image in the multiresolution form of a sample echo image
with a dropout. If the contour following algorithm were applied as described above, the
contour areas calculated from bit planes 7 to 3 would have generated negative values. Bit plane
2, however, would have generated a positive value signalling a correctly closed contour. Bit
plane 2 is an image with an effective resolution of 16x16 super-pixels. This translates to each
super-pixel having a size 64x64 full resolution pixels. This indicates that the size of the
dropout gap is approximately 64 full resolution pixels. This information now gives the
morphological algorithms a starting value with which to initiate a closing.

The resolution value and super-pixel size generated by the contour following algorithm can
now be used as a guide to choose the structuring element for the morphological operations. In
this specific example, a circular structuring element centered at the origin with a diameter of
64*\2 would be used. The factor of V2 is used to take into account the diagonal dimension of
the square tessellate pixels. The image channel is then dilated by this structuring element and
then eroded using the same type of structuring element, but with half the diameter as shown in
Figure 25. An erosion with the same size structuring element as the one used for the dilation
would yield a smooth image but still with an open cavity. By choosing a structuring element
half the size of the one used for the dilation, it is possible to erode the image and still maintain a
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closed image. Since the sizes of the two structuring elements are known, a correction factor
equalling half the difference of the diameters of the dilation structuring element and the erosion
structuring element can be used to correct the contour trace made on the closed image. This
correction factor equals the resultant dimension by which the image was "thickened" by the
morphological operations. This correction is applied to the final trace by extending the trace
point distances from the centroid by the amount of the correction factor. The centroid is simply

given as (X,¥) and is calculated when the image has been successfully closed.

Because of the bit plane structure of the multi-resolution representation of the binary image,
all of the bit planes are subjected to the same morphological processing effect. This means that
any closing effects applied to bit plane 7 (Figure 20) will be applied to all bit planes. This
feature is useful because in the event that the image is not closed in the first pass of
morphological operations, the subsequent application of the contour following process will
choose a new structuring element size based on the processed bit planes instead of the original
bit planes of the multiresolution image. Processing will continue until the image has been
closed.
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5. Results:

Six frames of images were chosen from a single cardiac cycle as test images. They were
chosen from the same cardiac cycle to minimize the possibility of variation in image gain and
bias caused by the equipment or affected by the sonographer. The six images are illustrated
below in Figure 28 in masked form using the sectcr mask described in the pre-processing
section.
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Figure 28 - Original images (masked).
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The six images were designated with the identifying code of D180F( Frame number ). Since
the images were acquired at video rates, the frame number indicates the position of the image
within a 30 frame video cycle. Figure 29 shows the resulting images after a spatial
convolution with a 15x15 Gaussian convolution kernel.
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Figure 29 - Smoothed images.
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The images were then thresholded, as shown in Figure 30, using the values selected by the
RATS algorithm.

THRESHOLD = 104 THRESHOLD = 107 THRESHOLD = 109
‘)..) ‘)) ‘).,
D180OFO00D D180OF0D3 D180F0D9

THRESHOLD = 102 THRESHOLD = 104 THRESHOLD = 106

16 |6
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Figure 30 - Thresholded Images.

These values are compared with the thresholds selected interactively in Table 1.

Table 1 - Threshold Statistics

Image Computer Manual J Error

Threshold Threshold [grey levels]
D180F00 104 84 23.81
D180F03 107 73 46.58
D180F09 109 84 29.76
D180F12 102 85 20.00
D180F18 104 83 25.30
D180F22 106 95 11.58
Standard 2.50 6.99 22.48 RMS
Deviation
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The corresponding plot of computer vs. manual threshold values is shown in Figure 31 along
with error bars .
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Figure 31 - Threshold plot.

Since there are only 255 discrete values in the grey scale of the images, errors translate into
very significant changes in the resulting binary image. Although the errors of the computer
generated thresholds are relatively large when compared to the interactively determined
thresholds, their effect on the overall result is masked by the application of the morphological
operators. The variance of the thresholds selected by the automatic method for a set of similar
images is much smaller than those chosen interactively. This is supported by the error bars
plotted in graph.
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As described in the previous section, the resulting binary images are transformed into a
quad-tree resolution image as shown below in Figure 32 in a manner where the different
resolution image bit planes have been visually enhanced.
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Figure 32 - Multiresolution images.
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The images are then subjected to a dilation/erosion sequence to affect a closing illustrated
below in Figure 33.
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Figure 33 - Morphologically processed images with traces.

This dilation/erosion process is adaptively repeated until the image is closed. This iterative
sequence is summarized in Table 2.

Table 2 - Morphological Processing Statistics

Image (Dilation/ Correction (D/E) Circle

Erosion) # Factor Diameter
[Pixels] [Pixels]

D180F00 1 23 (91/45)

D180F03 1 11 (45/23)

D180F09 1 6 (23/11)

D180F12 7 21 (45/23),(11/6),5%(6/3)
D180F18 1 23 (91/45)

D180F22 9 30 (45/23),(23/11),3*(11/6),4*(6/3)
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This table gives the number of dilation/erosion sequences needed to close each image along
with the resultant correction factor reflecting the net width by which the image was
"thickened". The final column lists the dilation/erosion diameters of the circular structuring
elements and the sequence in which they were applied.

The resulting corrected computer contour traces were then visually compared by overlaying
them over the manual traces and the original image as shown below in Figure 34.

D180F00 D180OF09

D180F18 D180F22
AND MANUALLY GENERATED

Figure 34 - Computer and Manual Traces on Original Images.

A more quantitative comparison was made by calculating the root mean square (RMS) error of
the contour distance of the computer generated trace and the manual generated trace to the
centroid point of the manual trace. The contour trace distances to a given centroid can be
plotted as a function of angle to yield a one-dimensional relationship in rectangular coordinate
space as shown in Figures 35a-b. These plots give a graphical comparison of the computer
vs. manual generated traces illustrating the trends of the traces and locations of large
discrepancies.
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Figure 35a - D180F00 trace plots
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Figure 35b - D180F03 trace plots
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Figure 35¢ - D180F09 trace plots
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Figure 35d - D180F12 trace plots
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Figure 35e - D180F18 trace plots
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Figure 35f - D180F22 trace plots
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The resulting RMS values and the corresponding manual/computer trace areas are
summarized in Table 3 along with the corresponding plot of computer contour area vs.
manual contour area (Figure 36) and contour areas vs. image frame number (Figure 37).

Table 3 - Trace Statistics

Image Trace Manual Computer %Error
RMS Trace Trace [PixelsA2]
Area Area
D180F00 6.68 16997.0 17489.5 2.90
D180F03 4.98 17168.5 18328.5 6.76
D180F09 4.16 127325 13791.5 8.32
D180F12 1312 13081.0 13487.0 3.10
D180F18 7.03 15515.0 14556.5 -6.18
D180F22 16.07 17450.5 19786.0 13.38
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Figure 36
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6. Conclusion:

Although the test image set is very small, the overall performance is encouraging as indicated
by several of the final traces (D180F00, D180F03, D180F09, D180F18). A visual inspection
of the final traces with the manual traces indicate a fair match. This is supported by the one-
dimensional graphical representation of the traces as well as the resulting RMS calculations.
The plot of the computer generated areas vs the manually generated areas shows that the
computer generated traces have a tendency to overestimate the size of the ventricular
chamber.as determined from the manual trace. The pattern and extent of this overestimation
cannot be determined with any confidence due to the small test sample size. However, Schott
et al.,1986 have shown in a study of digital image processing algorithms for boundary
enhancement that the areas of manual traces resulting from the processed image exhibited a
tendency to underestimate the true cross sectional area of the left ventricle. This might indicate
some possibilities that the computer generated trace may in fact perform better than a manually
generated trace. On average, the ventricular area of the computer generated traces as a function
of time followed the same diastole to diastole pattern as the manually generated trace as shown
by Figure 37.

The two contour traces which exhibited anomalous results (D180F12 and D180F22) also
corresponded to the two images which underwent several dilation/erosion iterations. Although
the computer generated contour area bounded by these two traces have reasonably similar
values compared to the manual trace areas, an overall shift of the computer generated trace
away from the manually generated trace can be observed. This can be explained by the
repeated dilation and erosion of the images using relatively small diameter circles as structuring
elements. The quantized representations of circular structuring elements, especially at very
small diameters, induces asymmetries due to aliasing. This asymmetry manifests itself as an

anisotropic thickening and thinning effect resulting in the shifting of the contour traces and their
centroids.
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7. Recommendations:

The testing undertaken for this sequence of algorithms is far from conclusive. The trends
exhibited by the results point to several fundamental issues warranting further investigation.
The most critical of these is the optimum selection of structuring element shape, size, and
dilation/erosion sequence iterations. Although the described morphological scheme provides a
solution, it is by no means optimal. A similar optimum selection process can be made for the
kernel size in the spatial convolution process.

As far as the implementation of the algorithms is concerned, an improvement that may be of
merit involves a possible restructuring of the Robust Automatic Threshold Selector to operate
in quad-tree/pyramid resolution mode in which the final image threshold is determined from
thresholds computed in a piecewise manner from the subdivided areas of the image. This
would probably require that the bit plane representation of the quad-tree multiresolution image
be augmented to 8-bit image planes for each resolution level. This, at present, might not be
feasible because it would require the image processing system to be configured as one
workstation accessing all possible memory channels. Improvements might also be in order for
the morphological operation routines since they were implemented directly from formal
mathematical definitions. As with other implementations based on mathematical definitions,
the resulting expressions and code may be elegant and compact, but the execution times are
inherently slow and resource utilization inefficient. Possible hardware solutions should be
investigated in the creation of the quad-tree/multiresolution structure since the algorithm is well
suited to multi-processor configurations. Such a solution would make the data structure
attractive to machine vision applications.

One interesting and potentially useful feature/signature that emerged from the analysis relates
to the centroid distance vs. angle plot. To illustrate its utility, a simple shape such as an outline
of a sector has been scaled into three different sizes (Figure 38).and a centroid distance vs
angle plot was made for each of the sector outline (Figure 39). It is interesting to note how
the shapes of the plots are similar to one another and how the critical points representi:ig the
comners of the outline all correspond to the same angles. By taking the maximum distances of
each of the graphs and normalizing their values, all the graphs practically become the same plot
as shown in Figure 40. This would indicate that traces of the same shape should generate the
same normalized signature. Figure 41 illustrating the effect of orientation by comparing the
graphs of two of the sector outlines oriented 180° to each other. It shows that the signature
simply becomes phase-shifted with respect to each other.
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Figure 38 - Scaled sector outlines
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Figure 39 - Trace plots of scaled sector traces.
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Figure 40 - Trace plots of normalized sector traces.
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These results are very useful when applied to shape recognition because it generates a
signature that is invariant of scaling which affect the performance of several traditional pattern
recognition techniques. Since this signature is one-dimensional, its subsequent analysis using
digital signal processing techniques such as auto-correlations and filterings should be greatly
simplified. This feature along with the other algorithms implemented in this thesis provides

several basic but necessary tools which can be adapted to other problems of image analysis.
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Appendix A:

Result Table Summary



Computer
Thresholds

[0:253]
Error
%0

Manual/
Computer
Tr. r

[Pixels]

Error

D180F00

84
104

20
(23.81%)

16997.00
17489.50
492.50
(2.90%)
(219,294)
(215,301)
(+44.0,-A7.0)

8.06

6.68

RESULT SUMMARY TABLE

D180F03

73
107

34
(46.58%)

17168.50
18328.50
1160.00
(6.76%)
(220,290)
(220,298)
(+A0.0,~A8.0)

8.00

4.98

D180F09

84
109

25
(29.76%)
12732.50
13791.50

1059.00
(8.32%)
(220,290)
(220,295)
(+A0.0,—A5.0)

5.00

4.16

D180F12

85
102

17
(20.00%)
13081.00
13487.00

406.00
(3.10%)
(210,292)
(195,315)
(+A15.0,-A23.0)

27.46

13.12

D180F18

83
104

21
(25.30%)
15515.00
14556.50

-958.50
-(6.18%)
(213,299)
(208,308)
(+A5.0,~A9.0)

10.30

7.03

D180F22

95
106

11
(11.58%)
17450.50
19786.00
2335.50
(13.38%)
(217,293)
(200,314)
(+A17.0,-A21.0)

27.02

16.07



Appendix B:

Main Program Listings of Algorithms



/* Start of multiresolution program *isksoiorolorororRRRRRoRRKRRRRORORRFOROK

This program creates a quad-tree representaion of a binary

image at a given starting resolution and location by calling
create_quad_tree.

Hritten by Rolando Raqueho (Center for Imaging Science)
Include Files:

Cal led Routines:

create_quad_tree
initialize_ipno_clear

Modification History:

12/20/90 Completed documentation & comments - Rolando Raqueno

¥ ¥ ¥ F F X K ¥ ¥ E E X EEEECE
¥ ¥ ¥ £ X E E E X EEEE R EER

R sk R HOROROR R R KR SRR HOROK KR RORR Rt oRoRRoRROORORRoR oK R oRsORRORRIORROIORRRORIOIORORIIOIORRKOIKR K

/*
FUNCTION PROTOTYPE SECTION
*/
void create_quad_tree( short int x_position,
short int y_position,
short int window_size »2;
void initialize_ip_no_clear( void );
/\H
CREATE_QUAD_TREE FUNCTION MAIN BODY:
x*7
main{)
{
short int x_position = 0O; /* x-coordinate of |ower left corner */
short int y_position = 0O; /* y—coordinate of lower left corner * /
short int window_size = 512; /* Starting size of area to process */
initial ize_ip_no_clear(); /* Reset without clearing channels */
create_quad_tree( x_position,
y_position,

window_size/2 J;

)

/* End of create_quad_tree function ok soroRoRoRORoRORORRKORKORKHOK /




PROGRAM Trace_Contour

e 2 3¢ e e e e e e e e 3 e 3 e e e e e e e e e e e S e e e o e o o o o e g e e e ] e e o

This program takes the thresholded image in multiresolution
form and tries to determine which resolution the cavity of the
echocardiogram becomes closed. Once this has been determined,
a morphological closing process consisting of a dilation
followed by an erosion will be applied using structuring
elements based on the size information determined from the
multiresolution structure. This process is repeated until a
closed contour is created. The processed image is then saved.

Written by Rolando Raqueno (Center for Imaging Science)

Include Files:

Cal led Routines:
Initialize—_IP
Show_Picture_8bit
Move_Channel _to_8bit_Buffer
Open_Contour
Clear_Channel
Draw_Circle
Reset_View_Channel
Clear_Qverlay_Graphics_Channel
Dilate
Copy_Channel
Erode
Save_Picture_8bit

Modification History:

12/20/90 Completed documentation & comments — Rolando Raqueno

F X K O F OF K E E O E F KX EEEEEEEEEEEKEEE XX E X
¥ ¥ E ¥ ¥ ¥ ¥ O E K ¥ ¥ ¥ ¥ K ¥ F ¥ E X K ¥ X E K K E ¥ ¥ K ¥ K

HRRRORFOR ORISR ORI KRR ROR R HORROROR R R KK R R R HOROROORSIORIOROR ORORSOROROOR RO OORRORROROROROR RO
IMPLICIT NONE

CHARACTER*80 input_file_name
CHRRACTER*80 output_file_name
INTEGER*2 Operand_Channel

INTEGER*2 Structuring_Element_Channel
INTEGER*2 Resul t_Channel

INTEGER*2 Structuring_Element_Grey_lLevel
INTEGER*2 Structuring_Element_x_center
INTEGER*2 Structuring_Element_y_center
INTEGER*2 Structuring_Element_Hidth
INTEGER*2 Boundary_HModification_Factor
INTEGER*2 Startingx_lower_left_corner
INTEGER*2 Starting_y_lower_left_corner
INTEGER*2 Starting_quadrant_search_size
INTEGER*2 First_x_position

INTEGER*2 First_y_position

INTEGER*2 x_neutral_axis

INTEGER*2 y_neutral_axis

INTEGER*2 Trace_Channel

INTEGER*2 Corrected_Trace_Channel
INTEGER*2 MAX_QUADRANT_LEVEL

REAL*4 structuringwidth_factor

File name of quad image.
File name of result image.
Original Image.
Structuring Element.
Result of operations.
Structuring element
characteristic
specifications.
SE width argument.
Boudary error term.
Starting coordinates of

SE search space.
Starting search size.
Starting search point

for contour following.
x location of Centroid.
y location of Centroid.
Channel for Tracing.
Channel for final trace.
Maximum depth of quad-tree



PARAMETER ( Operand_Channel = 0 )

PARAMETER ( Structuring_Element_Channel = 1 )

PARAMETER ¢ Trace_Channel = 1 )

PARAMETER ¢ Resul t_Channel = 2 )

PARAMETER ¢ Corrected_Trace_Channel = 2 )

PARAMETER ( Structuring_Element_Grey_lLevel = 255 )

PARAMETER ( Structuring_Element_x_center = 255 )

PARAMETER ¢ Structuring_Element_y_center = 255 )

PARAMETER ¢ Starting_x_lower_left_corner = 0 )

PARAMETER ¢ Starting_y_lower_left_corner = 0 )

PARAMETER ¢ Starting_Quadrant_Search_Size = 256 )

PARAMETER ( First_x_position = 200 )

PARAMETER ¢ First_y_position = 300 )

PARAMETER ¢ MAX_QUADRANT_LEVEL = 6 >

INTEGER*2 Quadrant_Level ! Level in quad-tree.
INTEGER*2 Quadrant_Pixel_Size ! Size of quadrant pixels.
INTEGER*2 Dilation_Hidth I Width of SE for dilation.
INTEGER*2 Erosion_Hidth ! Hidth of SE for erosion.
REAL*4 Area_of_Contour({ 0: MAX_QUADRANT_LEVEL >

BYTE Quad_Tree_Buffer( 0:511, 0:511 ) ! 8-bit Image buffer

REAL*4 Open_Contour
DATA Area_of_Contour/ -1, MAX_QUADRANT_LEVEL*-1 /

structuring_width_factor = SQRT(2.0)
Boundary_Modi fication_Factor = 0

TYPE *, "Input the file name of image to process »>°'
ACCEPT C('(ABO)'), input_file_name

TYPE *, 'Input the file name of result image >’
ACCEPT ('C(ABOD)Y '), output_file_name

TYPE *, 'Structuring width factor = ',structuring_width_factor
TYPE *,°

CALL Initialize_IP

CALL Show_Picture_8bit( Input_file_name, Operand_channel >

CALL Move_Channel_to_8bit_Buffer( Operand_channel ,
Quad_Tree_Buffer )

Quadrant_lLevel = 0 "1 Image at full resolution.
Quadrant_Pixel _Size=2**Quadrant_Level ! Size of quadrant pixel.

Area_of_Contour( Quadrant_lLevel ) =

Open_Contour( Trace_Channel ,
Quad_tree_buffer,
Quadrant_Pixel_Size
First_x_position,
First_y position,
x-neutral_axis,
y-_neutral_axis )

4

TYPE *,' Quad Level = *,Quadrant_Level, ' Area = °,
Area_of_contour( Quadrant_Level )

TYPE *," Pixel Size = ',Quadrant_Pixel_Size

TYPE *,° Centroid = (',xneutral_axis,’ , ',y_neutral_axis,' > '

TYPE *,'



CALL Clear_Channel ¢ Trace_Channel >

DO WHILE < Area_of_Contour( 0 > LT. 0.0
.AND.
Area_of_Contour<¢ 1 > LT. 0.0 b}
DO WHILE < Quadrant_lLevel .LE. MAX_QUADRANT_LEVEL
.AND.
Area_of_Contour{Quadrant_Level > .LT. 0.0 >
Quadrant_Level = Quadrant_Level + 1
Quadrant_Pixel_Size = 2 ** Quadrant_Level
Area_of_Contour( Quadrant_Level ) =
Open_Contour( Trace_Channel,
Quad_tree_buffer,
Quadrant_Pixel_Size,
Firstx_position,
Firsty_position,
x_neutral_axis,
y_neutral_axis >
TYPE *,' Quad Level = ', Quadrant_Level, ' Area = ',
Area_of_contour( Quadrant_Level >
TYPE *," Pixel Size = ',Quadrant_Pixel_Size
TYPE *,' Centroid = (',x_neutral_axis,’' , °,
yneutral_axis,' ) '
TYPE *,°
CALL Clear_Channel ¢ Trace_Channel )
END DO

CALL Clear—_Channel( Structuring_Element_Channel )

Structuring_Element_Width = NINT( Quadrant_Pixel_Size *

structuringwidth_factor

CALL Draw_Circle ¢ Structuring_Element_Channel,

Structuring_Element_Grey_Level,
Structuring_Element_x_center,
Structuring_Element_y_center,
Structuring_Element_Midth>

IF ¢ Quadrant_Level .LT. 2 > THEN

ELSE

CALL Reset_View_Channel
CALL Clear_Overlay_Graphics_Channel

TYPE *, 'Dilating Image by a circle with diameter = '
Structuring_Element_Hidth
TYPE *," '

’

Boundary_Modification_Factor =
Boundary_Modification_Factor +
Structuring_Element_UWidth

CALL Dilate( 8val ¢ Structuring_Element_Grey_lLevel )
&Bval ¢ Startingx_lower_left_corner ),
Bual ( Starting_y_lower_left_corner ),
fval (Starting_Quadrant_Search_Size ) )

/,



END IF

CALL
cALL

CALL
CALL

CALL

TYPE
TYPE
TYPE

TYPE

LI

CALL Reset_View_Channel
CALL Clear_Overlay_Graphics_Channel

TYPE *,'Dilating Image by a circle with diameter = °,
Structuring_Element Hidth
TYPE *," *

Boundary_Modification_Factor =
Boundary_Modification_Factor +
Structuring_Element_Width

CALL Dilate(¢ gval ¢ Structuring_Element_Grey_Level ),
Bual( Starting_x_lower_left_corner ),
fval ¢ Starting_y_lower_left_corner ),
fual (Starting_Quadrant_Search_Size ) >

CALL Reset_View_Channel
CALL Clear_Overlay_Graphics_Channel

CALL Copy_Channel¢ Resul t_Channel, Operand_Channel )
CALL Clear_Channel( Structuring_Element_Channel )

Structuring_Element_Width =
NINTC Quadrant_Pixel_Size/2 *
structuringwidth_factor >

CALL Draw_Circle ¢ Structuring_Element_Channel,
Structuring_Element_Grey_level,
Structuring_Element_x_center,
Structuring_Element_y_center,
Structuring_Element_Midth>

TYPE *, 'Eroding Image by a circle with diameter = °,
Structuring_Element_Hidth
TYPE *,°'

Boundary_Modi fication_Factor =
Boundary_HModification_Factor -
Structuring_Element_Uidth

CALL Erode( gual (¢ Structuring_Element_Grey_lLevel ),
Bval ( Startingx_lower_left_corner ),
gual( Startingy_lower_left_corner ?,
fval (Starting_Quadrant_Search_Size ) )

Reset_View_Channel
Clear_Overlay_Graphics_Channel

Copy_Channel ( Resul t_Channel, Operand_Channel )
Clear_Channel ¢ Resul t_Channel >

Move_Channel _to_8bi t_Buffer( Operand_channel,

Quad_Tree_Buffer )

' Check processed image °*

Quadrant_Level = 0
Quadrant_Pixel_Size = 2 *¥ Quadrant_Level



END DO

Area_of_Contour( Quadrant_Level > =
Open_Contour( Trace_Channel ,

Quad_tree_buffer,
Quadrant_Pixel_Size,
First x_position,
First_y_position,
x-neutral _axis,
y_neutral axis ?

TYPE *,' Quad Level = ',Quadrant_lLevel, ' Area = °,
Area_of_contour( Quadrant_Level )

TYPE *," Pixel Size = ',Quadrant_Pixel_Size

TYPE *,' Centroid = (',x_neutral_axis,' , ',y-neutral_axis,"

TYPE *,' Boundary Modification Factor = ',
Boundary_rodi fication_Factor
TYPE *, " *

CALL Clear_Channel( Trace_Channel )

Quadrant_Level = 1

Quadrant_Pixel_Size = 2 ** Quadrant_Level

Area_of_Contour( Quadrant_Level ) =

Open_Contour( Trace_Channel,

Quad_tree_buffer,
Quadrant_Pixel_Size,
First_x_position,
First_y_position,
x_neutral_axis,
y_neutral_axis )

TYPE *,' Quad Level = ', Quadrant_Level, ' Area = ',
Area_of_contour( Quadrant_Level| >
TYPE *,' Pixel Size = ' ,Quadrant_Pixel_Size

TYPE *,' Centroid = (',x_neutral_axis,’' , ',y_neutral_axis,'

TYPE *,' Boundary Modification Factor = '
Boundary_HModi fication_Factor

TYPE *, "' '

’

CALL Clear_Channel( Trace_Channel >

CALL Clear_Channel ¢ Trace_Channel )
CALL Save_Picture_8bit( Output_File_Name, Operand_Channel

END ! Trace_Contour

)

y !



program final_contour

PHOROROR R R o3 o R OB R RO RO BRI R R R RO R R KRR R R R R ROIOROR ORI ROROROR K R R R R R
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This program takes the morphological ly processed closed image
and determines the final corrected contour of the boundary

The resulting trace points are written to a user

As of this test version, it is the

responsibility of the user to keep track and enter the

correction factor for the final
is discussed in greater detail

trace.

specified file.

Hritten by Rolando Raqueiho (Center for Imaging Science)

Include Files:

Called Routines:

Initialize_IP
Show_Picture_8bit

Move_Channel _to_8bi t_Buffer

Open_Contour
Clear_Channel

Final _Corrected_Contour

Modification History:

12/20/90 Completed documentation & comments — Rolando Raqueno

trace.
in final__corrected_contour.

This correction factor

* R O E E K E R EEEEEEEEEEEEEREEEEE
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implicit none

character*80 final_image_file_name
character*80 output_trace_file_name

integer*2
integer*2
integer*2
integer*2
integer*2
integer*2
integer*2
integer*2
integer*2
parameter
integer*2
parameter

final _image_channel
window_size
resolution_level
first_x_position
first_y_position
x_neutral_axis
y_neutral_axis
correction_factor

Image file name.

Output trace file.
Channel to store image.
Size variable.

Resolution in Quad-Tree.
Starting position of the
contour following kernel
Resulting centroid
coordinates.

Trace correction factor

vector_channel Channel to display
¢ vector_channel = 1 ) uncorrected trace.
corrected_vector_channel ! Channel to display
( corrected_vector_channel = 2 ) ! corrected trace.

real*4 contour_area
real*4 open_contour
real*4 final_corrected_contour

parameter
parameter
parameter

(final _image_channel )
¢ first_x_position =

=0
= 200
¢ first_y_position = 300

byte buffer(0:511,0:511)

>
>

T N

type *, 'Input file name of final image >°'

accept ('<a80)'), final_image_file_name

Area of contour trace.
Open contour function.
Final corrected contour.
Display image to O.
Contour following kernel
starting position.
Buffer for image.

type *, ‘Input file name of output trace file >’

accept ('<(a80)'), output_trace_file_name
type *, 'Input the final

image resolution level >°



accept *, resolution_level
type *, ' |Input the correction factor >’
accept *, correction_factor

call initialize_ip
call show_picture_8bit( final_image_file_name, final_image_channel )
call move_channel_to_8bit_buffer( final_image_channel, buffer >

window_size = 2 ** resolution_level

contour_area = open_contour( vector_channel,
buffer,
window_size,
first_x_position,
firsty_position,
x-neutral_axis,
y_neutral _axis >

type *, ' window_size = ', window_size

type *, ' contour_area = ', contour_area
type *, ' x_neutral_axis = ', x_neutral_axis
type *, ' y_neutral_axis = ', y_neutral_axis
type *, "

call clear_channel (vector_channel >
call clear_channel (corrected_vector_channel?

contour_area = Final_corrected_contour( output_trace_file_name,
vector_channel,
corrected_vector_channel,
buffer,
window_size,
x_nheutral_axis,
y_neutral_axis,
correction_factor »

type *, ' window_size = ', window_size

type *, ' contour_area = ', contour_area
type *, ' x_neutral_axis = ', x_neutral_axis
type *, ' y_neutral_axis = ', y_neutral_axis
tupe *, * ¢

end ! Final_contour.



Appendix C:

Subprogram Listings of Algorithms



SUBROUT INE Add_16bi t I 16-bit Addition.

s e s s e 3 o e o o e o o e 3 e o o e e o e o o e s o e o o R R R o o SR o e R R R o KR K e o e o e s e oo R R o ke
* *
* This subroutine calculates a 16-bit pixel-by-pixel addition *
* using the DUP. The first addend image will be in channel (0, 1) *
* The second addend image will be in channnel (2,3). The resulting*
* 16-bit sum image will be deposited in channel (2,3) overwriting *
* the second addend image. *
* *
* Hritten by Rolando Raqueho (Center for Imaging Science) *
* >
* *
* Include Files: *
» *
* Called Routines: *
* Attach_DUP *
» Initial ize_DUP *
s DUP_Add_16bi t *
* Detach_DUP *
* *
* *
* Modification History: *
»> *
* 7/23/90 Completed documentation & comments - Rolando Raquefo *
»* *

e e o o o e e e 2 o 2 e e 3 o o o o o o o o o e e e e i e i e i b s o g R R o R e i o R e ol ke e o o R ol R R o R kR

IMPLICIT NONE

CALL Attach_DUP | Get the DUP for use.

CALL Initial ize DUP ! Initialize the DUP.

CALL DUP_Add_16bit | Start 16-bit DUP Operation
CALL Detach_DUP | Release DUP resource.
RETURN

END ! Add_16bit



SUBROUT INE And_Bbi t¢ Operand 1_Channel ,
. Operand2_Channel,
Resul t_Channel ) ! Logical Image AND

o o e o e e o o o e R o o o o e o o R R R R o R R RO R R R KK e o R ROk e ROROR R R R oo

*
*
*
*

This subroutine performs an 8-bit image AND of two images
in two channels and placing the result in a third channel.
The subroutine utilizes the DUP to execute the bitwise
logical AND.

Hritten by Rolando Raquerio (Center for Imaging Science)
Include Files:

Cal led Routines:
Attach_DUP
Initial ize_DUP
DUP_AND_8bi t
Detach_DUP

Modification History:

4/6/90 Completed documentation & comments - Rolando Raquefo

E X R R E E R R OEEEEEEEREEEEEREER
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IMPLICIT NONE

INTEGER*2 Operandi1_Channel ! Channel Number of first image.
INTEGER*2 Operand2_Channel I Channel Number of second image.
INTEGER*2 Resul t_Channel ! Channel Number of result image.
CALL Attach_DUP ! Al locate the DUP.
CALL Initial ize DUP I Initialize and Reset the DUP.
CALL DUP_And_8bi t( Operandi_Channel,

Operand2_Channel ,

Resul t_Channel ) ! B-bit DUP image AND
CALL Detach_DUP ! Deal locate the DUP.
RETURN

END ! AND_BbI t.



REAL*4 FUNCTION Area_under_Vector( Array_of Points )
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This function returns the full resolution x-coordinate of the
center point of the quadrant pixel ( i.e. super—pixel ) having
window_size by window_size dimensions [full resolution pixels]
Hritten by Rolande Raqueno (Center for Imaging Science>
Include Files:

Called Routines:

Modification History:

12/13/90 Completed documentation & comments = Rolando Raquefo
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IMPLICIT NONE

INTEGER*2 Array_of_PointsC 0:1, 0:1 >

INTEGER*2 x0 ! x vector tail.
INTEGER*2 yo I 'y vector tail.
INTEGER*2 x1 ! x vector head.
INTEGER*2 yi I y vector head.
REAL*4 Del ta_x I Ax.

REARL*4 Del ta_y I Ay.

RERL*4 Area_under_Rectangle

REAL*4 Area_under_Triangle

x0 = Array_of_Points(0,0)

yo = Array_of_Points(1,0

x1 = Array_of_Points<0, 1>

yt = Array_of_Points(1, 1)

Deltax = x1 = x0 I Ax,

Delta_y = yl - yo I Ay,
Area_under_Rectangle = y0 * Delta_x ! Base*Height.
Hrea_under_Triangle = 0.5 * Deltax * Delta_y ! 0.5*Base*Height.

Area_under_Vector = Area_under_Rectangle + Area_under_Triangle
RETURN

END ! Area_Under_Vector



SUBROUT INE Assign_DUP_Output_Channel ¢ DUP_Bus, Output_Channel >
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This subroutine attaches a specific DUP output bus to a
given channel .

Image Processing Interface Library CIPI1) call
developed by S. Schul tz

Hritten by Rolando Raqueno (Center for Imaging Science)

Include Files:
IPI_IPILIB

Cal led Routines:
IP | _DUPOQutput

Modification History:

7/20/90 Completed documentation & comments — Rolando Raqueno
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IMPLICIT NONE
INCLUDE 'IPI-IPILIB’
INTEGER*4 Status
INTEGER*4 Unit

INTEGER*2 DUP_bus
INTEGER*2 Output_Channel

| Status call variable.
1 IP8500 unit number.
! DUP Bus to attach.

! Qutput channel to attach.
Common /IPI_ Unit/ Unit ' IPI.Unit common block.

Status = Ipi_DUPOutput( Unit, DUP_Bus, Output_Channel >
CALL Ipi-ErrorCheck( Status, 'Error Assigning DUP Output' >

RETURN

END ! Assign_DUP_Output_Channel



SUBROUT INE Attach_IP

Attach the [P8300.
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This subroutine attaches the IP85S00 using an IPI

library call.

Image Processing Interface Library (IPI) call

developed by S. Schultz

Written by Rolande Raqueno (Center for Imaging Science)

Include Files:
IPI_IPILIB

Called Routines:
IPI_AttUnit
IP| _ErrorCheck

Modification History:

4/5/90 Completed documentation & comments — Rolando Raqueno
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IMPLICIT NONE
INCLUDE "IPI_IPILIB"®

INTEGER*4 Status
INTEGER*4 Unit

Common /IPI Unit/ Unit

Status = IpiAttUnitC Unit >

IF C(.NOT.Ipi_ErrorCheck(Status,

RETURN

END ! Attach_lp

Error Attaching Deanza Unit')) Stop

Include IPI header file.

Status call variable.
IP85S00 unit number.

IPI_Unit common block.

Attach Unit IPI call.



SUBROUT INE Attach_DuP ! Allocate the DUP for exclusive use
**********lll**ﬂll‘****l'l“ll’l"ll***************inklh****l‘l***#******************** ook
This subroutine attaches the DUP by an IPI library call.

Image Processing Interface Library CIPI1) call
developed by S. Schultz

Hritten by Rolando Raqueio (Center for Imaging Science)

Include Files:
IPI_IPILIB

Cal led Routines:
IP1_AttDUP
IP| _ErrorCheck

Modification History:

4/7/90 Completed documentation & comments — Rolando Raquero

¥ % K R K O OE R R K F E R EEEEEEEEE
* E ¥ £ X £ EF E X EE X EEEEEEEEE

o4 of R O RO R R o R ol o R o R R K KR R SR o R o R o R R R R o s o o

IMPLICIT NONE

INCLUDE ‘' IPI_IPILIB® I Include IP| header file.
INTEGER*4 Status ! Status call variable.
INTEGER*4 Unit ! |P8500 unit number.

INTEGER*2 Hait ! Hait flag in case of busy DUP,
PARAMETER C(Hait = 1) I Wait for a busy DUP.

COMMON /IPI_Unit/ Unit I IPI.Unit common block.

Status = IpiAttDUPC Unit, Hait > ! Attach DUP call.
CALL Ipi-ErrorCheck( Status, 'Error Attaching DUP')
RETURN

END ! Attach DUP.



SUBROUTINE Calculate_Histogram( Channel ) ! Compute Histogram
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This subroutine signals the fast histogram board to start
calculating the histogram of the image in the specified
channel. The fast histogram buffer should be cleared with
the Clear_Histogram call before calculating the histogram.

Image Processing Interface Library CIPI) call
developed by S. Schultz

Hritten by Rolando Raqueno (Center for Imaging Science)

Include Files:
IPI_IPILIB

Cal led Routines:
IPI_CalcHst
IP| _ErrorCheck

Hodification History:

8/3/90 Completed documentation & comments - Rolando Raquefio
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IMPLICIT NONE

INCLUDE " IPI_IPILIB" ! Include IP| header file.
INTEGER*4 Status ! Status call variable.
INTEGER*4 Uni t ! IP8500 unit number.
INTEGER*4 Channel ! Channel to histogram.

COMMON /lpiUnit/ Unit ' IPI_Unit common block.
Status = Ipi_CalcHst( Unit, Channel ) ! Calculate histogranm.

CALL Ipi-ErrorCheck ¢ Status, ‘Error Calculating Histogram' )
RETURN

END ! Calculate_Histogram



SUBROUTINE Calculate_Histogram_ROI¢ Channel ) ! Calculate Histogram
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This subroutine calculates the histogram for a predefined
region of interest in a given channel. The region of
interest is defined by a preceding Region_of_Interest call.
The resulting histogram array containing the probability
distributions resides in the histogram buffer of the
fast histogram board. The histogram array can be read from
hardware by the Get_Histogram subroutine.

Image Processing Interface Library (IP|) call
developed by S. Schul tz

Hritten by Rolando Raqueno (Center for Imaging Science)

Include Files:
IPI_IPILIB

Called Routines:
IPl _CalcHst
IP1 _ErrorCheck

Modification History:

5/30/90 Completed documentation & comments - Rolando Raqueno
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IMPLICIT NONE

INCLUDE "IPI_IPILIB’ I Include IP| header file.
INTEGER*4 Status ! Status call variable.
INTEGER*4 Unit ! |IP85S00 unit number.
INTEGER*4 Channel I Channel to be histogrammed.
COMMON /lpiUnit/ Unit I IpiUnit common block.

Status = Ipi_CalcHst( Unit, Channel, Ipi_M_UseRegion >
CALL Ipi-ErrorCheck ( Status, 'Error Calculating Histogram' >
RETURN

END ! Calculate_Histogram_ROI



LOGICAL*1 FUNCTION Channel_empty( Channel )
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The following function checks to see if a specified channel is

empty, i.e., all pixels in the channel are of zero value. The

routine calls quadrant_pixel_code which checks the absence or
presence of pixels in a given region of interest.

Hritten by Rolando Raquefo (Center for Imaging Science)

Include Files:

Called Routines:
quadrant_pixel_code

Modification History:

12/13/90 Completed documentation & comments - Rolando Raqueno
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IMPLICIT NONE
INTEGER*2 Channel Channel to check for empty.

INTEGER*2 y_lle
INTEGER*2 Hindow_size

!

INTEGER*2 x_I lc ! x-position of lower left corner.
!
|

Size of window to check.

PRARAMETERC x_lle = 0 >

PARAMETERC y_lle = 0 >

PARAMETERC Hindow_size = 512 ) ! Check 512x512 window.

INTEGER*2 quadrant_pixel_status_code ! Result of check.

INTEGER*2 quadrant_pixel_code linteger*2 function.

quadrant_pixel_status_code =quadrant_pixel_code(channel,
x_lle,
u-lle,
window_size)

Channel_empty = (quadrant_pixel_status_code .eq. 1

RETURN

END ! Channel_Empty

y-position of lower left corner.



SUBROUT INE Clear_Channel_Extended{ Channel_Number ) ! Clear a channel
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This subroutine clears individual 1024 x 1024 image channels
of the IP8500 by an IPI| Library call.

Image Processing Interface Library CIPI) call
developed by S. Schultz

Hritten by Rolando Raqueho (Center for Imaging Science)

Include Files:
IPI_IPILIB

Cal led Routines:
IPlI _ClearChan
IP|_ErrorCheck

Modification History:

4/S/90 Completed documentation & comments - Rolando Raquero
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IMPLICIT NONE

INCLUDE '"IPI_IPILIB"® ! Include IP| Header File.
INTEGER*4 Status I Status call variable.
INTEGER*4 Unit I IPB500 Unit Number.

INTEGER*2 Channe | _Number ! Image Channel Number to Clear.
COMMON /lpiUnit/ Unit I IpiUnit common block.

Status = |IPI_ClearChan( Unit, Channel_Number, IPI_M_ExtMem > ! Call.
CALL Ipi-ErrorCheck( Status, 'Error Clearing Channel' >
RETURN

END ! Clear_Channel _Extended



SUBROUT INE CLEAR_CHANNEL ¢ CHANNEL_NUMBER » | Clear sector 0
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This subroutine clears sector 0 of a 512 x 512 image channel.

Image Processing Interface Library (IP1> call
developed by S. Schultz

Hritten by Rolando Raqueno (Center for Imaging Science)

Include Files:
IPI_IPILIB

Cal led Routines:
IP1_ClearChan
|IP | _ErrorCheck

Modification History:
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7/23/90 Completed documentation & comments - Rolando Raquenro
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IMPLICIT NONE

INCLUDE " IPI_IPILIB" ! Include IP| Header File.
INTEGER*4 Status ! Status call variable.

INTEGER*4 Uni t ! IP8B8300 Unit Number.

INTEGER*2 Channel_Number ! Image channel number for clear.
COMMON /lpiUnit/ Unit ' IPI_Unit common block.

STATUS = IPI_CLEARCHANC UNIT, CHANNEL_NUMBER >
CALL IPI_ERRORCHECK( STATUS, ‘Error Clearing Channel' )

RETURN

END ! Clear_Channel



SUBROUT INE Clear_Channels | Clear sector 0 for all.
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* *
* This subroutine clears out all the channels from 0 to 3 »
: for sector zero of each channel of the IP8500 system. *

o
: Hritten by Rolando Raqueino (Center for Imaging Science) w

*
L >
* Include Files: *
W »
*»* L3
* Cal led Routines: *
* Clear_Channel *
* *
e *
* Modification History: x
» *
* 7/23/90 Completed documentation & comments - Rolando Raquero *
* *
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IMPLICIT NONE
INTEGER*2 Channel _Number
DO Channel _Number = 0,3
CALL Clear_Channel ¢ Channel_Number )
END DO
RETURN

END ! Clear_Channels



SUBROUT INE Clear_Channels_Extended ! Clear channels/sectors.
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This subroutine clears out all the channels from O to 3 and
all the sectors of each channel of the IP8500 system.

Written by Rolando Raqueno (Center for Imaging Science)

Include Files:

Called Routines:
Clear_Channe | _Extended

Modification History:

4/5/90 Completed documentation & comments - Rolando Raqueno
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IMPLICIT NONE

INTEGER*2 Channel| _Number ! Channel Number variable.

DO Channel _Number = 0,3 ! Clear channels/sector 0 to 3.
call Clear_Channel_Extended( Channel_Number > ! Clear

END DO

Return

END ! Clear_Channels_Extended



SUBROUTINE Clear_Histogram IClear the histogram buffer
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The following subroutine clears the histogram buffer residing
in the fast histogram board. This call should be made
before each histogram calculation since the buffers are not
cleared automatically,

Image Processing Interface Library CIPI1) call
developed by S. Schul tz

Hritten by Rolando Raquefio (Center for Imaging Science)

Include Files:
IPI_IPILIB

Cal led Routines:
IPI_ClearHst
IP1 _ErrorCheck

Modification History:

5/30/90 Completed documentation & comments - Rolando Raqueno
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IMPLICIT NONE

INCLUDE "IPI_IPILIB’ ! Include IP| header file.
INTEGER*4 Status ! Status call variable.
INTEGER*4 Uni t ! |IP8500 unit number.

COMMON /IPI Unit/Unit ! IPI_Unit common block.

Status = Ipi_ClearHst( Unit > ! Clear histogram board buffer.

CALL Ipi-ErrorCheck( Status, 'Error clearing histogram®' >
RETURN

END ! Clear_histogram



SUBROUT INE Clear_Scrol | ! Reset to No Scroll.
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This subroutine initializes the scroll registers of the
IP8500 system by defining the X and ¥ pixel location of
the upper left corner pixel of the image on the screen
via a Scroll_Channel call.

Written by Rolando Raqueno (Center for Imaging Science)

Include Files:

Cal led Routines:
Scrol | _Channel

Modification History:
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4/5/90 Completed documentation & comments — Rolande Raqueno
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IMPLICIT NONE

INTEGER*4 Channel_HMask | Bitwise channel| selection variable,
INTEGER*2 X_Value ! X Scrol|l Register Variable.
INTEGER*2 Y_Value ! ¥ Scroll Register Variable.
PARAMETER (Channel_Mask =15) ! Select all 15 channels if present.

PARAMETER (X_Value = 0 ! Define upper left x = 0.
PARAMETER (Y_Value = 511) ! Define upper left y = 511,

CALL Scroll_Channel( X_Value, Y_Value, Channel_Mask > ! Scroll Channel
RETURN

END ! Clear_Scroll



SUBROUTINE Clear_Overlay_Graphics_Channel
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* *
: This subroutine clears the overlay graphics channel. *
*
: Hritten by Rolando Raqueho (Center for Imaging Science) *
*
* Include Files: »
* #
* Cal led Routines: ¥
* Clear_Channel *
" *
* Modification History: *
"> *
* 9/27/90 Completed documentation & comments - Rolando Raqueno *
* *
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IMPLICIT NONE
INTEGER*2 Overlay_Graphics_Channel ! Gaphics Channel

PARAMETER ¢ Overlay_Graphics_Channel = 3 ) ! Channel 3.
CALL Clear_Channel (¢ Overlay_Graphics_Channel > ! Clear channel.
RETURN

END ! Clear_Overlay_Graphics_Channel



SUBROUT INE Constant_A_DUP( Constant > ! Set DUP constant A
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This subroutine sets the DUP constant input A to a specified
constant. This becomes the input into the DUP in lieu of a
memory channel .

Image Processing Interface Library C(IP1) call
developed by S. Schul tz

Uritten by Rolando Raqueno (Center for Imaging Science)
Include Files:
IPI_IPILIB
Cal led Routines:
IPlI_DUPConstant
IPl_ErrorCheck
Modification History:

8/13/90 Completed documentation & comments - Rolando Raqueho
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IMPLICIT NONE

INCLUDE 'IPI_IPILIB" ! Include IP| header file.
INTEGER*4 Status ! Status call variable.

INTEGER*4 Unit I IP8500 unit number.

INTEGER*2 Constant | Constant value for DUP input.
COMMON /lpiUnit/ Unit I IPI_Unit common block.

Status = Ipi_DUPConstant( Unit, Constant) ! Set DUP Input A.

CALL Ipi-ErrorCheck( Status, 'Error Constant A DUP')
RETURN

END ! Constant_A_DUP



SUBROUT INE Constant_Channel _OR_ROI ¢ Grey_Level,
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Channel,

X_1LC,

Y_LLC,

X_URC,

Y_URC ) | Constant OR ROI

% % ¥ ¥ ¥ K ¥ ¥ ¥ ¥ K F K K ¥ E E ¥ E ¥ ¥ X X X % ¥

This subroutine performs a bitwise logical OR operation between
a specified region of interest of a channel and a constant

area bounded by the same region of interest. This routine
allows r right-hand coordinate.
Channel number, and bounding coordinates are passed on to the
Constant_Channel _RO| routine which deposits a constant value to
a rectangular Region Of Interest.

HWritten by Rolando Raqueno (Center for Imaging Science)

Include Files:

Cal led Routines:
Attach_DUP

Initial ize_DUP
Region_of_Interest
Constant_A_DUP
DUP_OR_8bi t
Detach_DUP

Modification History:

8/14/90 Completed documentation & comments - Rolando Raqueho

The Grey_level value,
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IMPLICIT NONE

INTEGER*2
I NTEGER*2
INTEGER*2
INTEGER*2
INTEGER*2
INTEGER*2

Grey_Level
Channel
X_LLC
Y_LLC
X_URC
Y_URC

CALL Attach_DUP
CALL Initial ize DUP

b 5B o o o o o o o R o SRR R R R o o

! Grey level value of ROI.

! Channel number of ROl area

! Lower-left hand x—-coordinate of ROI.
! Lower-left hand y—-coordinate of ROI.
| Upper-right hand x-coordinate of ROI.
! Upper-right hand y-coordinate of ROI.

| Get the DUP for use.
! Initialize the DUP.

CALL Region_of_Interest( X_LLC, Q_LLC, X_URC, Y_URC > ! Set ROI.
CALL Constant_A_DUP( Grey_Level ) I Set DUP Input Constant A.
CALL DUP_OR_8bit{ Channel, Channel, Channel > ! OR channel with A.

CALL Detach_DUP

RETURN

END ! Constant_Channel _OR_ROI

| Release DUP resource



SUBROUT INE Copy_Channel (¢ Source_Channel,
Destination_Channel >
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This subroutine copies sector 0 of a 512 x 512 image channel
specified by the source_channel argument to sector 0 of the
image channe!l specified by the destination_channel argument.

Image Processing Interface Library CIPI) call
developed by S. Schul tz

Hritten by Rolando Raquefo (Center for Imaging Science)
Include Files:

IPI_IPILIB
Cal led Routines:

Clear_Scroll

IP 1 _CopyChan

IP| _ErrorCheck

Modification History:

9/29/90 Completed documentation & comments — Rolando Raquenho

*

#* % % B F ¥ R OB ¥ ¥ ¥ ¥ ¥ ¥ ¥ B R F X X K ¥ ¥ ¥

e 2 e e o e 3 4 e o e e o e e e e 3 e e e e s e e i o e e o R e e e e g o g o R e RO R RO R s o R R R R i i R RO e RN R R R R

IMPLICIT NONE

INCLUDE " IPI_IPILIB"
INTEGER*4 Status

INTEGER*4 Unit

INTEGER*2 Source_Channel
INTEGER*2 Destination_Channel

Include IP| Header File.
Status call variable.
IP8S00 Unit Number.
Source channel to copy.

COMMON /lpiUnit/ Unit ! IPI_Unit common block.

CALL Clear_Scroll ! Clear scroll before copying.

Status = Ipi_CopyChan( Unit,
Source_Channel,
Destination_Channel )

CALL Ipi-ErrorCheck( Status, ‘Error Copying Channel' )

Return

END ! Copy—_Channel

Destination channel of copy.



/* Start of create_quad_tree function s spscofolorskoRfoRollRRFORORROK
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This function creates a quad-tree representaion of a binary
image at a given starting resolution and location. Because the
original image is binary, it is possible to represent the
subsequent low resolution images as binary images also.

This means that it is possible to create, represent, and

store a quad-tree representation of a 512x512 image in 8 1-bit
image planes ignoring the two images representing the lowest
resolutions, i.e,, the most significant image bit plane will
contain the 512x512 image representation, the next most
significant bit will contain the 256x256 image, the next will
contain the 128x128 image, etc. Since a 2x2 and a 1x1 image
contains little information, they can be ignored.

The process starts by rescursively subdividing the image and
taking a fast histogram of the quadrant region of interest.
This is accomplished by the quadrant_pixel_status routine.

The absence and presence of pixels determine the values of the
super—pixels represented by each quadrant. The values are
deposited into proper bit-plane by the quadrant_pixel_mask
routine.

The x_llc and y_llc indicate the position of the lower left
corner of the region to be processed into a quad-tree.

The argument window_size, indicates the dimension, in full
resolution pixels, comprising the starting super-pixel.

The four quadrants are relatively positioned in the following
(x,y) scheme.

o, 1

,

1,1

(0,0

s

1,0

Written by Rolando Raqueno (Center for Imaging Science)
Include Files:
Cal led Routines:
quadrant_pixel _status
quadrant_pixel_mask
Medification History:
8/11/90 Completed documentation & comments - Rolando Raqueno

9/24/90 Updated quadrant_pixel_mask argument list
- Rolando Raqueno
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/*

FUNCTION PROTOTYPE SECTION

extern short int quadrant_pixel_status( unsigned
unsigned
unsigned

*/
short int const channel,
char bit_level,
short int x_llc,

unsigned short int y_lle,
unsigned short int window_size );

extern void quadrant_pixel_mask(unsigned short int result_channel,
unsigned short int quadrant_pixel_status_code,
unsigned short int x_llc,
unsigned short int y_llec,
unsigned short int window_size );
/\k
CREATE_QUAD_TREE FUNCTION MAIN BODY
*/
void create_quad_tree( unsigned short int x_lle¢,
unsigned short int y_llc,
unsigned short int window_size »
{
if (window_size >= 1 )
{
uns igned short int const operand_channel=1; /* 1 */
unsigned short int const resul t_channel=0; /* 0 */
unsigned short int x, /* relative x-position */
uns igned short int y, /* relative y-position */
unsigned short int X_position; /* absolute x */
unsigned short int y_position; /* absolute y */
unsigned char bit_level; /* quad level */
unsigned short int quadrant_pixel_status_code;
/* result of pixel*/
bit_level = 128 / window_size; /* Bit level relative to
quad level as determined
by the window size )
for (x=0; x<=1; x++)

x_position =

X * window_size + x_ll¢;

for (y=0; y<=1; y++)
{

/* Calculate absolute
x-position of lower
left-hand corner of
quadrant pixel. */

y-position = y * window_size + y_lle; /* Calculate

absolute
y-position */

quadrant_pixel_status_code =

quadrant_pixel_status(

operand_channel ,

bit_level,

Xx_position,

y_position,

window_size J); /* Check
to see
status
of
pixel.

*/



quadrant_pixel_mask( resul t_channel,
quadrant_pixel_status_code,

x_position,

y_position,

window_size J); /* Assign binary
value to
quadrant
pixel.

*/
switch ( quadrant_pixel_status_code )
case 1: /* Quadrant pixel is all O's

break; /* go to next quadrant pixel

case 2: /* Quadrant pixel is all 1's
break; /* go to next quadrant pixel

case 3: /* Quadrant pixel is 1's and
O's. Recurse to smaller
size quadrant pixel.

*/
%y

*/
*/

*/

create_quad_tree( x_position,
y_position,
window_size/2);
break;
defaul t:

printf("Error in Creating Quad Tree");

)

)

/* End of cr\eqte__quad_tr-ee function HHRROROROR RO R OROROR R OR R SR ORHOROROROROROROROROROK [/



SUBROUT INE Derivative_0_Degree_16bit( Input_File )
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This subroutine calculates a 16=bit derivative of the kernel
-1 0 1
using the DUP.

Written by Rolando Raqueno (Center for Imaging Science)

Include Files:

Cal led Routines:
Clear_Channels
Load_First_Operand_16bi t
Scrol | _Operandi_East_16bit
Scrol | _Operand1_Hest_16bit
Add_16bi t
Subtract_16bit
Store_Resul t_16bit

Modification History:

7/27/90 Completed documentation & comments - Rolando Ragueno
8/2/90 Used Store_Result_16bit routine - Rolando Raqueno
8/7/90 Removed 2nd Load_First_Operand_i16bit call from routine.
- Rolando Raquefo
8/7/90 Removed redundant call to Clear_Scroll routine
- Rolando Raquefo
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IMPLICIT NONE

CHARACTER*80 Input_File ! 16-bit operand image.
CHRRACTER*80 OQutput_File ! Scratch file image.
Output_File = 'Derivative.O0’ ! Name of scratch file.

CALL Clear_Channels ! Clear all channels.

CALL Load_First_Operand_16bit¢ Input_File > ! Load Image.

CALL Scroll_Operandi_East_16bit ! Scroll Right 1 pixel.

CALL Add_16bit ! Add scrolled image.

CALL Scroll Operandi_MHest_16bit ! Scroll Left 1 pixel.

CALL Subtract_16bit ! Subtract images as 16 bits.

CALL Store_Result_16bit( Output_File > | Save intermediate result.
RETURN

END ! Derivative_0_Degree_16bit



SUBROUT INE Derivative_45_Degree_16bit( Input_File >
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This subroutine calculates a 16-bit derivative of the kernel

using the DUP.

Hritten by Rolando Raquefo (Center for Imaging Science)
Include Files:

Cal led Routines:
Clear_Channels
Load_First_Operand_16bi t
Scrol | _Operand1_SoutEast_16bi t
Scrol | _Operand 1_Northlest_16bi t
Add_16bi t
Subtract_i16bit
Store_Resul t_16bi t

Modification History:

7/27/90 Completed documentation & comments - Rolando Raquero
8/2/90 Used Store_Result_16bit routine - Rolando Raqueno
8/7/90 Removed 2nd Load_First_Operand_16bit call from routine
- Rolando Raqueho
8/7/90 Removed redundant call to Clear_Scroll routine
- Rolando Raqueno
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IMPLICIT NONE

CHARACTER*80 Input_File ! 16-bit operand image.
CHARACTER*80 Output_File ! Scratch file image.
Output_File = ‘Derivative.45’ ! Name of scratch file.
CALL Clear_Channels ! Clear all channels.

CALL Leoad_First_Operand_16bit( Input_File > ! Load Image.

CALL Scrol|_Operandi_SouthEast_16bit ! Scroll Down-Right 1 pixel.

CALL Add_16bit

CALL Scrol|_Operandi_NorthHest_16bit
CALL Subtract_16bit

CALL Store_Result_16bit¢ Output_File )

! Add scrolled image.

! Scroll Up-Left 1 pixel.

! Subtract images as 16 bits
! Save intermediate result.

RETURN

END ! Derivative_45_Degree_16bit



SUBROUT INE Derivative_90_Degree_16bit( Input_File >
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using the DUP.

Include Files:

Cal led Routines:
Clear_Channels
Load_First_Operand_16bit

Add_16bi t
Subtract_16bit
Store_Result_16bit

Modification History:

- Rolando Raqueno

- Rolando Raquefo

* ¥ E O ¥ X ¥ O X O ¥ ¥ O O F ¥ ¥ ¥ O ¥ ¥ ¥ ¥ X H E ¥ ¥ F ¥ X ¥

This subroutine calculates a 16-bit derivative of the kernel

Written by Rolando Raquerio (Center for Imaging Science)

Scrol | _Operand1_North_16bi t
Scrol | _Operandi1_South_16bit

7/27/90 Completed documentation & comments - Rolando Raquefo
8/2/90 Used Store_Result_16bit routine - Rolande Raqueno
8/7/90 Removed 2nd Load_First_Operand_16bitecall from routine.

8/7/90 Removed redundant call to Clear_Scroll routine
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IMPLICIT NONE

CHARACTER*80 Input_File
CHARACTER*80 Output_File

Output_File = 'Derivative.90"'

CALL Clear_Channels

CALL Load_First_Operand_16bi t¢ lnput_Flle

CALL Scroll_Operandi_South_16bit

CALL Add_16bit

CALL Scroll_Operandi_North_16bit

CALL Subtract_i16bit

CALL Store_Result_16bit¢ Output_File )

RETURN

END ! Derivative_90_Degree_16bit

!
!

16-bit operand image.
Scratch file image.

Name of scratch file.
Clear all channels.

bl ! Load Image.
Scroll Down 1 pixel.

! Add scrolled image.
! Seroll Up 1 pixel.

Subtract images as 16 bits.

! Save intermediate result.



SUBROUT INE Derivative_135_Degree_16bi t( Input_File >
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using the DUP.

Include Files:

Cal led Routines:
Clear_Channels
Load_First_Operand_16bit

Add_16bi t
Subtract_16bi t
Store_Resul t_16bi t

Modification History:

- Rolando Raqueno

- Rolando Raqueno
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This subroutine calculates a 16-bit derivative of the kernel

Written by Rolando Raquefo (Center for Imaging Science)

Scrol | _Operand1_Southwest_16bi t
Scrol | _Operand1_Northeast_16bi t

7/27/90 Completed documentation & comments — Rolando Raqueno
8/2/90 Used Store_Result_16bit routine — Rolando Raqueno
8/7/90 Removed 2nd Load_First_Operand_16bit call from routine

8/7/90 Removed redundant call to Clear_Scroll routine
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IMPLICIT NONE

CHARACTER*80 Input_File
CHARACTER*80 OQutput_File

Output_File = 'Derivative. 135’

CALL Clear_Channels

CALL Load_First_Operand_16bit( Input_File

CALL Scroll_Operandi_Southlest_16bit
CALL Add_16bit

CALL Scroll_Operandi_NorthEast_16bit
CALL Subtract_16bit

CALL Store_Result_16bit( Output_File >

RETURN

END ! Derivative_135_Degree_16bit

16-bit operand image.
Scratch file image.

Name of scratch file.

Clear all channels.

b ! Load Image.

Scrol |l Down-Left 1 pixel.
Add scrolled image.

Scroll Up-Right 1 pixel.
Subtract images as 16 bits
Save intermediate result.



SUBROUT INE Detach_DUP ! Detach DUP after use.
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This subroutine detaches the DUP by an IP| library call.

Image Processing Interface Library CIPI|> call
developed by S. Schultz

Written by Rolando Raqueho (Center for Imaging Science)

Include Files:
IPI_IPILIB

Called Routines:
|P |1 _DetDVUP
IP| _ErrorCheck

Modification History:

4/9/90 Completed documentation & comments - Rolando Raqueno
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IMPLICIT NONE

INCLUDE “IPI_IPILIB"’ ! Include IP| header file.
INTEGER*4 Status I Status call variable.
INTEGER*4 Unit I IP8500 unit number.
COMMON /lpiUnit/ Unit ! IPI_Unit common block.
Status = |pi_DetDUP ¢ Unit > | Detach DUP call.

CALL Ipi-ErrorCheck( Status, ‘Error Detaching DUP')
RETURN

END ! Detach_DUP



/* Start of dilate TUNC L i gn  AekotootokokoRoRoOR BRSO OM R R FOROROR R R fe S e o s 3 3 b o o ol o o R e e

This function dilates an image in channel 0 based on the
structuring element in a specified bit-plane in the channel
defined by the structuring_element_channel parameter. The
dilation is performed in a piecewise manner by recursively sub-
dividing the structuring element in a quad-tree style fashion.
This allows the structuring element channel to be searched in a
quaternary form rather than a sequential search through all the
Pixels of the structuring element channel space.

The operand image is translated by all the pixels in the
structuring element and repeatedly ORed (bitwise logical ) with
the result channel ¢ channel 2 ). The progress of the dilation
will be monitored through the overlay graphics channel which
will show the progress of the recursive search by showing the
areas of the structuring element channel that have been scanned
during the dilation process. The resulting dilated image will
reside in channel 2.

It will be the responsibility of the user to load the original
image into channel 0, the structuring element in channel 1,
and initially clearing the result channel in channel 2.

The arguments to this function are the value corresponding to
the bitplane of interest in the structuring element channel,

the starting (x,y) position of the lower left-hand corner of

structuring element search window, and the size of the search
window.

Hritten by Rolando Raqueno (Center for Imaging Science)

Include Files:

Cal led Routines:
dilate_quadrant_pixel
quadrant_pixel_status
quadrant_pixel_mask
view_overlay_graphics_channel
reset_view_channel

Modification History:

9/25/90 Completed documentation & comments - Rolando Raquefo
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/\l-
FUNCTION PROTOTYPE SECTION

o

extern void dilate_quadrant_pixel( unsigned short int x_lle,
unsigned short int y_llec,
unsigned short int window_size );

extern short int quadrant_pixel_status( unsigned short int channel,
unsigned char bit_level,
unsigned short int x_lle,
unsigned short int y_lleg,
unsigned short int window_size );



extern void quadrant_pixel_mask(unsigned short int ouerlag_grqphics_channel,
unsigned short int quadrant_pixel_status_code,
unsigned short int x_lle¢,
unsigned short int y_llic,
unsigned short int window_size );

extern void view_overlay_graphics_channel( void );

extern void reset_view_channel( void );

/ﬂr
DILATE FUNCTION MAIN BODY
*/
void dilate( unsigned char bit_level,
unsigned short int x_llc,
unsigned short int y_llec,
unsigned short int window_size )
{
uns i gned short int X,
unsigned short int y,
unsigned short int X_position;
unsigned short int y_position;
unsigned short int quadrant_pixel_status_code;
unsigned short int const structuring_element_channel=1;
unsigned short int const overlay_graphics_channel=3:
if (window_size >= 1 )
{
for (x=0; x<=1; x++)
{

x—position = x * window_size + x_I|l¢;
for (y=0,; y<=1; y++)
{
y—position = y * window_size + y_ll¢;

quadrant_pixel_status_code =
quadrant_pixel _status(
structuring_element_channel,
bit_level,
X_position,
y_position,
window_size );

view_overlay_graphics_channel ();

quadrant_pixel_mask( overlay_graphiecs_channel,
quadrant_pixel_status_code,
X_position,
y—position,
window_size );

switeh ( quadrant_pixel_status_code )
{
case 1:

break;
case 2:

reset_view_channel ();

dilate_quadrant_pixel( x_position,



y-position,
window_size);

break ;
case 3:
dilate( bit_lev<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>