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ABSTRACT

This technical report summarizes the image
understanding and 1image processing research activities
performed by the 1Image Processing Institute at the
University of Southern California during the period of 1
October 1976 to 31 March 1977 under contract number
F-33615-76-C-1203 with the Advanced Research Projects Agency

Information Processing Techniques Office.

The research program has as its primary purpose the
development of techniques and systems for processing,
transmitting, and analyzing images and two-dimensional data
arrays. Six tasks are reported: 1Image Understanding
Projects; Image Processing Projects; Smart Sensor Projects;
Institute Facilities Projects; Recent Ph.D. Dissertations;
and Recent Institute Personnel Publications. The Image
Understanding project includes quite encouraging results on
automatic scene segmentation by clustering using
mathematical nonsupervised pattern recognition procedures.
In addition image synthesis, edge and boundary extension,
symbolic change analysis and quantitative edge detector
parameters are discussed. The image processing projects
have concentrated on variable knot adaptive spline
placement, image filtering and the psychovisual model, blind
phase a posteriori restoration and digitally generated
optical filters for image reconstruction. The smart sensor
project covers simulations of adaptive 3 x 3 kernels, test
equipment for the Sobel and adaptive CCD chips, and
development plans for automatic segmentation implemented in
CCD chip configuration. The 1Institute facilities section
surveys the current USCIPI hardware software configuration
while recent Ph.D. dissertations are discussed in the
following section, the report concluding with listings of
recent publications.
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1. Research Overview

This document represents the third semi-annual report
funded under the current ARPA Image Understanding contract
and, as such, presents a certain amount of momentum and
progress toward the goals originally undertaken a year and a
half ago. I feel confident in stating that we clearly
understand the Image Understanding problems in considerably
greater depth. I also feel confident that we have made
progress in the specific areas of quantitative scene
segmentation by clustering, quantitative edge detection and
evaluation, and (naturally with the arrival of Dr. Keith
Price) have gained a good step toward dgeneral symbolic
manipulation for the higher levels of many Image
Understanding tasks.

Naturally we have also progressed on the traditional
front of our expertise, that of Image Processing. The past
six months have seen breakthroughs in the areas of variable
sampling procedures for image approximatioms, advances in
the a posteriori restoration problem as well as object
detection in noisy images. Optical filters for image
reconstruction have been designed and the foundations for
research in the psychophysical characteristics of the human

visual system have been laid.

On the "smart sensor" front considerable effort has
been expended in two areas by USC personnel, that of 3 x 3

kernel definition for future sensor implementation, and the
degrees of a real time CCD implementation of an on-board

image segmentor. Both these projects represent study
efforts for future designs. Naturally Hughes Research

Laboratory personnel have also been progressing in the
development of test circuitry for the CCD chips under

fabrication, and it appears that as of this printing, the



Sobel chip is in production and is currently available for
testing.

This semi-annual report also includes an overview of

the current USCIPI laboratory configuration, numerous
modifications having been implemented over the past two

years. Finally a report of recent Institute Ph.D.
dissertations are included as well as the listing of recent

Institute personnel publications in the open literature.
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2. Image Understanding Projects

This section presents recent results in the research
area of Image Understanding. Progress has been achieved in
the area of quantifying edge detector parameters by pattern
recognition techniques as well as in edge elongation both in
monochrome and color scenes. In addition to the above,
higher level processes both in symbolic change detection and
synthesis of adjacent regions are described. Finally
considerable progress has been experienced in the area of
automatic scene segmentation from signal processing (bottom
up) procedures. The preliminary success of this algorithm
is quite encouraging as it utilizes completely unsupervised
pattern recognition clustering, feature selection, and
cluster optimization techniques without the need for
top-down or external guidance. The algorithm is based upon
the inherent homogeneity concept of image segments but
measured in N-dimensional vector space.

-3-



2.1 Scene Segmentation by Clustering

Guy Coleman

This effort is directed towards a method of
automatically segmenting imagery. The method so far
developed is autonomous and redsonably fast. A very general
block diagram and some preliminary results are shown in
figures 1 through 8.

One image shown is a 256 x 256, eight bit monochrome
image. Features such as brightness and texture are computed
at every pixel location in the scene. The output of the
feature computation is a 225 x 225 map of vectors where the
components of the vectors are the values of the features at
the appropriate points in the scene and the size reduction
is due to window effects at the scene edges. The next step
is to perform a multi-dimensional (Karhunen-Loeve) rotation
of the data such that the new features are a 1linear
combination of the old features, but are statistically
uncorrelated. This step is performed so that undesirable
features may be discarded and the number of desirable
features retained will be the minimum necessary. In other

words, the decorrelation prevents retention of several good
but highly correlated features.

A preliminary clustering is performed to evaluate the
features for their usefulness in segmenting the scene. The
evaluation is based on the pairwise average Bhattacharyya
distance. Those features which are 1least useful are
discarded and the clustering is performed again.

The clustering algorithm is performed for 2,3,4,...

clusters. At each number of clusters, the pfoduct of the
between and within cluster scatter average is computed. The

.
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algorithm is stopped when this product reaches a maximum.

The number of clusters and the cluster means are forwarded
to the segmentation phase of the algorithm and the image is
segmented.

Some preliminary results of this algorithm are shown on
the following pages. The segmentations have been subjected

to pseudo-coloring to improve the visibility of the
different segments.

The first set of pictures resulted from using several
variations of the basic procedures on an armored personnel
carrier (APC). The first set of APC pictures, called "12
Non-Reduced Correlated Features" is the result of clustering
the 12 original features. These features are considered
very preliminary and were used to permit development of the
clustering algorithm and to verify the ability of the

algorithm to reject poor features. The algorithm rejected
eight of the 12 features based on the pairwise average

Bhattacharyya distance evaluated at the picture labeled
"Best Number of Regions."

The data was reclustered, producing the second set of
pictures labeled "4 Reduced Correlated Features." The
picture labeled "Best Number of Regions" on the page labeled
"4 Reduced Correlated Features" is the end product of the
algorithm, having separated the vehicle from the background.

The bushes in the top of the scene represent errors, that
is, they were classified as being the same as the vehicle.

The next series of APC pictures 1is 1labeled "12
Non-Reduced Decorrelated Features." These images are the
result of clustering the 12 features produced by the

multi-dimensional (Karhunen-Loeve) rotation of the 12
original features. Except for the pseudo-color effects,
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these 1images appear quite similar to the "12 Non-Reduced

Correlated Features." This is so because rotation of the
coordinate axes should not affect clustering.

The pairwise average Bhattacharyya distances for the
rotated features were evaluated at the best number of
regions (eight in this case) and clustering was performed on
the above average features, in this case four. The results
of this procedure are shown in the series of images titled
"4 Reduced Decorrelated Features." The final result is shown
in the image titled "Best Number of Regions," in this case
three regions.

The pairwise average Bhattacharyya distances for the 12
rotated features were such that the average for one feature
was substantially higher than any of the others.
Accordingly, this feature alone was used to perform
clustering. The results of this are shown in the final
series of images titled "Single Best Decorrelated Feature."
The best number of regions was two in this case. It can be
observed that more errors were made in this segmentation

than in previous ones due to the enormous reduction in
dimension that has taken place.

The second series of pictures is the result of

segmenting a color picture of a house. The features used
are derived from the red, green and blue color planes of the

image and there are a total of 15 (five per color plane).
The first picture (two segments) was decided to be the best

segmentation based on all 15 features. The additional
segmentations are the result of permitting the algorithm to

continue segmenting beyond the best number of clusters.

With suitable modification, the algorithm described
above can be implemented at real time video rates. A more
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Figure 7. Segmentation of House Picture.
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complete description of this concept is contained elsewhere
in this report (see Section 4.2).

2.2 Symbolic Change Analysis

Keith Price

Recent work in image understanding has shown that
symbolic techniques can be applied to a large class of
images with a variety of change analysis tasks [1]. The
system to perform this analysis is now operational at USC.

The symbolic change analysis system processes pairs of
images of the same scene to produce a symbolic description
of what regions in the scene have remained the same, what
regions have changed between the views, and how these
regions have changed. The analysis procedures work only
with the symbolic description of the two images. A symbolic
description of an image is composed of: the basic segments
of an image which can be generated by machine processing, by
human processing or a combination of both; a set of features
of each of the basic regions, features such as size,
location, neighboring regions, color, etc. The results of
the analysis include: an indication of which segments in the
two images correspond to the same object in the scene, an
indication of global differences between the two images, an

indication of changes in corresponding segments, and an
indication of new objects in the scene.

The first operation, the 1location of corresponding
regions in the two images, known as symbolic registration,
is performed by comparing the features of a region in the
first image with all regions in the second image to find
which of the regions is most similar. The basic region to

region comparison procedure produces a numeric rating for

-15-



the match between the two regions, the region with the best
rating is the most similar. This rating is a function of
the numeric ratings for matches with each individual
feature.

Since this is a general system, some outside
information about each set of images is necessary. This
information includes a description of the task which is to
be pegformed and any knowledge about the images which may be
necessary to perform the analysis. In many cases this
information is about global changes between the two views.
For example, the information could include: there is a scale
change between images, there is an orientation difference,
the second image is brighter, etc. 1In this case, the global
changes will affect the matching of regions in the two
images since these global changes will alter the value of
one or more of the features which are used. If the exact
change is known such as: the second image is twice the scale
of the first, then the feature values can be adjusted before
a match is attempted. But, the magnitude of the change 1is
not usually given, just that such a change may occur. The
actual change amount can be computed from changes found in a
fewer pairs of corresponding regions. Even with such
adjustments some features will still have differences caused
by global, or expected changes. Therefore, in the function
which combines differences in all the features to produce
the final region to region rating, the features which are
expected to remain constant are given more strength than the
features which may change. For example, if the task is‘to
report on the changes in color of stationary regions in an
image (e.g. crop analysis) then position, relative
positions and size of shape would be expected to remain
constant, but color should change.

-16-



This shows one example of the use of change results
within the change analysis system, these same change results

might be part of the ultimate task given to the system, or
just a necessary by-product. Changes in features of the
corresponding regions are derived directly from the symbolic
registration results. Other change analysis can require
additional processing: find the change in the number of
ships in a pair of views of a dock area - the additional

processing 1is required to determine which segments
correspond to ships.

This has been a discussion of the current state of the
art in the symbolic change analysis area. Work will
continue in the areas of: additional use of knowledge in
matching, additional task domains, the actual matching
function, the use of the change results, change analysis in
sequences of images, and the use of these techniques in more
general image understanding systems.

Reference

1] K. Price, "Change Detection and Analysis in
Multi-Spectral Images,"” Ph.D. Thesis, Computer Science
Department, Carnegie-Mellon University, Pittsburgh,

Pennsylvania, December 1976.

2.3 Synthesis of Adjacent Regions

Erica M. Rounds

I. Introduction

A digitized image can be partitioned into .regions by
either identifying all picture cells belonging to a given

-17~



region or by characterizing regions in terms of their closed
boundaries. Depending on the analysis to be performed at

later stages one or the other representation may be more
desirable. Boundary coordinates typically require less
storage and are more suitable for syntactic methods and for
line and curve analysis. On the other hand, some shape

analysis methods such as the medial axis transformation [1]
operate on the interior points of a figure.

This paper describes an algorithm for reconstructing a

digital image given the boundary 1lists of the regions
contained in the image. Permissible topological relations

between regions are adjacency and containment. Interior
points are assigned to regions on the basis of a small set

of "boundary types." These encode the shape of a contour
segment connecting three adjacent vertices. The algorithm

processes all regions together so that space and time
requirements are minimized.

In [2] a method was presented for generating a single

figure (possibly with holes) from its contour. The present
paper extends this method to the general case of several

adjacent image regions. For ease of reference, the basic
algorithm is briefly described in the next section. In

Section III the necessary modifications are introduced to
handle common boundary points between adjoining regions.

In the following it is assumed that each region is
described by a set of x and y coordinates representing a
counterclockwise traversal of its contour. More precisely,

the closed boundary for a simple region (no holes) is
defined to be a set of N ordered grid points {(xk,yk)}, such
that (% _17%._p 1is adjacent to (x.,y ), 2 <k <N, and
(xN,yN) = (xl,yl). Two points are said to be adjacent if
they are one grid cell apart in a horizontal, vertical, or

-18-



diagonal direction (eight-neighborhood adjacency).

II. Basic Algorithm

The algorithm consists of two steps. During the first
step, each boundary point (xk,yk) is assigned a type T which
is stored in a corresponding element (i,j) of a picture
matrix P (with dimension (ymax-ymin-l-l) x (xma;xminﬂ)).
Type T for (xy.,y) is determined by the relative positions
of adjacent points in a 3 x 3 neighborhood centered on
(xk,yk). T is computed from a vector z = (zl,zz,z3f . where

z and z, are the number of neighbors above and below the

r:ference point, and z, is the number of points on the same
horizontal 1line. Figure 1 gives vector =z and typical
boundary configurations associated with each of the six
types. Intuitively, types 1 and 3 represent local peaks
(concave or convex vertices), and types 2 and 4 are end
segments of a horizontal line. The latter always occur in
pairs making up a concave or convex boundary segment.
Figure 2 illustrates the assignment of boundary types for a

single region with two holes.

During step 2, each row of P is scanned left to right
starting at the top and interior points are assigned a
specified value. (This may be an intensity level, color or
texture value).

To determine the left and right ends of an interior

row, two parameters are employed. Parameter INT specifies
the interior/exterior condition. It 1is assigned value 1
when the boundary is crossed at the left (from outside to
inside) and value 0 when the crossing occurs at the right
(from inside to outside). Typically, that happens at type 5
points. Parameter HLINE has value 1 when a horizontal

boundary segment is scanned and value 0 otherwise. It

-19-
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changes value at type 2 or type 4 vertices. While INT =1

all points not part of a boundary are considered to be
interior to the region. When a boundary point is

encountered it is examined as follows:

(1) If INT = 0 then
(a) types 1 or 3 and matched pairs of 2 and

4 are convex segments which are ignored;
(b) type 5 and unmatched pairs of 2 and

4 are the beginning of an interior row (INT-1).
(2) If INT = 1 then

(a) types 1 or 3 and matched pairs of 2
and 4 are concave segments which signify

the continuation of an interior row;
(b) type 5 and unmatched pairs of 2

and 4 are the end of an interior row (INT-0).

III. Algorithm for Adjacent Regions

In dealing with several adjacent regions one could
proceed as above, i.e. by constructing matrix P, for each
region R,. As a final step the submatrices would be
appropriately combined to form the picture matrix P. This
is straightforward but implies that (1) many picture cells
would be examined more than once, and (2) the total required
storage exceeds the actual area of the combined regions.

In this section the basic algorithm is modified so that
all regions can be processed together. The first problem
involves the storage of boundary types for joint vertices.
A simple solution which requires no additional storage'is to
encode the region index R; and boundary type T; of each
adjoining region in a single integer C of the form R2T2R1Tl1.

For example, a common vertex having type 4 for region i and
type 6 for region j is encoded as C = i4j6. Figures 3(a)

22~



through (h) illustrate a few typical combinations of
adjacent regions where the boundary encodings have been
indicated for the square reference points. Note that types
l and 3 are not included in the code for joint vertices
(figures 3(c) and 3(f)), because they do not effect the
labelling of interior cells. Also, vertices where three
regions meet (see figure 3(h)) have only two associated
region indices and boundary types. 1In fact, the following
is asserted:

Claim For a joint vertex at which k > 2 regions meet at
most two boundary types (and region indices) have to be
stored. -

Proof By eight-connectedness, k < 8. As noted above, types
1 and 3 can be omitted. Let k' be the number of adjoining
regions minus type 1 or 3 regions. Thus, k' < 4. If
k' = 4, then boundary types are adjacent pairs of types 2
and 4. Of these we need encode only two. Since type 5
(vertical) and type 6 (horizontal) are mutually exclusive at
joint vertices the presence of either one implies k' < 3.
For type 5 and k' = 3 the other types are complimentary
types 2 and 4. For type 6 the remaining ones are either
type 2 or type 4. Hence it suffices to encode type 5 (or
type 6) together with one other type.

By the proceeding argument, the scheme for boundary
encodings 1is sufficient for digitized contours based on
eight-neighborhood adjacency. For ease of manipulation and
to insure proper initial conditions at exterior joint
vertices (for typical cases see figures 3(a) through (d) and
3(e)), boundary types are stored in the code in a certain
order, namely, 5, 4; 6, and 2. For example, ¢type 5 is
always encoded in position T and any remaining types would
be in position T . Figure 4 depicts the digitized contours

-23-
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of several adjacent regions and figure 5 is a computer
printout of the boundary codes for these regions.

Step 2 of the algorithm proceeds in a similar manner as
discussed in Section II. At an exterior vertex the initial
region is always R with type T . Parameter INT is assigned
value i when region i is entered from the left (background
is region 0), and HLINE is set to the index of the region
under current consideration. The values of these two
parameters also determine how code C is interpreted at a
joint boundary point. Labelling of interior cells of the
regions in figure 5 is shown in figure 6. For simplicity
the region indices are used as labels.

IV, Conclusion

The algorithm presented in this paper is quite
efficient in terms of storage and computational time. Each
boundary point is examined once during step 1 and all cells
of the entire image are examined once during step 2.
Storage requirement is determined by the total area "of the
image. The encoding scheme devised for this algorithm
permits considerable flexibility in that both adjacency and
containment can be handled. The technique has potential
application in image synthesis where the picture is
generated from various parts having specified intensity,
color or texture values.
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2.4 Extension of Boundary Segments in a Multi-Level System

Ramakant Nevatia and Kenneth Laws

This section describes continuing efforts in our
approach to scene segmentation by edge detection based
methods. Obtaining boundaries of objects of interest is of
central importance in analysis of a scene. Previously
(1,2], we have described a technique that links local edges
detected in an image into larger segments, providing partial
boundaries for objects and removing much of the undesired
textured background. Extension of such edge segments to

Yield more complete (longer segments) boundaries is
described here.

Figure l(a) shows an armored personnel carrier (APC)
against a desert background. Figure 1(b) shows the edges
detected in figure 1 by a Hueckel operator (only the edge

positions are shown). Figure 1(c) shows the linked edge
segments obtained by previously described linking

techniques. Proximate edge elements having similar
orientations are linked and only segments of a minimum

length are retained.

The outer boundary of the APC in figure 1(b) is
continuous, however, the corresponding linked segments of
figure 1(c) are disconnected. This is due to the stringent
conditions required during the linking process. Now, these
segments can be extended by relaxing the requirements of
adding new elements to them. As only existing segments are
to be extended, the relaxation will not cause the appearance
of a large number of undesired segments, as would have been
the case if these conditions were applied initially. We
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(a) Original

(c) Linked segments ) (d) Extended segments

Figure 1. An example of edge linking and extension.



thus have a multi-level boundary extraction process (some
related issues are also found in Sections 2.5 and 2.6).

Each end of each segment is extended by incorporating

one edge element after another until it meets another
segment (or runs out of likely edge elements from which to

choose). The segments are extended in the order of their
lengths. The edge element chosen at each step 1is the one

which most closely continues the direction and curvature of
the segment.

The first step in the selection process is to define a

square search neighborhood at the end of the segment, and to
identify the edge elements within it.

Next a criterion function is computed for each edge
element within the neighborhood, and the element producing
the smallest value is chosen as the next extension. The
criterion takes into account the change in segment trend
(curvature) which the new extension would produce, as well
as the difference between the new segment direction and the
direction of the chosen edge element.

The problem of choosing a new segment direction and

trend 1is similar to the statistical forecasting problem of
recursively computing the mean and trend of a function as

new points become available. It is not surprising that the
same solution applies - exponential smoothing [3,4]. This

is a moving average technique in which the most recent point
is given the most weight. It requires very 1little storage
or computation: the current direction and trend of each
segment end are the only "historical" values which need to
be stored.

-31-



Let the segment end have direction Dgpgand trend (or
curvature) TSEG' Initially DSEG is the direction from the
third edge element to the first (or end) element; TSEC}= 0.
The values are computed adaptively as new edge elements are
incorporated.

The program computes the direction, D from the
segment end to any edge element in the search neighborhood.
Then, using modulo arithmetic:

= - A % -
Dyew = Pexr - BETA * Ppyr - Dggg
This new segment direction is compared to the direction of

the edge element, DEDC'; if |DEDG-DNElelodiS less than some
threshold value the program computes:

Texr = PexT ~ Dska °

Finally, for the edge producing the smallest change in

trend, |TEX,I-.-TSEGIM°éthe new segment parameters are stored:

D =D T T

SEG =~ NEW’ Texr-BETA * (T

SEG- TNEW"~ LEXT EXT™ Tseq °

If no suitable edge element has been found the extension of
this segment end is terminated; otherwise a new search
neighborhood is chosen and the process repeats.

The smoothing parameter, BETA, controls the speed with

which the segment adapts to a new direction or curvature. A
value of 1.0 forces the segment to retain its original

direction and trend: the position of the segment end will
change as new elements are incorporated, but the extender

will not change the direction in which new elements are
sought.

Values of BETA near 0.0 allow the segment to ignore
past history and to adapt rapidly to a new direction or
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curvature. This works well because straight segments in the
image have already been removed; the tracing algorithm can
thus be optimized for following curves and wavy edges.

Adaptive smoothing, like all moving average techniques,
tends to lag behind constant trends. A simpler adjustment

is to use a negative value of BETA (e.qg. -0.3). This
allows the extender to anticipate the segment direction a

short distance ahead, provided that the curvature remains
constant.

Figure 1(d) results from extension of segments in
figure 1l(c) by the above method. It was produced using a
6 x 6 pixel neighborhood, and BETA = -0.3. The threshold on
the extended edge element direction described above was 45
degrees.

Our extension of edge segments differs from traditional
edge followers in that the extension is from established
boundary segments and only short extensions, hopefully to
bridge gaps are desired. In many cases, the desired gaps to
be bridged can be computed directly (such as between
collinear segments). Edge elements within such gaps, if
any, may then be examined directly. This approach is being
considered for future research.
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2.5 Detection of Edges in Elongated Neighborhoods

Ramakant Nevatia and Peter Chuan

Detection of object boundaries by edge detection
requires the ability to perform sensitive 1local edge
detection. The Hueckel operator normally performs well, but
fails occasionally in the presence of fine texture. Edge
operators using smaller neighborhoods, such as a Roberts or
a Sobel operator, may pick up some of these edges but suffer
from being sensitive to noise. We expect to use a variety
of edge operators simultaneously for boundary construction.
In a multi-level system, the more sensitive edge detectors
may be wused to fill in gaps in boundary segments derived
from another edge detector.

Of particular interest are the elongated boundary
segments. Here we describe a technique for detecting edges
that belong to elongated segments. This restriction is
expected to provide sensitivity to desired types of edges
and not to fine texture or random noise. The technique is
simply to convolve an image with elongated neighborhoods in
various directions (masks for four directions are shown in
figure 1). Each convolution gives a value indicating the
magnitude of edge in that direction. The maximum value at
each point and the associated direction are chosen as
indicative of edge magnitude and direction at that point.
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The magnitude is thresholded for edge detection.

Figures 2 and 3 show results of such processing for two
images. Figures 2(a) and 3(a) show the grey level images;
figures 2(b) and 3(b) show the magnitude of edge at each
pixel (the direction is not shown and masks in only four
directions shown in figure 1 were used); and figures 2(c)
and 3(c) show the thresholded edges.

Note that most elongated edges of interest in the two
images were detected. These edges may now be linked and
other edge detectors used for filling small gaps or

conversely the edges detected here could be used to fill in
gaps left by another detector. Research is in progress to

complete the design of such a multi-level program (see also
Sections 2.4 and 2.6).

The concept of convolution by chosen masks has been
widely used in the past and general selection of data
obtained by using multiple masks is described in [l1] and
[2]. However, 1in the scheme suggested above, the results
are to be used for specific goals and simpler selection
procedures may suffice.
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(a) Grey level image

(b) Magnitude of edges (c) Thresholded edges

Figure 2. Edge detection results for one image.



(a) Grey level image

(b) Magnitude of edges (c) Thresholded edges

Figure 3. Edge detection results for another image.



2.6 Color Edge Detection in Scene Segmentation

Ramakant Nevatia

A color edge detector, based on the achromatic Hueckel
edge detector has been described previously [1-2]). This
report discusses the usefulness of such color edges in scene
segmentation in comparison to the use of achromatic edges,
and provides an update of the previous results.

It is assumed here that the color edge detector is
given three color components (in a chosen coordinate system)
of a color image and returns three optimal step
approximations in the corresponding components. It is
required that the three steps have the same spatial
orientation. Decision of the presence of an edge in each
component is made independently as in the case of achromatic
edge detection.

The R, G and B components of a color image are first
transformed into Y, T1 and T2 defined as follows:

Y = ClR+ CzG+ 033

—_—
1 R+G+B

—G
2 R+G+B

where Cyr G and c, are suitably chosen constants so that Y
corresponds to the luminance of the image
(c1 tc, +cy = 1). '1'1 and T2 jointly describe the purely
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chromatic information. If T, and T, are thought of as
spanning a plane in color space then the polar coordinates

of a point in this plane approximate the commonly used
attributes of hue and saturation. We perform color edge

detection in the Y, Tl and T2 components first and compute
the edges in hue and saturation from them (because of

technical difficulties in computing the hue edges directly,
as hue is measured modulo 2 ).

Results of color edge detection on one image are

presented here. The chosen image is a standard SMPTE test
picture of a girl (chosen because of its general

availability). The comments on results apply to the limited
set of images that have been tested.

Chromatic versus Luminance Edges:

The first experiments are to test if the edges in
certain components are more meaningful or useful than in
other components. Figures 1(a), (b) and (c) show the R, G
and B components of the test picture. Figures 2(a) and (b)
show the edges detected in the luminance component and one
of the T1 and T, components respectively of the image of
figure 1. The edge operator was applied at every other

pixel along every other row. The number of edges occurring
in the two figures is 6310 and 4068 respectively.

Edges detected in the T, and T, components are also
separated into those occurring in the hue or the saturation
components, as shown in figures 3(a) and (b) for the Girl
image. The number of edges occurring in figures 3(a) and
(b) is 3040 and 3195 respectively. Separation of the edges
into hue and saturation components does not seem to be of
any particular value, at least for the 1limited number of

pictures analyzed. (The edges occurring in Tl or T

2
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Figures la, b and c. Red, Green and Blue components of a
color '"Girl" picture.



(a) (b)

Figure 2. Color edges detected in the '"Girl" picture
(2) Luminance component
(b) Ty» T2 or both components.

(2) (b)

Figure 3. Hue and saturation edges detected in the
"Girl" picture.



components do not all appear as edges in the hue or the
saturation components, because of slightly different

thresholding methods. For the remainder, we use the term
chromatic edges to mean edges occurring in any of the

chromaticity components.

The edges detected in the chromatic components are
smaller in number than those detected for the luminance
component. Further, a larger percentage of the edges in the
chromatic components correspond to the desired edges, i.e.
the edges corresponding to the boundaries of desired
objects. This is in conformance to our intuitive
expectations that the "color" in a picture should be
relatively constant over large areas of the surface of a
single object, whereas the luminance may change more
erratically for various reasons including uneven
illumination and reflections. However, note that the edges
in the chromatic components have more gaps at the boundaries
of objects of interest.

The observation of major importance is that a luminance
edge 1is also present for a very large percentage of the
cases where there is a chromatic edge present. This should
not be surprising; in natural scenes, it is unlikely that
objects of different hue will accidentally have the same
luminance components. This implies that the luminance edges
contain most information needed to obtain object boundaries,
but that this information may be more difficult to isolate.

Of course, in some parts of some scenes, only chromatic

edges will be present at boundaries of interest. This is
more likely to occur in scenes with 1low contrast or poor

illumination. Some instances of such edges are present in
the edges around the scarf area of the Girl picture (compare

figures 3(a) and (b)).
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The coﬁputation time for color edge detection was
approximately three minutes for each image using a DEC
PDP-10, KI-10 processor. This is roughly three times the
computation time required for detecting edges in an
achromatic image of the same size.

Linking of Edges:

Evaluation of usefulness of the color edges 1is, of
course, dependent on the further processing performed on
them. Hefe, we limit the goal to obtaining boundaries of
objects of interest in a scene. It has been suggested that
one useful technique for extracting such boundaries 1is to
link 1local edge elements into elongated segments [3,4]. It
is hypothesized that the edges along objects align in
elongated segments but the edges belonging to textured

backgrounds and spurious edges are generally distributed at
random.

One technique of 1linking edge elements into nearly
straight 1line segments is described in detail in [3]. Only
neighboring edge elements having orientations within

specified 1limits of each other are linked. Further only
edge segments that contain at least a certain minimum number

of edge elements are preserved. The linking of color edges,
each with descriptions of three edge components, uses

additional constraints. In addition to the requirements of
proximity in position and orientation, the two edges to be

linked are required to have compatible color characteristics
as defined below.

Each color edge is a step (or 1line) function in a

three-dimensional color space. Such an edge may be
considered to have an orientation in the color space,

determined by the relative values of the step amplitude in
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the three components. Then, an angle §® between two edges in
the color space (to be differentiated from the spatial angle
between them) is defined by

£ 5
con (91 = g, T~ T, |

where S1 and S, are vectors representing the two edges,
$1°S» stands for their dot product and ||* |l stands for the

~ L ~

Buclidean norm. Two edges are defined to be color
compatible if the angle ¢ between them is less than a

o
threshold (90 for results presented below).

Consider the linking of color edges that occurs in any
one or more of the three color components, i.e. the edges
occurring in either of the figures 3(a) or (b) for example.
The result of 1linking such edges 1is shown in figure 4.
Here, only the edge segments consisting of more than seven
edge elements are shown. (Some of the linked segments are
wavy as no thinning or smoothing operations have been
performed on the initial edge data. It is easier to perform
a thinning operation now, as a direction for thinning is
known.) The computation times for the linking operation were
approximately one minute of CPU time for each picture.

It is clear that most of the edges belonging to object
boundaries are retained while many undesired, spurious edge
elements have been eliminated. However, many of the desired
properties of the 1linked segments derive from the linking
procedure rather than the use of color information.
Strikingly similar results are obtained by merely applying
the linking procedure to the luminance edges alone (figure
3). (The results are so similar that figures for linked

luminance edges have been omitted.) Results of linking only
the chromatic edges detected in the Girl picture (figure

3(b)) are shown in figure 5. There are now fewer spurious
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Figure 4. Linked segments from edges in Figure 3 a.

Figure 5. Linked segments from edges in Figure 3 b.



linked segments, compared to figure 4, but larger gaps in
the boundaries of interest.

Conclusions:

The important question is whether the use of color
during edge detection aids the segmentation process (other
uses of color, e.g. for classification of objects' are not
considered here) . As the results presented earlier
indicate, it is as naive to expect that edges in chromatic
components would correspond solely to object boundaries as
it is to expect the same for the edges in the 1luminance
component. In experiments with a limited number of natural
color images, the edges in chromatic components were found
to be 1largely contained in the edges in the luminance
component. This implies that most information of interest
is embedded in the luminance component, though it may be
more difficult to extract. Clearly, situations exist in
pictures of 1low contrast where the 1luminance edges are
absent but chromatic edges are present (chromatic content
should not be strongly affected by the illumination, except
for the sensor performance limitations). Also, for specific
applications, edges in a particular chromatic attribute,
such as hue may be of particular interest.

More generally, the use of color is likely to aid in
building a more robust and reliable system. Consider a
multi-level scheme for extracting object boundaries,
utilizing a 1linking scheme of the type described earlier.
For initial input, this system may start with edges in the
chromatic components only, perhaps with thresholds set high
to yield only edges with high color contrast, or only the

edges co-occurring in the 1luminance and the chromatic
components, as such edges seem to consistently contain fewer

spurious edges. After linking of these edges, gaps in the
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resulting segments may now be filled in with the luminance
edges which are far more numerous, thus allowing guided use

of such information. Further, in many cases, the initial
segments may be sufficient to suggest a few, limited number

of hypotheses for the identity of objects in the scene, thus
"allowing the powerful mechanism of wusing model specific

knowiedge in conjunction with other less reliable data to
verify the presence of certain objects.

Such a scheme would be capable of using color

information as available but capable of performing in
absence of such data. This is consistent with the

experience of human perception where achromatic pictures are
generally sufficient for extracting most information of

interest but the color pictures seem perceptually richer.
Further experimentation is required to determine if the

improved performance using color is worth the threefold
increase in the requirements of storage and computation, at

the current costs for these resources.

References

[1] R. Nevatia, "Hueckel Color Edge Detector," in USCIPI
Report 660, pp. 70-81.

[2] R. Nevatia, "A Color Edge Detector," Proceedings of the

Third International Joint Conference on Pattern Recognition,
Coronado, California, November 1976, pp. 829-832.

[3] R. Nevatia, "Locating Object Boundaries in Textured

Environments,"” IEEE Transactions on Computers, Vol. 25,
No. 11, November 1976, pp. 1170-1175.

[{4) D. Maar, "Early Processing of Visual 1Information,"
Massachusetts Institute of Technology, Artificial

=48~



Intelligence Laboratory, A.I. Memo No. 340, December 1975.

2.7 Calculation of Edge Detector Parameters by Ho-Kashyap
Algorithm

William K. Pratt and Ikram E. Abdou

Introduction: In a recent paper [1], edge detection was
formulated as the classical communication problem of signal

detection in the presence of noise. In the following work
edge detection is discussed as a problem of classifying

patterns into two classes (edge and no edge). Many
techniques have been developed in pattern recognition to
solve this problem. One of them, the Ho-Kashyap algorithm,
will be analyzed. The Ho-Kashyap algorithm 1is briefly

reviewed, and the algorithm is then used to find parameters
of the Roberts operator. Results obtained by these

parameters are compared with probabilities of detection and
false alarm derived theoretically.

Ho-Kashyap Algorithm: The Ho-Kashyap algorithm [2,3]

can be used to find a weighting vector w which correctly
classifies prototypes into classes rh_and QZ according to

the rule
T :
wx>0 ZPE?-QI (1)
3T3:_<0 = xcn, (2)

Equation (2) can be rewritten as

(3)
w (-x) >0

In the special case of single feature classification, for
example the scalar edge gradient magnitude g, the augmented
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vector x is given by

Hence

T g .
wx=[wl) w2)] = w(l) g + w(2)
1

Equations (1) and (2) then reduce to

w(2) ~
EZ-Sn) T xe 0

w«Z)
" w(l) ——D

(4)

(5)

(6)

(7)

In this case -w(2)/w(l) is equal to the threshold T commonly

employed in edge detection [1].

In general, for classification tasks with more than one

feature, egqs. (1) and (2) can be combined into

Xw = b

where

14
"

(8)

(9)



and X,,...,X are elements of Qq while X417 oo Xon are
elements of 02 . The components b = (bl,...,bZN) are all
positive.

Equation (8) can be solved through the iteration

formulae
wiy = x¥ B) (10)
e = X wik) - bk) | (11)
wlet]) = wik)+ ¢ X' [efi)+ | ef9]] (12)
bk+l) = b(k)+ c [e() + |e®)]] (13)
b (1) >0 but otherwise is arbitrary and where
é# = (§?§fl_irA is the pseudoinverse of X, while c is a

constant such that 0 < ¢ < 1. Egqguations (11) through (13)
are repeated until e(k) converges to zero or when e(k) are
less than a small number e . The required parameters are

then given by w(k).

Weight Parameters for Roberts Operator: The Ho-Kashyap
algorithm can be wused in the désign of the Roberts edge
detection operator. Prototypes are generated in two-by-two
pixel groups according to the pattern '

Af(i) B(i)
C(i) D(i)

For an edge prototype A, B, C and D are given by

A

B

G(b, o) (14)

D = G(b + h,0) (15)

while for no edge
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A=B =C=D = G(b,0) (16)

where G(b,0) is a Guassian random number generated with mean
b and standard deviation ¢ representing image noise. A

matrix X is formed as

[

X(,1) = ((Af) - DANZ + (BG) - can® ) (17)

X{,2) = 1 (18)

for i =1,...,N and A, B, C and D are given by egs.(14) and
(15). For i = N+1,...,2N, egs.(17) and (18) are used with
negative signs and A, B, C and D are given by eq. (16). The
number of prototypes N is chosen to almost guarantee
separability of classes [3].

A series of experiments has been performed to evaluate

the Ho-Kashyap procedure for the Roberts edge detector. The
experimental parameters include: edge height h = 25 (10%

magnitude) and SNR (signal-to-noise ratio) set at 1 and 10.
The iteration has been repeated 250 times. The resultant

weight vectors w are indicated in Table 1. It should be
observed that with e = 0.001 and 250 iterations w reaches a

steady state value. It appears that no more improvement can
be anticipated for an increased number of iterations.

Evaluation of Results: The weighting vector w obtained

by the Ho-Kashyap algorithm has been used to classify a new
set of 250 prototypes corresponding to both cases of edge or:
no edge. In each case the probability of detection (if used
with edge prototypes) or probability of false alarm (if used.

with no edge prototypes) 1is calculated and compared with
theoretical results obtained in previous work [1]. The

results are given 1in Table 1. It should be noticed that
both practical and theoretical results agree. In addition,

the parameters obtained are an optimum compromise between
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Probability of

Probability of

SNR w T detection false alarm ‘
Experi- Theore- Experi- Theore-
mental tical mental tical
0.00394
1 47,95 52% 55. 9% 37.6% 39. 9%
-0.189
L_ J
0. 16
10 23,75 91.2% 89.2% 11.6% 10. 5%
“3. 8
Table 1

Comparison of Experimental and Theoretical Results




probabilities of detection and false alarm.

Conclusion: The results obtained show that the
Ho-Kashyap algorithm can be a useful method for edge

detector design. Although Gaussian noise 1s used in the
experiment to simplify comparison with theoretical results,
the same technique can be easily extended to general cases
with any edge forms and noise models.
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3. Image Processing Projects

This section surveys the progress made in the past six
months on various image processing projects. Three new
areas are discussed, those of image filtering based on the
human  visual system, optical filters from digitally
constructed kinoforms (holograms) and spatial warp
techniques. On-going projects include the estimation of
object boundaries in noise, aﬁd a posteriori restoration.
This latter project has experienced preliminary success in
deriving the phase component of the OTF from spatially
invariant distortions. Finally one project has reached
fruition and completion, that of variable knot splines for
image approximation. This technique has led to
self-adaptive two-dimensional approximation methods which
automatically sense the local activity of a region and apply
enough knots (samples) locally to minimize a regional
approximation., The technique has applicability in bandwidth
compression, image understanding, and particularly in
adaptive smart sensing. In the former case, adaptive
compressions are available. In the 1latter case on-board
high resolution sensor reduction is possible, and in the
image understanding case, the knot density represents a
useful feature for higher level processing.
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3.1 Variable Knot Splines for Image Approximation

Harry C. Andrews and Dennis G. McCaughey

1. Introduction

This report presents a degree of freedom or information
confent analysis of images in the context of digital image
processing. As such it represents an attempt to quantify
the number of truly independent samples one gathers with
imaging devices.

The degrees of freedom of a sampled image itself are
developed as an approximation problem. Here bicubic splines
with variable knots are employed in an attempt to answer the
question as to what extent images are finitely representable
in the context of digital sensors and computers. Relatively
simple algorithms for good knot placement are given, and
result in spline approximations that achieve significant
Parameter reductions at acceptable error levels. The knots
themselves are shown to be useful as an indicator of image
activity, and have potential as an image segmentation device
as well as easy implementation in CCD signal processing and
focal plane smart sensor arrays. Both mathematical and
experimental results are presented.

Fundamentally, this concépt of degrees of freedom can
be viewed as an attempt to quantify the number of truly
independent samples of data one gathers with photographic or
other imaging devices. As image sensor technology grows,
the quantity of data gathered increases, and it becomes
reasonable to ask what the true increase in information
content is as one increases image samples. This is
especially important in military imaging applications where
an increase in the quantity of data gathered, while not
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producing a corresponding increase in image information,
subjects the communication systems and end users to an
unnecessary increase in bandwidth and data saturation
without improving exploitation results.

Here the problem will be considered as a
two-dimensional approximation problem and the concept of an
"epsilon degrees of freedom" will be developed. By this it
is meant that the degrees of freedom of an image at a level
epsilon will be the minimum number of functions needed to
approximate f(x,y) within an accuracy of epsilon assuming a
particular metric.

From a "smart sensor" viewpoint, by way of motivation,
if we consider a sampled image consisting of N samples that
could be approximated to an acceptable error by a least
squares polynomial of Mz variables with Mz <L Nz, it would
be reasonable to say that this image had less than N DOF in
a least squares sense using a polynomial as the
approximation technique. This approach is taken to
circumvent the difficulty of associating a finite DOF to an
image defined on a continuum which obviously has an
uncountably infinite DOF if we desire to specify that image
exactly. However, if we are willing to accept an
approximation with a small but nonzero error, then the

possibility exists in quantifying the DOF in this manner.

To illustrate the appliéability of adaptive processing
consider that advances in charge coupled device (CCD)
sensors are such that some preprocessing within the sensor
itself is not so unrealistic. This preprocessing could
involve some evaluation as to what - data constitutes
information to the wuser and transmits only that data
relevant to his needs. This increase in sensor
sophistication coupled with the ability to gather large
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quantities of data and to do adaptive sampling or some other
more exotic processing to get at the real information
content in the data, may provide fruitful results.

II. The Degrees of Freedom Viewed as an Approximation
Problem

In characterizing the degrees of freedom of an image as
an approximation problem we are confronted with two
questions, namely: 1) to what extent 1is f£f(x,y) finitely
representable, and 2) the determination of the finite
representation from a sampled version of f£(x,y).

Polynomial splines are chosen due to their
approximation properties and the fact that they possess a
basis namely, the normalized B-spline basis, which provides
a local basis property allowing a rapid generation with the
matrices involved in generating a B-spline fit to a function
f being well conditioned. With DeBoor's algorithm for
computations using normalized B-splines [1] no difficulties
are encountered in handling multiple order knots. Hereafter
we will consider a spline Sk,NxNy(er) of the order k (the
degree being equal to k-1) with Nx and N_ knots in the x and
y directions respectively, to be of the following form:

‘Z

l*’]«2

x

1

S,n N oY) = ¢y (1)
x 'y

o] 5, 1, k(5 50N 5, k(MY = flx, y)

i

L 1Y

where Nilc(‘) are the normalized B-splines of order k
satisfyfﬁg the following recursion relationship over the

knot sets {gl,gz,...,ng1 and {nlmz ,...,‘nNY'? (1].
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-x:-gi §LH{-x ~
N, ,(§,x) = N, E;x) + s——— N, (€:x)
"Ik §i+k-1- go l’k-l gi‘i‘k— §i+1 1+1,k-1
1 xe[§o’§‘ )
+1
N, ;(5x) = % '
’ 0 otherwise
> (2)
and
N
x
2N 5 =1 Fxelf,..., 8y ]
i=1 x
7
Note that the above indicates that Nﬂ'+ k knots are required

to generate Nx normalized B-splines of order k, and that
Ni’k(g;x) is nonzero only over the interval [ai,giﬂ‘). Also
a knot may have multiplicity p, up to k in which the
multiplicity indicates a discontinuity in the (k - (p+l))
derivative at that knot. We will follow Rice [2] and adopt
the convention that the spline is differentiable of order 0
or -1 at the knot Eo if the spline is continuous or has a
simple jump at go respectively. Thus a fourth order knot at
go for a cubic (fourth order) spline indicates a simple jump
in the spline at Eo . Figures 1 and 2 illustrate the

normalized B-splines of order four for the knot vectors

£, = (0,0,0,0,.25,.5,.75,1,1,1,1)*
and

(0,0,0,0,.7,.8,.9,1,1, 1, 1)t

L2

respectively. El corresponds to the uniform knot case while
52 illustrates the effect of adaptively varying the internal
knots towards 1. Note also that there are a total of 11
knots to define these seven nonzero normalized B-splines.
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Figure 1 serves to illustrate the relationship between
multiple knots and the differentiability of the normalized
B-splines. Note that N 4(g1,x) involves a fourth order
knot at x =0 so that k - (p+¥l) is equal to -1 and
N1’4(51;x) possesses a simple jump at x = 0. The third
order knot at x =0 for z 4(§l,x) results in k - (p+1)
equalling 0 and from figure 1 it is clear that Nz’4(51,x) is
merely continuous at x = 0. The second and first order
knots at x = 0 for N (gl,x) and N (El,x) respectively
result in N3 4(§ ;x) being once cont1nuously differentiable
and N4 4 (g -x) being twice continuously differentiable at
x = 0. The same sequence of events is true for N5 4(§ 1X),

6 4(g :x) and N7 4(§ ;x) at x = 1. Thus the polynomials in
flgures 1 and p) become the non-orthogonal basis functions
for our approximation methods. Thus finding the best
approximation to £(x,y) over the x and y knot sets can be
stated as follows:

1/2
Minimize: [ff |ttx,y) - kNN(x.y)l dmdv]

over all possible x and y knot vectors {51,...,§Nkl,
&11,...pnNy]subject to:

lgil = l Vi'-"l’ooo’Nx
'nj| s 1 *j,=1’ooo,NY
This is nothing more than nonlinear minimization over the

possible knot sets in &, the solution of which has been
shown to exist by Rice [2].

Thus specifying an errore, we can find the epsilon
degrees of freedom by a sequence of minimizations decreasing
the number of knots in the x and y directions until we reach
a point at which the error will be exceeded with any further
restriction in the number of knots.
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For this to make sense we must be assured that for
every € > 0 there exists Nx and Ny such that

| £¢x, y) - Sonn @D, <e
xy

and that a minimum over the knot sets exists. Addressing
this convergence problem Schultz [3] has shown for k = 4

that
lz

. 4 4 2,2
&= y) - NN &y ||, = (") {"_Lax“" f(x,y)nz + "—-2- 2= £(x,y)
ax~ 2y
(3)
”—L- f(x.v)" ‘

where p = max[max(gi+l-§i), Q?xhh+l -TH)}. Thus taking

N22,N2:_2"o

p Y p
We have as N NY-*w such that P-'O, the bicubic spline
approximation will converge to f(x,y) in an L, sense over

the unit rectangle @ .

III1. Experimental Results for Spline Approximation

The purpose of this section is to present some
numerical results concerning the "epsilon degrees of
freedom" concepts developed in the preceding sections. This
was developed as an approximation problem whose solution was
seen to involve the determination of a sequence of best
approximating (in an Lz sense) B-splines with variable
knots. While the determination at each step of such a best
approximating spline is simply a nonlinear minimization
problem over the knots defining the spline, it is
computationally infeasible. Thus we must follow DeBoor [4]
and settle for spline approximations with good if not

optimal knot placements. In what follows, two easily
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implemented methods for placing the knots will be given that
can result in a significant error reduction over the uniform

knot case for the proper class of images.

Here the possibility of subsectioning the image and
using different knot densities in each of the subsection is
investigated. This method might provide fruitful results
when one considers an Lz’error bound given by Schultz [5]
for cubic splines. Recalling that the error is given by the
L, norm, ||:]|, of the difference between the function and its

2
approximation, this bound is given by

2 2
~5 Sty

. —cA(l] 4
e, < (2] {25 ], +
™ ox 2

2
3
38:4 Y (4)
N
) 4
where
p = max {max(g, ,- §), max (“j+1' nj)] (5)

From previous discussions it follows that if the image
derivative energy is 1large only over a small region, then
using a uniform knot bicubic spline with knot mesh width
equalling ; given by eq.(5) should result in an overly good
approximation of the image in those regions. Thus we should
be able to obtain reasonable results by employing a
different bidubic spline with uniformly spaced knots in each
subsection, the knot density in each subsection being
proportional to the value of

a4 2 2 4
— )+ 'BT _lz_ £, )| + -3—4f(x.y>
ax 2 ax  dy 2 Ay 2

in that subsection.
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To explore this subpartitioning method a series of
bicubic approximations involving image subsections of
different sizes was run of the APC image, an aerial
reconnaissance image and an image of Los Angeles
International Airport (LAX). For this series the image
dimension N was taken to be 256 and three subsection sizes
of 32 x 32, 16 x 16 and 8 x 8 pixels were used for both
images. For each subpartition size three knot density
ranges were employed. In all cases the maximum knot density
is taken to be such that the matrices of normalized
B-splines are nonsingular thus resulting in the image being
interpolated in at 1least one subsection. The lowest knot
density in each subpartition sequence was taken to be that
corresponding to a fourth order knot placed at each of the
subregion boundaries for the x and Y knot vectors
respectively. The number of Kknots was then increased by
raising the minimum number of knots employed. The results
for the APC image along with the associated knot densities
for subpartitions of size 32 x 32, 16 x 16 and 8 x 8 are
shown in figures 3, 4 and 5 respectively. Here the fourth
order knots at the subpartition boundaries are not displayed
for aesthetic purposes. Note that all of the approximations
are quite good and that the knot densities are quite
adaptive for each subpartition size. Note that the error
for the 32 x 32 case corresponding to the data reduction
ratio of 5.62:1 is lower than the error for the 16 x 16 case
for the 5.31:1 data reduction ratio. This would seem to
indicate that for 1low error levels the 32 x 32 partition
size is better than the 16 x 16 size partition which itself
is better than the 8 x 8 case.

This same sequence was obtained for the reconnaissance

image and the results along with the corresponding knot
density patterns are shown in figqures 6, 7 and 8 for the
32 x 32, 16 x 16 and 8 x 8 cases respectively. Note again
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that the best reconstruction for the 32 x 32 case is at a
lower error than the 16 x 16 case, and at a higher

corresponding data reduction ratio. This would again seem
to indicate that for 1low error 1levels the 32 x 32 size

partition is better than the 16 x 16 partition.

The sequence for the image of LAX is contained in
figures 9, 10 and 11. Note here that while the errors are
relatively high the results are quite good visually and that
the knots serve fairly well in locating the areas containing
the aircraft. Note also that the best results occur for the
8 x 8 subpartitioning case. This is most likely due to the
relatively small size of the items of interest - in this
case the aircraft.

IV. Summary and Conclusions

In this report the attempt has been to demonstrate the
utility of variable knot splines in achieving a data
reduction and quantifying the degrees of freedom of sample
images by the number of variable knot bicubic splines
necessary to approximate a particular image at an error
level, epsilon. In dealing with the image itself the
degrees of freedom was approached as an approximation
problem where the degrees of freedom at a level epsilon was
taken to be the minimum number of functions needed to

approximate the image with an error epsilon. Since this
minimum is difficult to find, the functions used were cubic
splines with wvariable knots. By dividing the image into
subregions a significant data reduction was achieved with

reasonable errors. It was found that the number of knots
and thus the degrees of freedom was higher in regions of

higher image derivative energy than in those regions where
the image was relatively constant. By subsectioning the

image and employing a different spline approximation in each
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subsection whose knot density was dependent on the fourth
difference energy in that region, good results were
obtained. A high degree of adaptability was in evidence
through the knot density patterns with acceptable errors
being obtained at reasonable data reduction ratios.

Finally it should be said that in effect this report
represents an attempt to bridge the gap between the
continuous domain upon which 1images are defined and the
discrete grids upon which they are sampled and defined for
analysis by digital techniques.
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3.2 Image Filtering Based on Psychophysical Characteristics
of the Human Visual System

Charles F. Hall

In the past decade many physiological and
psychophysical experiments which give some insight to the
fundamental characteristics of the human visual system (HVS)
have been performed [l1]. These experiments indicate that
the model shown in figure 1 is a good approximation for the
HVS. The nonlinearity is primarily a result of the photon
to electrical energy conversion which takes place in the
photoreceptors of the retina. Recent results indicate that
a cube root power law may be more appropriate than the
logarithm, however, for this work the 1logarithmic
nonlinearity was used. The low-pass filter is a consedquence
of the optics of the eye including the size of the pupil
opening and structure of the retinal mosaic. Lateral
inhibition (due to receptor output interconnectivity)
produces the high-pass filter. Stockham has demonstrated
the utility of a similar model in image processing [2].

The general shape of the entire filter function of the
BVS can be viewed directly from the image shown in figure 2,
The vertical bars in the figure are decreasing in contrast
from the bottom to the top and increasing 1in spatial
frequency from left to right. Both variations are
logarithmic. When this figure is viewed one should perceive
an outline of the HVS's modulation transfer function (MTF).
The outline 1is formed by the points at which the contrast
becomes too low to distinguish the bars. The central peak

usually occurs at about six cycles/degree of visual field
subtended.

Mannos and Sakrison have used the model of figure 1 in
a coding experiment [3]. They found that a system
containing a linear function of
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A(fr) = 2.6[0.0192 + 0.114f ] exp[-(0.114£xr)™ ] (1)

where f is radial frequency in cycles/degree, gave the best
results when Jjudged subjectively. This linear function .

peaks at eight cycles/degree. An isotropic representation
of A(fr) is shown in figure 3. The nonlinearity and low
frequency roll-off will reduce the intensity variations as
noted by Stockham. Since A(fr) peaks at a frequency above

that of the HVS, some edge enhancement should occur. The
high frequency roll-off occurs at frequencies beyond the

roll-off of the HVS and therefore should not affect the
subjective quality of a filtered image.

In order to verify these statements two images were

processed with the system shown in fiqgure 4. Figure 5a
contains the original image of a portion of L.A.

International Airport (LAX). This image was generated from
a 12 bit/pixel 256 x 256 array. Only eight bits/pixel have

been displayed. The 12 bit/pixel version was processed and
the eight bit/pixel result is shown in figure 5b. The wide

dynamic range of the input intensity has been reduced and
the details within the dark areas have been brought out at

no expense to the lighter area details. 1In addition, all
edges have been slightly enhanced.

The bridge scene shown in figure 6a was processed in

the same way. This particular picture was digitized to only
eight bits/pixel to begin with. The results are shown in

figure 6b. Notice the shadow under the bridge has been
reduced and stones on the bank are clearly visible.

Hall and Hall {[1] have discussed the validity of the
model in figure 1 and have shown the model in figure 7 to be
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Figure 3. Isotropic filter function A(fr).
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more precise. This particular model was used to process the
two images. The results are shown in figures 8a and 8b.
Note that the contrast has been altered, as in the previous
case, however the range is broader, i.e. there are more
black and white points. 1In addition, since this model was
based on the HVS properties, the processing produced an
overall response which peaked at approximately six
cycles/degree. As a result, the edges have not been
enhanced as in the case of the model based on coding
results. This difference is most apparent in the bridge
scene. Another more subtle difference can be seen if one
compares a high contrast edge (for example the light edge

bordering the shadow under the bridge). The Hall model
broadens this edge because the high spatial frequency

response decreases as contrast increases [1].
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3.3 Optical Filters for Image Reconstruction

Alexander A. Sawchuk and Chung-Kai Hsueh

An incoherent system using a computer-plotted hologram
as the spatial filter has been discussed in a recent report
[1]. In the special situation when the hologram contains
phase variations only, it is called a kinoform [2]. The
kinoform is efficient in wusing the input light and the
display covers the whole image field because it operates in
the first diffraction order.

One problem with the kinoform is that it may not exist
for a given impulse response. Iteration methods are used to
obtain a kinoform which has a response very close to the
desired one as discussed previously [1]. 1In fact, if we
allow the kinoform to have a slow variation in amplitude as
well as in phase, then a perfect impulse response can be
obtained by setting the approximate response to the desired

one and taking the Fourier transform to get the amplitude
and phase of the "kinoform."

The "kinoform" with amplitude variation can be replaced

by two kinoforms. A two-kinoform filtering system can
achieve a general response by summing the responses from two

separate systems, each of them with phase-only masks in the
pupil as shown in figure 1. Suppose the gesired transfer
function g(gx,ﬁy) at point (gx,ﬁy) is rée . Here r and

are functions of fx, fY and we drop these variables for

simplicity. It can be shown (figure 2) that there exists
exactly one pair of angles el and 92 such that

jo _ 1 jg , 1 jo2 1
re” = S e + > e (1)

where
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and = cos'l(zr2 - 1) has values between 0 andm. Thus the
two-kinoform system can achieve any complex transmittance
inside the fixed radius shown without the necessity of an
amplitude part.

For the incoherent filtering system,
H(f ,£ ) =3{|h(x,y|é¢b“yx where |h(x,y)|2 is the desired
impﬁlé% response of the incoherent system and the phase
#(x,y) 1is arbitrary. Apparently, 61 and 92 need not be
uniquely determined in this case due to the fact that B(x,y)
is wuncertain. This gives us the flexibility in choosing 91
and 92 so that the resultant kinoforms are easier to plot.
For the “"kinoform" with slow amplitude variation discussed
above, r(fx,fy) is approximately constant. This implies
that w(fx,fy) and therefore el(fx'fy) and ez(fx,fy) are
smooth and are easy to plot by the computer-controlled
microdensitometer.

One application of the above incoherent system is to
give a continuous desampled output from the discrete spots
on a CRT or other display devices. Two interesting impulse
responses for achieving this operation are studied here.
One is the cubic B-spline function and the other is the
positive sampling reconstruction function [3]. The cubic
B-spline function has been discussed [4,5] and applied to
the interpolation of an image. However, only the digital
interpolation has been considered. In this work, although
simulation is done digitally, an optical filtering system
will be used eventually. Comparing with the digital method,
the optical system offers the advantages of inexpensive,

-91-



fast parallel processing of multidimensional signals.

One problem which arises in the optical incoherent
system is that both input and impulse response have to be
non-negative. The impulse response has been made to be
non-negative by using one of the iteration methods.
However, it is found that the coefficients in the cubic
B-spline space may be negative, especially at rapid local
transitions in the image. Fortunately, for a visual image
there are not too many negative components and they can be
eliminated by either discarding these components or by
adding a constant to all of the coefficients to make them
non-negative.

Another possible candidate in performing the desampling
operation is the positive sampling reconstruction function.
It is well known that a bandlimited function can be expanded
in the form

£lx) = o, sin[m(2W x-n)]
Ge) ; flzw) m(2Wx-n) (2)

where W is the highest frequency in the Fourier spectrum of
f£(x). Although it is a perfect desampling function for
bandlimited signals, it has 1little application in the
incoherent system due to the fact that the sinc function has
negative lobes. Richards (4] has shown that eq.(2) can be
reformulated as

, £(x) —.-E (€ -af ;-uf, )g (2Wx-n) (3)
n

where
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n
fn =£( 2wW

and g(z) is given by

v
g(z) = %f cos(zu)du (4)
R o

1-2q cosu

Equation (3) reduces to eq.(2) when ¢ = 0. For numerical
evaluation eq.(4) can be evaluated as

inmz . 2 (-8)°
! s‘nnz _[1 - 2z v(zﬁ)z ] % # integer
Vi-4a Lt n=1l1n -2
g(z) = (5)

(-B)z Cos 1Tz
\ W z = integer

B = (2a) '[1-V1-2aZ]

The results in figure 3 shown that g(z) is positive over
most of the significant range provided that o > 0.34. This
is slightly different from the results by Richards in which
he claimed that g(z) is positive if a > 0.2875
approximately. . The problem of negative components also
occurs in the precombined function £, ~of, _yof e It is
found that this precombined function generally contains more
negative components than in the cubic B-spline case. The
same remedies can be used to make the image non-negative.

where

An experiment has been conducted by using a 256 x 256
picture as the original (figure 4a). This original picture
is averaged over a 4 x 4 block to simulate the effect of
sampling a continuous picture and a 64 x 64 "sampled
picture" is obtained as shown in figure 4b. The result of

-93-



K2)76(0)
]

1.0 SAMPLING POSITIVE FUNCTIONS
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(a) (256 x 256)

(b) (64 x 64)

Figure 4. Original and Sampled Girl Picture



(c) Negative prints unaltered

(d) Negative coefficients (e) Biased
discarded

Figure 4 (cont'd) Reconstruction using a cubic B-spline function



(f) x = 0.2875

(g) Negative coefficients (h)Negative coefficients discarded
discarded Impulse response modified to be
non-negative

Figure 4 (cont'd) Reconstruction using a positive sampling function



i

cubic B-spline filtering is shown in fiqure 4c. In an
incoherent system the input has to be non-negative and the
result of figqure 4c cannot be obtained exactly by an
incoherent system. Modifications can be made by either
setting the negative coefficients to =zero or adding a
constant to make the output non-negative. These results are
shown in figures 44 and 4e respeétively. Little degradation
can be observed as compared with figure 4c. This indicates
that optical implementation of the cubic B-spline filtering
is possible.

Similar experiments have been done on the positive
sampling function. Figure 4f shows the reconstruction by
using the positive sampling function with a = 0,2875.
Although the results in fiqure 3 indicate that g(z) is
positive over most of the significant range when a > 0,34,
the computation results show that the number of negative
components in the precombined image increases rapidly as ¢
increases. Therefore no matter which modification is
adopted, severe degradation would be expected for large ¢ .
One trade-off is to use smaller a and discard the small
negative part in the positive sampling function. Figure 4g
shows the result when negative components in the precombined
image are set to be zero for & = 0.2875 and figure 4h is the
result when the negative part of the impulse response is
also discarded. The oscillation occurring on the ‘edges in
figures 4f through 4h can be eliminated by applying a window
function on the sampled data.

Future work will include making kinoforms by using a
computer-controlled microdensitometer to produce the desired
impulse responses and setting up the incoherent display
system.
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3.4 A Technique of A Posteriori Restoration

John Morton

Review

Recall from the previous report [1) that this project
is attempting to restore a blurred image with a minimum of a

priori knowledge. Assumed as givens are
1) the blurred image itself,

2) the knowledge that the point-spread-function (PSF)
is spatially invariant,
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3) the extent of the PSF is small compared to the
extent of the image,

4) and the image is not so severely blurred such that
one cannot distinguish the general class to which

the image belongs.

The general approach was outlined in the previous report [1)
and will not be discussed herein.

Progress to Date

Assuming the image f(x,y) is blurred by the
spatially-invariant PSF h(x,y), we have

gix,y) =h(x,y) * f(x,y)
where g(x,y) is the blurred image and &t denotes
convolution. In the Fourier domain we have

G(u, v) =H(u, v) F(u, v)
where H(u,v) is termed the optical transfer function (OTF).

Expressing the complex function H(u,v) in magnitude and
phase form, we have

H(u,v) = | H(u, v) Ieje(u' v) .

This project can be divided into three tasks:

1) estimation of |H(u,v)|,

2) estimation of a(u,v),

3) restoration of the blurred image given estimates of
|H(u,v)| and 6 (u,v).

The computer programming for tasks (1) and (2) and for

task (3) for an image of size 256 x 256 has been completed.
The estimation of |H(u,v)| is accomplished by techniques
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developed by Cole [2] and Cannon (3] and the computer
program is giving satisfactory results. In addition,

assuming knowledge of H(u,v), the restoration‘program is
giving satisfactory results. The estimate of @(u,v) which

is the emphasis of the project is encountering difficulties
which are currently being investigated.

Let us consider the results of the following
simulation. Shown in figure 1 is the undegraded image;
figure 2 is the result of convolving figure 1 with a 5 x 5
matrix whose elements are of value 0.04.

Figure 3 is the Log of the estimate of the magnitude
of the OTF via the method of Cole, while figure 4 is the

Log of the estimate of the magnitude of the OTF via the
method of Cannon. Although the known image was used to

obtain < F (u,v) > and @ (u,v) instead of prototypes as
discussed in the previous report, it has been shown that the
use of prototypes will also give satisfactory results [2-3].
Note that the results are fairly accurate except for the
higher frequencies near the diagonals.

Figure 6 contains the results for the phase estimation
for Path 1 whereas figure 7 contains the results for Path 2.
From the previous report we have

(\1, v,Au,Av) I RF(u: v, Au, AV I
(u, v,Au, A v)|RF(u, v,Au,Av)) °

- E%}
8 (u+Au, v+Av)s A(u, v)- tan l%ﬁ
G

where
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Figure 1.

Figure 2.

Original image,

Degraded image.



- maximum =1, lxlO-4

- minimum = -1, 36

Figure 3, Logjg of the estimate of the magnitude of the OTF
via the method of Cole. The known image was
used instead of a prototype.

_ - maximum = 6. 8x10-5

- minimum = -1, 47

Figure 4. Log)g of the estimate of the magnitude of the OTF
via the method of Cannon. The known image was
used instead of a prototype.



%
RG(u. v, Au, Av) = 12 Gi (a, v) Gi (utdu, v+A V) .

%
RF (u, v, Au, Av) =iZFi(u’ v) Fi (utpa, viAv) &

Since 9 (0,0) = 0., one may iterate along a great many
paths. Path 1 and Path 2 are illustrated in figure 5 for
the example a(4,2).

Although the central lobes in figures 6 and 7 are
essentially correct, the other values are more or less
incorrect. For example plotting a cross-section of figure 6
along the u axis, we have figure 8. Note that the jumps
occur approximately in the right places. However, each jump
should be 1w , whereas, one jump is around 0.6 and the other
is around 1.8. It is suspected that a windowing process is
inhibiting the phase jumps from achieving their proper
magnitudes.

The estimate of phase also used the known image for
calculation of RFJu,v,Au,Av). This was to control the
simulation better.

Regarding the use of prototypes to estimate
RF(u,v,Au,Av), it was found that the phases of R (u,v,Au,Av)
for images in a prototype class were completely
uncorrelated. For example given two images in a prototype
class, the phases

phase{R_ (u,v,Au,Av)} and phase{R_ (u,v,Au,Av)?} .
Pl P2

where P1 denotes one image of the prototype class and P,
denotes another image in the prototype class, are
uncorrelated. Nevertheless, preliminary results indicate
that the phases of RF(u,v,l,O) and RF(u,v,O,l) do converge
to 0. Noge that RF(u,v,l,O) and Rgp(u,v,0,1) are the
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minimum value = =3, 39

3.39

v maximum value

Figure 7. Estimate of OTF phase via Path 2, The lnown
image was used to calculate R.f(u, v,0,1)

Figure 8. Cross-section along u-axis of Figure 6.



{m

necessary guantities to traverse Path 1 and Path 2
respectively.

Shown in Table 1 are the standard deviations defined

below in degrees for four similar images of text and the
image in figure 1. Note that the operator E is assumed to

refer to sample statistics opposed to mathematical
expectation and the bar denotes sample mean. These images

are all 512 x 512 images.

2 - 2
G2= E[R_(u,v,0,1)-R_@,v,0,1)]°
1 ° C Fuovv ’ p Ve O .

ﬁigu,v,l,O) and'EFJu,v,O,l) were essentially 0.

image G, Gy
textl 4.8 4.9
text2 4,0 7.4
text3 7.2 6.4
text4 5.1 6.7
couple 4,2 3.7

Table 1. Gi and G2 in degrees for five different images.

Assuming the technique can tolerate the errors inherent

in Table 1, the approximation below can be made.

RG (u, v, Au, Av)
I RG (u, v, Au, Av) |

8 (ut+du, v+Av) ~ 8(u,v) - tan~
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3.5 Spaﬁial Warp Interpretation Technique

William K. Pratt

Image interpretation consists of a description of a

scene, or parts of a scene, based upon some symbolic scene
representation. A new technique is described for image

interpretation of segmented images containing perspective
views of three-dimensional objects against a fixed

background.

Roberts' Scene Analysis Method: The spatial warp image
interpretation technique is an extension to complex, real

world scenes of a method developed over a decade ago by L.G.
Roberts [1]. In Roberts' scene analysis system scenes

containing polyhedral objects are analyzed by matching
polygonal parts of the scene to models of objects that might

appear in the scene. This overall task is accomplished in
several steps. First, edge detection is performed to

determine points of convexity and concavity of objects
within a test scene. These edge points are then linked

together and short links are fit by straight 1line segments
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using a priori knowledge that scene objects are of
polyhedral form. Next, vertices between polygonal faces are
detected and stored in a list.

A vertex of a polyhedral object is topologically
invariant to translation, rotation, dilation, and changes in
perspective. Such changes can be mapped in a
four-dimensional coordinate system by a linear
transformation. Let z,x,y,w denote a set of homogeneous
components of an object point where z is depth, x is width,
y is height, and w is a scale variable. These homogeneous
components are related to the conventional three-dimensional
components (X,Y,Z) of an object by the relations

X=X
w (la)

- X
Y = w (1b)
z == (1c)

w

A vertex point can be represented as a vector

v, = [zl'xl'yl'wll . After transformation the vector
coordinate becomes
¥, = !.'I_.!l (2)

where H is a four-by-four transform matrix. Reference [1]

provides several examples of the matrix structure for
translation, rotation, dilation, and perspective movement.

The homogeneous coordinate system is a useful means of

describing the movement of object points in a
three-dimensional coordinate system in which depth

information is available as well as spatial measurements.
In a two-dimensional view of a scene containing

three-dimensional objects depth measurements are not
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directly available. Hence the 2z coordinate is unknown.
Nevertheless, it is possible to "match” the vertices of
three-dimensional objects defined by four component sets
[z,x,y,w] by their three component projections [x,y,w]
through a linear transformation. Consider a 4 x N matrix

A= a

=2

o

2

containing N column vectors of vertices from a polyhedral
object, and a 3 x N matrix

' ]

' (]
= 4
g." h Ezio . oih ( )

] (]

1 N

possessing column vectors of the two-dimensional scene

projections of the same vertex points., A 3 x4
transformation matrix T and an N x N scaling matrix D can

then be found to minimize the transformation error

E= TA-BD &)

Examination of the number of known and unknown elements of
eq. (5) indicates that N > 6 1is necessary to avoid an
underdetermined solution. For an overdetermined system of

equations the minimum mean square error solution assumes the
form

- 3D a @ ah)! (6)

for a given scale matrix D. The residual error can be
measured by the matrix norm defined as

3 N 2
g= 3 3 E°(,KN (7)
j=1 k=1
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If the test points B match the model points A to sufficient
accuracy, the corresponding object is deemed to be detected.

The basic limitations of the Roberts' scene analysis
method is its dependence upon three-dimensional knowledge of
visual models and its restriction to polyhedral objects.
Attempts have been made to remove these limitations in the
spatial warp interpretation technique.

Spatial Warp Image Interpretation: In the spatial warp
interpolation system the three-dimensional nature of objects
is not utilized explicitly. Rather, all scenes, test views
and visual models, are considered as two-dimensional

projections of objects related by a spatial coordinate
warping transformation.

Figure 1 describes the basic methodology of spatial
warping. A point (j,k) in an original image undergoes a
physical spatial warp to be mapped into a distorted space at
coordinate (p,q) according to the general relations

=0 {ij,k
P p{Jv } (8a)
q = oq{j.k} (8b)
where O and o are arbitrary nonlinear operators.

P
Next, a spatial warp correction is performed to compensate
for the physical warp. If the physical warp tranformation

of eq.(8) is known explicitly, then the correction inverse
can be computed in principle. Usually, such information is

not directly available, but it is often possible to
approximate the physical warp by a polynomial
transformation. As an example let
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A~ 2 2
= s i j 9a
P --:-1o + a,IJ + azk + a3J + a4k + aSJk (9a)

- 2 2

_ : 3 %
q =b_+b,j+ bk + bk + bk + b jk (9b)
represent a fifth order spatial transformation. Then, the

unknown constants

T
a = [ao aja,aza, as] (10a)

T
[bo bl b2 b3 b4 b5] (10b)
can be determined by measurement of a set of known vertices

(control points) in the (j,k) and (p,q) coordinate systems.

For M such points arranged in vector space form eq. (9)
results in the relations

»

P = éﬁ (11a)
4=Ab (11b)
where T
.E = [Pl Pz ¢« o o pu] (12a)
- T
a= [g;9, -+ .q,] (12b)
— -
. .2 2
1, ¥k dp Ky gk
é= * e o . ‘. . (13)

Y R VNN

For a given set of control points the mean square error

é

~n .y -~ T A
(g-g_)T (_1_:_-3) + (C_1_-g_) (t_l_-g) (14)

is minimized for weighting constants computed by
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a=A'p (15a)

b=4"g (15b)

where A" is the generalized inverse of A. For an
overdetermined system

A" = @Tat AT (16)

Figure 2 describes the spatial warp technique for image

interpretation. With this method each image is initially
segmented into regions of common attribute, e.g. 1luminance,
tristimulus values, texture. Next, a set of M control
points (j,k), chosen to be invariant under perspective
transformation, are selected from each region and used to
generate the warp transformation matrix A. These control
points are then warped to the space of the scene model data
base, and matched to corresponding control points obtained
from segmented images of the data base. The data base may
contain primitive segment shapes (triangles, quadrilaterals,
ellipses, etc.), or macro-segments (auto wheels, airplane
wings, or house doors), or combination of both. The scene
model control points (En,gn) for n=1,2,...,N segments are
used with the warp transformation matrix A to compute a set
of N polynomial weighting factors (gn,gn). With these
weighting factors the control points are warped to the scene
model space to produce the set of warped control points
(ﬁn,gn) which are then compared to (p ,g ). If the error is
sufficiently small, the segments are subjected to a match
over all points in their surfaces by warping the test image

segment to the scene model space and performing a
pixel-by-pixel match.

The major advantage of the spatial warp image
interpretation system are its relative simplicity and
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computational efficiency. The control points for scene
model image segments can be pre-computed and stored. Then
for each test image segment it is only necessary to compute
a relatively small dimension generalized inverse. For each
potential control point match it is necessary to perform a
simple low dimensional vector multiplication to warp the
test image control points to the space of the scene data.
Total warping of the test image is performed only if the
control point match is sufficiently close.

There are several important questions which must yet be
explored. First, and perhaps most important is to determine

the effect of inaccuracy in the detection of control points.
If the number of control points is reasonably large, small

errors should be insignificant. Another important point to
investigate 1is the best measure of control point and image

match error and means of evaluating if the error value is
sufficiently small to judge a positive map. Work is

underway on these theoretical questions in conjunction with
a simulation study.

Reference
[1] L.G. Roberts, "Machine Perception of Three-Dimensional

Solids," in Optical and Electro-Optical 1Information
Processing, J.T. Tippett, et. al., eds., MIT Press,

Cambridge, Massachusetts, pp. 159-197.

3.6 Estimation-Detection of Object Boundaries in Noisy
Pictures

Nasser E. Nahi and Simon Lopez-Mora
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An algorithm for successively estimating boundaries was
introduced in [1]; the proposed estimator, unfortunately,
assumed the presence of objects at every line in the picture
and was susceptible to divergence. In [2,3] (see (2] for

details) the algorithm was modified in such a way that
before a new line was processed, a test to determine the

acceptance or rejection of the estimated boundary was
performed. Although the "refined estimator" as it was

called, showed significantly better than the original one,
the test procedure was ad hoc.

In the present report, the problem is formulated under

a joint estimation-detection context (4] with the associated
cost function. This framework permits us to obtain an

optimal boundary estimation processor that includes a choice
for the detector component as well as a procedure for
optimal selection of the detection threshold.

Since the introduction of the joint scheme (4], several
authors [4-10] have considered applications where signal
parameters are estimated under the assumptions that they are
defined at all times. This present formulation differs from
the above mentioned applications in that the parameters to
be estimated are hypothesis-dependent, signifying that their
estimation is meaningful only under a given alternative.

Using the same nomenclature as in [2,3] let us express
the set of observations (k =1,...,N ) as
H: y = S0 +vld) , kely
(1)
Hp: ylk) = A(K)S (k) + (1-A(k))S, (k) + v(k), k éI.s
where ) is a binary sequence taking values 1 where the
object 1is present (Sb(k)) and 0 elsewhere (S (k)), v is a
white Gaussian noise sequence with =2zero mean and known

variance, 14 = {lines where the object is present}. In
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turn, on these 1lines where the object is present, the
boundary function A is expressed in terms of two random

variables w, c that represent the width and geometrical
center of the object on the associated line.

Under the given setting, it can be seen that the
processor must accomplish the following task: screen the two
given hypotheses at the end of every line, and produce a
decision at its output concerning the absence of the object

(when H, is decided). When Hl is decided, proceed to

estimate the width and center of the object and present
these values at the output, see figure 1. In other words

the boundary estimator output must be either a decision or
an estimate. . In order to optimize the structure in figure

l, it is necessary to define the cost function to minimize.
Let

Y i1=20,1: be the decision associated with hypothesis!ﬁ

Yo UYNer YNz e e Yy O S 1 < N-LY

5 (v|Y): be the decision rule assigning a probability between

(or equal to) 0 or 1 to each decision Y; s i=29,1
the distribution depending on Y.

pi, i=0,1: be the a priori probability of hypothesis H
occurring

Cij' i,j = 0,1: be the detection cost incurred when
deciding Y; when Hj happened

f1 ﬁ?(Y),r): cost of estimating the object boundary, f(Y),
’ when ¢} has been decided and when an object
with boundary r was present (Hl occurred)
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fl ¢ cost of estimating a boundary when the object was not
4

present
Fn(Y): be the n-dimensional probability density of the set Y

F(r|Bl): be the probability density for the object boundary
r

It should be pointed out that the selection of C4 , and
»

fl,o as constant values emphasizes the determination of the
existence of the object as contrasted to non-constant costs
which penalize missing or estimating objects in relation to
their size and (or) positions.

The average cost of detection and estimation can now be

written as

F H,)>x
Rosk +de[6(Yol Y)[Peco'an‘YlHo)ﬂ'lco,l< n(err P>r]
Y :
+5(Y,| DIIpoCy oFo (¥ gt Gy y<Fu(¥ v, HyP>x] (2)
+aly 1| Y)[pofl’ an(Y|H0)+p1<£l’ an(YI r,H)>rl}
where

< Fn(YIr,Hl) > =an(Y| x H,)F(r| H,)dr

»~

Minimization of (2) (with respect to (, f) when a
quadratic error cost 1is chosen for fl 1 results in the

following optimum decision rule and estimator
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Y
p.F (Y| H.) 1 _
Ln IHI =a> o0 f,07%0  -x
PoF, (Y| Hy)

T
o Co,1~Cy1, 1 ElF ¥|H,)

For this particular cost function and in view of (3) and
(4), figure 1 becomes figure 2. To illustrate the boundary
processor performance, the armored personnel carrier (APC)

of the USCIPI data base has been used. In order to
emphasize the boundary estimation itself, the object and

background 1luminances have been assumed known and constant.
The luminance values were chosen from a histogram of the

original picture. The noisy observations, figure 3b, figure
4a and figure 4b have been obtained from the original

carrier by adding white Gaussian noise of standard.deviation
oc. The results appear in figures 3 and 4.

The parameters chosen for the boundary processors were

N = 256 w = ° c = - = =
w = 75.8 Cc 4,6 Pp=P;=+5
. 876 0. 4,02 .
A (mN) = ( ) B, (mN) = 0
AUR 924 0. 2.67
For figures 3, 4a and 4c Kh= 1

For figures 4b and 4d

C £ - C = 260

1,0 ¥ 41,0 " ©o,0

c = 260

0,1 1,1
Similar results have been obtained when the object luminance
is unknown and will be reported in the near future.

References
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4. Smart Sensor.PEEJects

Our smart sensor effort is progressing nicely with a
division of 1labor between USCIPI personnel and Hughes
Research Laboratory personnel. As can be seen from the
following, simulations at USC -indicated very small adaptive
convolving kernels can be quite wuseful for preprocessing
close to the front end of a sensor. In addition, such
processes, when implemented near the focal plane, provide
potential for reduced subsequent dynamic range requirements
in higher level processes. The test facility at HRL is
progressing and the Sobel chip seems to be making the usual
progress through the variety of production facilities
necessary to configure such devices. Similar comments can
be applied to the Circuit II, our first attempt at "adaptive
on-chip" processing. Finally preliminary efforts are
underway to design a real time CCD focal plane image
segmentor. This represents our first entry into designing
actual image understanding algorithms for potential on-board
smart sensor implementation.

-126-



4.1 Enhancement with 3 x 3 Kernels

Harry C. Andrews

Progress in the development of smart sensor technology
has led to the need for preliminary simulation of special
algorithms prior to sensor design and construction.
Parallel to this recent smart sensor effort has been the
long-standing need for the development of high speed
exploitation facilities for human interpretation of digital
imagery. Typically such exploitation algorithms have been
described as "enhancement® procedures but have traditionally
been space-invariant in nature. More sophisticated
modern-day digital image processing has led to the study of
adaptive (space-variant) enhancement techniques. Coupled
with the ability of both smart sensor and digital refresh
technology to implement 3 x 3 convolutions within 1/30
second for 512 x 512 x 8 imagery, it was decided to
undertake a study of the power and 1limitations that such
3 x 3 convolving kernel operations could be utilized to the
tasks of both exploitation facility enhancement and smart
sensor two-dimensional signal processing. Towards that end,
this report represents preliminary results from such a
study.

The wunderlying theme for this section is the
utilization of 3 x 3 kernels for use as control signals to
implement both linear and nonlinear as well as spatially
invariant and variant (adaptive) signal processing functions
in two dimensions. Coupled with this motivation is the fact
that USCIPI and Hughes Research Laboratories are jointly
embarking upon the construction of circuits which would
potentially be able to implement these signal processing
functions. A large variety of algorithms have been
developed for these tasks, and probably those which are the
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most successful would be labeled as nonlinear. However, all
algorithms could be envisioned as being designed around

three control signals or two-dimensional functions. These
three signals are:

original image = f(x,y)
blurred image = f_(x,Y) (1)
Sobel of image = fs(x.y)

The blurred image is obtained by convolving f(x,y) with a
3 x 3 kernel whose entries are all unity. The Sobel image
is obtained by passing the 3 x 3 Sobel operator over the
original image. Thus

fm(x: y) = f(x, y) @

1

b
e et
-

1 2 11
fs(xa y) = | f(x, y) e 0 00
-1-2-1]

1 0-1T
+] f(x,y) @ 2 0-2
1 0-1]

Both these functions are easily implemented in either
discrete high speed digital circuitry or analog CCD array
technology. Figure 1 presents these three functions on two
images, a "house" and an aerial "reconnaissance" scene. The

former has quite a large dynamic range while the latter has
a smaller dynamic range.

To exemplify a simple use of these control signals,
consider the simple linear combination of the mean and Sobel
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a)2=0.7DB

b) 3 =0.50

c) 3= 0.25

Figure 2, Nonadaptive (1-3) fm(x,y) + lfs(x,y)



a) A= 0.75

Figure 3. Nonadaptive Unsharp Masking f(x,y) - xfm(x, V)
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image, i.e.

glx, y) = (1-2) fm(xv y) + lf.(xv Y)
where
0sA=1

Figure 2 illustrates this situation where in figure 2a, the
Sobel edges are emphasized, while in figure 2c the mean
image is emphasized. Probably a more familiar use of these
control signals for edge enhancement 1is in the "unsharp
masking" application o0f simply subtracting a percentage of
the blurred image from the original. Thus

gx,y) = fix,y) - 1 £_(x,Y)

This situation is illustrated in figure 3 for a variety of
values for 1(1/4,1/2,3/4).

Both figures 2 and 3 are nonadaptive algorithms which
are easily implemented but which indicated a 1lack of
sophistication applied to the needs of the inherent
nonstationary nature of imagery. A very simple adaptive
stretching algorithm has been implemented in figure 4a in
which the brightness of a grey level has been doubled_
depending on the value of gn(x,y). Thus

min(f(x, y), 127) f (x,y) <128

(x,y) =2
gl max(f(x, y)-128, 0) £_(x,y) = 128

Hence if the local mean is less than mid-grey, the center
pixel 1is essentially passed through a function memory whose
gain is a factor of two. The objective, of course, is to
enhance the darks while simultaneously enhancing the brights
without saturation in either case. Notice that this has
indeed occurred in the shadows of the roofline of the
"house" scene but unfortunately at the troublesome expense
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of nonmonotonic artifacts due to the nonlinear decision
process in the threshold of the output function.

A second adaptive algorithm, motivated by
nonlinearities in most sensors, is illustrated in figures 4b
and 4c. In both these cases it is assumed that the sensor
(be - it film, vidicon or CCD array) is optimized in terms of
spatial frequency response in its linear brightness response
range. However, in saturation, both lower and upper, it is
anticipated that the spatial frequency response is decreased
and as such could profit by 1localized enhancement.
Consequently based upon the local mean, a linear proportion
of edge emphasis is introduced depending upon how close to
dark or bright saturation that 1local area of the image
experiences. Figure 5 illustrates the central curves for
the saturation for both the adaptive Sobel example and the
adaptive unsharp masking. Thus the outputs are

adaptive Sobel

glx,y) = M (x,y) + (1-}) £_(x,y)

L (x,y) 1128) + 3 £ _(x,y)< 128

>
i

((256-£_(x,y))|128) + % £ (xy) =128

adaptive unsharp mask

glx,y) = f(x, y) - (1-3) £_(x,y)

Rty 128y + 4 £ (% y) <128
3256 - £_(x,y))|128) + } £ (x,y) 2 128

Returning to figure 4 in both (b) and (c¢) it is clear that
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Figure 4. Some Adaptive Algorithms
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very bright regions are enhanced (see the bright roof in the
lower right of the "house"” scene). Unfortunately the edge

enhancement in dark regions is still difficult to see
because of the lack of much energy in these dark areas.

A final adaptive enhancement algorithm is illustrated
in figures 6 and 7. This algorithm is motivated by the
desire to develop zero mean unity variance random pixels
which can then be passed through a common table look—-up
(function memory) for localized dynamic range adjustment and
adaption. The variance of a neighborhood is assumed to be
approximated by the Sobel edge energy. If we had a zero
mean unity variance Gaussian random variable, the error
function erf(.) would be used for 1localized table look-up
dynamic range adjustment. However for simplicity the
arctangent was substituted in its place. Thus the final
output function becomes

f(x,y) - £_(x,y):
fs(xo y)

gx,y) = A f(x,y) + (l-l)t:an"l

In figures 6 and 7 ) ranges from A =1 to 3 =0 providing
the original all the way down to a very nearly binary image
in which all shadow area and bright area region detail are
simultaneously evident. Finally an adaptive binarizer is
presented for comparison purposes in figures 6f and 7f. In
these two cases we have a thresholded output to be black or
white depending on the center pixel not exceeding or
exceeding the local mean surround. Consequently
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4.2 Real Time Implementation of Image Segmentation

Guy Coleman

The procedure described in Section 2.1 is currently
being used to segment images on a general purpose digital
computer. It is possible to implement this scheme, with
some suitable modifications, to segment images in near real
time, that is, at television rates.

Figure 1 is a conceptualization of such an
implementation. Starting at the input to the system on the
left side of the diagram, the features are computed in real
time by the Feature Computer. Implementation of some of
these features on CCD devices 1is already in progress as
described elsewhere in this report.

The covariance matrix of the features is computed and
diagonalized by the Statistical Computer. It is expected
that the diagonalization process may take more than_ one
frame, hence the rotation matrix that is sent to the Feature
Rotator is based upon data that is several frames behind.
Implicit in this approach is the assumption that the overall
picture statistics do not change significantly in a small
number of frames.

The rotated features go to the Segmentor, the Mean
Computer and the Cluster Data Computer. Preliminary
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investigation of implementing the Segmentor and the Mean
Computer on CCD devices is currently in progress. If the

Feature Computer, the Mean Computer and the Segmentor were
available, real time nearest means (ISODATA) clustering
could be performed on non-rotated features. The number of
clusters would have to be manually selected.

The function of the Cluster Data Computer 1is to
determine when the Segmentor/Mean Computer loop has
converged and to then compute whether to change the number
of clusters. At this point, the procedure will most likely
be somewhat different than that currently being used in the
algorithms on the general purpose computer. The current
algorithm computes a product of between and within class
scatter averages. The "correct”™ number of clusters is
chosen to be the number for which this product is maximum.
Implementation of this concept in real time would require
three segmentors and three mean computers, one set for N
clusters, one for N-1 clusters and one for N+l clusters.

The Cluster Data Computer would have to compute the
product for each number of clusters and decide whether or
not to change N. A different procedure may be capable of
producing satisfying results with 1less hardware and thus
only one set of hardware is shown.

After turn-on, a number of frames of data will be
required for the system to converge. If the scene changes

relatively little from frame to frame, the system will
"track" after the initial period of convergence.

The post processor is used to combine clusters for

display purposes, based on analysis of the segmented images
by the higher levels of the system. This is required

because contextual interpretation of the scene may dictate
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that certain segments are part of the same object even if
they have different appearances.

4.3 CCD Image Processing Circuitry

Graham R. Nudd

1. OUTLINE

This report represents the work wundertaken in the
second phase of the subcontract to Hughes Research
Laboratories from the USC 1Image Processing Institute.
Participants in the work described are R. Harp, C.L.
Jiang, W. Jensen, D. Maeding, P. Nygard, P. Prince, and
G. Nudd.

In the first year of this program we investigated the
possibility of performing specific image processing
algorithms in real-time wusing special purpose CCD/MOS
integrated circuits. The algorithms investigated were:

1. Chirp Transformations

2. Roberts' Cross Operation
3. Sobel Operator

4. Hueckel Operator

5. Histogramming

(For the purpose of this study, real-time operation was
considered to be 5 MHz with accuracy equivalent to eight
bits.) For each of the above operations (apart from the
Hueckel operator) we developed <circuit concepts and
performance estimates.
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During the period covered by this report we have
concentrated our efforts principally on developing the

integrated circuits necessary to demonstrate feasibility and
to verify our concepts. Two circuits have been selected for

implementation, each operating on a 3 x 3 array of picture
elements.

The first circuit (Test Circuit I), an implementation
of the Sobel Operator for edge detection, is fabricated as
an-n channel surface CCD and is designed to operate at 10
MHz rate with accuracy of six bits or better. The detailed
design and layout of this circuit has now been completed,
and devices should be processed by April 1977.

Test Circuit II contains five separate algorithms; low

pass filtering, edge detection, unsharp masking,
binarization, and adaptive contrast enhancement. This
circuit will be built on a second n-channel test chip, and
we hope to have devices processed by mid-year. We

anticipate that this chip will be approximately 190
mil x 190 mil, and if there 1is sufficient area, we will
include other test circuits on the same chip. The exact
space available for other circuits will not be known until a
detailed 1layout has been completed in the next month or so.

Both circuits are analog implementations which perform
arithmetic functions, such as the addition, intensity
weightings, and the absolute value operation required in the
Sobel, at rates equivalent to 200 MHz. Further, the
relatively small size of these circuits offer the
possibility of highly parallel operations. For example, by
using the parallel arrangement of circuits shown in figure
1, edge detection on a full frame can be performed in a few
microseconds, as compared with several minutes required by a
general purpose computer. An example of this is shown in
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the figure. A CCD imager or analog store is used to store a
full frame, and the data from the N rows are clocked out in
parallel into N parallel processing circuits. Each circuit
might perform the Sobel operator, for example, and will
process the data for an entire 1line, with the processed
output appearing at the clock rate fc (which for our
circuits could be as high as 10 MHz). Thus, an entire frame
would be processed in Nf, seconds. For a 512 x 512 frame
this would amount to 50 u4sec. The advantages of this for
direct focal plane processing are clear.

In addition to the detailed design and 1layout of the
above «circuits, we have spent some time developing the
facilities necessary to perform the test and evaluation, and
developing the software interface to access the USC data
base from the IMSAI 8080 micro-processor which forms the
basis of our present test system.

Each of the above tasks is discussed below, together
with our plans and schedules.

II. TEST CIRCUIT I

The first test circuit is a CCD implementation of the
Sobel edge detection algorithm. This circuit was chosen
because it demonstrates two operations important to image
processing; the possibility of achieving a two-dimensional
convolution with arbitrary weightings and the ability to
perform nonlinear functions such as the absolute magnitude
operation.

The algorithm itself operates on an array of 3 x 3

picture elements with intensities £(i,j) as shown in figure
2, and evaluates
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for each picture element. A schematic of the circuit
concept is shown in figure 3. Three parallel lines of
charge, proportional to the pixel intensities, are fed into
the device using Tompsett potential equilibration inputs for
linear operations. The top and bottom lines of charge are
then divided into two parallel channels using a central
implanted channel stop as illustrated, and floating gate
electrodes are used to non-destructively sense the charge in
each channel.

With the electrode configuration shown the voltage
appearing on the top interconnection, for example is

¥y = k Gy, (F(1-1,3-1) + 26(3,§-1) + F(i+1,5-1)} (2)

where Cox is the oxide capacitance and k is a constant
relating the charge generated by the input circuit to the
pixel intensity. The weightings (1,2,1) are obtained
directly by making the central electrodes twice the area of
those on the corners. The voltages appearing on the other
three interconnects are equivalent to the other expressions
shown in eq. (1l).

To calculate the full Sobel, S(i,j) pairs of these
outputs are then subtracted and the absolute value of these
operations taken prior to summation. In the direct
implementation conventional MOS differential amplifiers (as
shown in figure 9) can be used to perform this first
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operation, and the outputs from these fed to absolute value
circuits as shown. We are currently investigating, on Test
Circuit I, techniques to achieve all the arithmetic
operations except the absolute value functions within the
sensing array itself. We are also including on Test Circuit
I two novel CCD absolute value circuits, and outputs will be
available from both. Taking absolute values using charge
coupled devices on the same IC chip that contains the
charge-sensing matrices provides power savings, less
temperature drift dependence and represents a very efficient
analog processing method. A brief description of each
circuit is given below.

A. CCD Absolute Value Circuits

l. Single Channel

Figure 4 depicts the circuit schematic and potential
diagram of a single channel CCD absolute circuit. The
circuit uses a fill and spill input system to generate a
charge, Q, proportional to the magnitude of the voltage
difference on gates SIG and B2, i.e., Q = Cox I(Vsig 'VBZ)| .

In this way the B2 electrode is used as reference. For
a negative input signal the potential profile at the silicon
surface is as shown in the upper figure. When the diffusion
QHWA is pulsed, charge flows along the surface and fills the
potential wells shown. When GINA drops, the excess charge
flows across the potential barrier formed under the signal
electrode back to the input diffusion. Then as the transfer

gates,QOUTA , are clocked, the charge represented by the
shaded area is clocked out.

For a positive input signal, the potential profile is
shown in the 1lower figure. After the spill and fill
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operation is completed, by again pulsing the input
diffusion, charge collects in the well as shown, and the
charge indicated by the shaded area is clocked out.

If the total gate area of FZ and SIG is designed to be
equal to that of B2 and FZ%, equal amount of charge will be
transferred for positive and negative signals of the same
magnitude. Thus, an absolute value function in the charge
domain is obtained.

This implementation has a number of advantages which
will materially affect the performance and accuracy of the
circuit. For example, it always provides a "fat zero" bias
charge packet (indicated by the cross-hatched area) to
decrease the transfer inefficiency caused by the surface
states in the channel. The 1level of this "fat zero" is
controlled by the d.c. bias applied to FZ.

A preliminary experiment was performed on a simple
input circuit on Hughes CRC-100 CCD chip to demonstrate the
functional concept described above. This circuit was not
designed for performing absolute value functions. Hence,
its input gates are not structured for this particular
application (see figure 5). However, it illustrates the
validity of the concept. Figure 6 is a scope photograph of
both the input and output waveforms. It can be seen that
the bottom half of the input waveform is inverted in the
output. It is also noted that the output waveform is not
symmetrical about the zero level due to the asymmetry of the
input gate arrangement shown in figure 5. The circuit
depicted in fiqure 4 will provide a more satisfactory
operation.

2. Dual Channel
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The basis of this circuit is two parallel CCD rectifier
circuits, one operating on negative-going signals, and the
other positive signals, as shown in figure 7. The electrode
structure and potential profiles are shown in figure 7a for
the positive going signals. 1Initially the d.c. and signal
gates are clamped at a reference potential creating the
potential well shown. A bias charge is then dumped, by
pulsing ¢nq ., over the input screen filling the well and
excess charge spill over the barrier under the signal gate.
The signal gate is next connected to an analog input signal.
A positive input signal with respect to the d.c. voltage
causes a charge proportional to the voltage difference to
flow over the barrier. This represents a large dynamic
range diode circuit with no forward voltage drop and, hence,
rectifies the input signal on the signal gate. The opposite
polarity circuit is realized by reversing the position of
the d.c. and signal gates as shown in figure 7b. When the
two circuits shown are implemented in parallel, a precision
full-wave rectifier or absolute value circuit is achieved.
The operation is based on the charge equilibration technique
and, hence, good linearity, dynamic range and speed should
be achievable. A slightly different geometrical arrangement
of this concept was discussed in some detail in the previous
semi-annual report.

B. Status of Test Circuit I

The detailed design and layout of this circuit was
undertaken on a Hughes Aircraft Company IR&D chip CRC 1ll.
This was completed in November 1976, and 1layout drawings
sent to Micro Mask for digitization and mask fabrication at
that time. Due to unexpected shortage of manpower at Micro
Mask, the chip digitization was delayed for about four weeks
and the decision was made to transfer it to Microfab in the
first week of January 1977. Digitized cell plots were back
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for a preliminary check on 9 February 1977. They were
checked, corrected and sent back to Microfab for final
plots. We anticipate masks to be delivered in March at the
latest. Most of the circuits on the CRC 11l chip are DMOS
circuits requiring thirteen mask levels, whereas the image
processing circuits are n-channel CCD which requires only
seven mask levels. We intend, therefore, to process the CCD
circuits on a priority basis, and we anticipate processed
circuits to be available in April.

III. TEST CIRCUIT II

The detailed design and layout for a second test
circuit 1is currently in progress. The circuit will be
processed on the CRC 115, Malibu Signal Processing Chip.
This 1is an n-MOS CCD chip and devices are scheduled to be
processed at mid-year. We anticipate that the circuit
development cycle for Test Circuit II will be considerably
shorter than for Test Circuit I since the primary emphasis
of the CRC 115 chip is image processing and its schedule is
geared to this program. (Test Circuit I was developed as an
adjunct to an IR&D DMOS program.)

The circuit is designed to operate on a 3 x 3 array of
pixels and perform the five operations defined in egs. (1)
through (5).

i+1 N

Low Pass Filter f (i,j) =1 I E ) 2)

Unsharp Masking S(i,j) = (1-a) S(i,j) + « fm(%.j) (3)

Adaptive Binarizer fb(i,j)

' .. . . 4)
1 £.(1,3) = £(i,]j) (

0 f(i.3) > f(i,j)

n
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Adaptive Stretching f,(i,J)

2 Min |f(1,j), r/2| foi,d) = F/Z (5)
2 Max |(F(3,9)-v72) | 0] . (1.3) > rr2

A block schematic of the circuit is shown in figure 8.
It 6perates on three parallel lines of charge equivalent to
three adjacent lines of image data and provides the five
separate outputs 01-05 shown. The accuracy of each of these
operations is anticipated to be equivalent to six bits. It
is built using 5 m lithography and is designed to operate at
10 MHz. The circuit arrangement differs slightly from that
shown in the previous semi-annual report in that the edge
detection and low pass filtering are performed in parallel
rather than serially. This approach avoids any timing
problems associated with formation of the unsharp masked
output, but requires greater attention to be paid + the
linearity and matching of the Tompsett input structures.
The circuit philosophy is to provide each of the five output
functions independently, as shown, and make the
interconnection either with wire bonds on the chip surface
or external coax. In this way parallel techniques will be
investigated and each function can be isolated and tested
separately. For example, two Sobel circuits will be built
(one using a HAC proprietary arithmetic technique for charge
sensing and calculation), and a number of novel absolute
value circuits developed. This will allow us in the initial
testing phase to evaluate six different circuit arrangements
for edge detection and determine the performance and
accuracy of each approach. Then in the final image
processing, we will select the optimum approach.

The detailed design and simulation of each of these
devices has now been completed and the initial layout for
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the full circuit is to be completed by March 1lst. A brief
description of each circuit element is given below.

A. Edge Detection

The edge detection technique 1is again based on the
Sobel operator, and two circuit concepts are being
developed. The first is a novel circuit concept which
avoids use of much of the MOS circuitry typically involved
in the differential amplifiers at the outputs of the
floating gate structures. The second technique is the more
conventional approach illustrated in figure 3, using twelve
floating gate electrodes and employing the area modulation
shown to provide the outputs

£(i-1,3-1) + 2 f(i,i-1) + f(i+1,3-1) etc.

Then the differential amplifiers shown in figure 9 find each
orthogonal edge component,

[£(1-1,3-1) + 2 £(3,3-1) + #(i41,5-1)]

- ,f(i-1.3+l) +2 f(4,341) + f(i+1,j+l)|

The advantages of this type of amplifier circuit is
high common mode rejection and high speed. This design has
been computer-simulated up to 20 MHz. It is estimated that
an accuracy equivalent to seven bits will be achieved with a
gain of 0.8. The balance achieved between the two input
devices 1is crucial to accurate operation and in the device
now being drawn particular emphasis is given to this issue.

Absolute Value Circuits

There are three absolute value circuits included on
Test Circuit II. The first two are CCD implementations
which operate so as to generate a charge equivalent to the
magnitude of the input signal. These circuits have been
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described in some detail as part of Test Circuit I. We are
also including as part of Test Circuit II the MOS design
shown in figure 10. The input in this circuit drives two

matched transistors Tl and T2. As shown the input to T2 is
inverted and hence the current drawn from VDI) flows either
through T1 or T2 depending on the polarity of Vin' For
matched transistors the magnitude of the output v; is thus
independent of the polarity of Vh:' Again this circuit has
been simulated and an accuracy of seven bits is estimated.

Low Pass Filter and Center Element

A schematic of the low pass filter is shown in figure
11. The three floating gate electrodes are used to sense
and sum the charge magnitudes in nine adjacent cells. As
shown the output represents

i+l j-1

> D 6, 3)

i-1j-1
and hence is nine times the mean. This has been done
(rather than make each floating gate a ninth of the full
cell size) to increase the sensitivity. It does require a
CCD shift register with nine times the width to sense the
center pixel as shown in figqure 12 to achieve balanced
signals. '

Unsharp Masking Circuit

The concept of the unsharp masking circuit is shown in
figure 13. It is based on the analog multiplier.
Externally adjustable inputs (controllable by external power
supplies) are fed to transistors Tl and T2 which control the
gain of the two input devices T3 and T4. Since these are
drawing current from a common source V the voltage of
node, N, varies as (l-a) fs(j,k) + afn(j,k). The output
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from the source follower is thus equivalent to the unsharp
masked output as defined by eq.(3). The external control
allows the output to vary from all edges to complete low
pass output.

Binarizer

" The concept of the binarizer has been employed widely
as the refresh element for digital CCD memories. 1Its basic
form is shown in figure l4a. The usual accuracy requirement
for the digital refresh is comparatively low: merely sensing
about a fixed threshold. The accuracy attainable is
controlled by the matching of the two symmetrical halves of
the circuit and is largely a geometric and threshold
problem.

A photograph of a typical digital refresh «circuit
(taken from Hughes Aircraft CRC 100 chip) is shown in figure
14b where the required symmetry is immediately apparent.
Typical MOS threshold variation might be approximately 20 mV
and hence seven bit accuracy will require greater than two
volts swings.

The binarization requires considerably more accuracy
than direct refresh since the switching voltage itself is
varying and is likely to be very close to the input signal
(one being the center pixel, the threshold being the average
of its nine neighbors). We are therefore currently
considering using a pre-amplification stage prior to the
cross coupled latch shown. An amplification of about five
would be sufficient to achieve the necessary accuracy and
provide correct latching. This problem is currently being
analyzed.

Adaptive Stretching
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A circuit capable of providing the adaptive stretching
function is shown in figure 15. The input signal equivalent
to £(i,j) is a.c. coupled to an MOS transistor which is
driven by an external voltage v - (This input can also be
derived from the mean fnlby internal bonding on the chip.)
The gain of this circuit is two and the output will be
linear until the transistor Tl limits at f£(i,j)] _ - (i.e.,
input magnitude f(i,j)Lnax/Z). The complement of this
output is also available which provides a thresholded output
(up to f(i,jﬂrnax) and then a.linear gain of two. These two
outputs provide the transfer function shown on page 160 of
the September 1976 Semi-Annual Report, isolating the high
brightness and shadow regions and can be externally varied
by controlling the threshold voltage LA and the gain, via
the source follower input Vg. :

Status of Test Circuit II

The detailed design and layout of each of the above
functions, is currently underway. We are investigating the
optimum binarizer circuit, and have scheduled a -‘detailed
design review by March 1st. We anticipate each circuit
element will have been finalized at that time. Our present
goals call for processed devices by July 1977.

IV. TEST FACILITIES

During the past six months we have spent considerable
time developing the test facilities necessary to demonstrate
the performance of our CCD circuits on the USC data base.

The concept of the system is shown in figure 16. 1It is
based on the IMSAI 8080 microprocessor and interfaces with

the USC PDP-10 via a standard 300 baud telephone line.
Image data, stored on magnetic tape at the Image  Processing

Institute, is read by the PDP-10 and transmitted to Hughes
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Research Laboratories via the existing telephone tie lines,
and stored in the digital memory of the microprocessor. The
data can then be displayed on the TV monitor shown, and if
required, stored on a cassette tape recorder for later
reference. An eight bit digital to analog converter is then
used to access the data in the memory and interface with CCD
circuits. The processed data from the circuits is then
returned to the memory via an analog digital converter as
shown.

The circuits themselves are bonded in a 40 pin dual in
line package and mounted in a coaxial breakout box, through
which the clocking pulses, biases and resets are applied.
At the present time all the components shown in figure 16
have been built and interfaced to form the full system. A
photograph of part of the system is shown in figure 17. We
have also developed the necessary software to interface the
PDP-10 with our system, and successfully accessed images
from the USC system for both storage and display. The key
elements of the system are discussed below.

The Microcomputer

An IMSAI 8080 microcomputer is used as an economical
and flexible controller for the test facility. As
configured it is capable of directly accessing 64K bytes of
memory with a minimum instruction time of two microseconds.
The system currently has 16K of static RAM memory with 500

nsec access time. A modem and an asynchronous serial
communication interface at 300 baud are used to load the

image data in the computer memory, from where it can be
loaded into a tape cassette for permanent storage or

displayed directly. Images can also be loaded from the
magnetic tape at 1500 baud.
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Figure 17. Photograph of Test Set-up



Video Display

At present the system uses a Cromemco TV Dazzler to
enable a direct display of both unprocessed and processed
images. Direct memory access is used to access the computer
memory and read the image data sequentially at standard TV
rates. The Dazzler is used to convert to the necessary
video format in real time. The system is currently capable
of displaying an image with 64 x 64 pixels and 16 grey
levels, and we are currently increasing the resolution. (If
necessary, we will display the processed data on the Hughes

Conographics to obtain the full resolution while the
necessary circuit changes are being made.)

Analog to Digital Converters

The system contains two types of analog to digital and
digital to analog converters to interface with the CCD
circuits. One device is capable of outputting two channels
of analog signals with ten bit resolution and inputting
eight channels with the same resolution. Another device

will output and input seven channels with eight bit
resolution with 25 sec conversion time per channel.

CCD Drivers

The necessary clocks and reset pulses for the Sobel
circuit are currently being developed. All the waveforms
will be generated from a basic square wave clock at 16x the
CCD clock rate, and the phase of the diode pulses and resets
will be programmable from external switches as illustrated
in figure 18. Initially a clock rate of 100 kHz will be
employed to interface with the computer memory, but the
circuitry is designed to be capable of being run at 10 MHz

«170-



dn-39g 359, ut Mol ®yeQ °gy Panfr g

: Yy
SHIAINQ —
=" sow/add . 4
¥2071D 91 . %, |
"oy ‘o
¥3L1NdWOD 1
INOHH ONAS

Z-1E6S

(X08 LNOMV3IyE

Xv—03 ONV
did Nid oY)

S1INJYID
ONISS3004d
J9VINI
add

SHIAINA

— Sow

'Y Y Y

X08 svig

qL

H3LNdWOD
WOHJ4 ONAS

a/v y
iqg > -V
o
.
a
- 2
v/a |7
< d
g8 < a
v
AHOWIN
H3LNdWNOD

I

| viva

G3SS3304d

> viva

Q3$S3004YdNN



rates (the normal design rate for our circuits) in later
experiments. The basic 1logic circuits are TTL and high

power TTL to MOS output drivers are included to provide the
high voltage =~20V required for the MOS circuits.

Software Development

The software for the system consists of a Basic
Interpreter, an Assembler, Monitor and Editor to develop the
assembly language programs. We have also developed the
software necessary to access the USC data base and provide
the necessary format translation for the CROMENCO display
and the parallel data output required by 3 x 3 operators.
The former is required to select the window of interest for
our processing and convert from an eight bit format to the
storage of two four bit pixels in one byte of the IMSAI
memory suitable for display on the monitor. The latter is
necessary to avoid having two lines of storage to access the
three adjacent 1lines, as illustrated in fiqure 18. 1In a
final implementation the storage can employ either an analog
CCD shift register or the parallel approach of three
adjacent operators each displaced by one 1line, as in the
focal plane processing shown in figure 1.

In the initial phase of the testing program it is
anticipated that we will use special test patterns generated

on the PDP-10 to evaluate the circuit performance. We have
started to generate a library of such images and a package
of the computer simulated processed data.

V. PROGRAM STATUS AND FUTURE PLANS

Test Circuit I
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We anticipate that processed circuits for Test Circuit
I will be available in April at the latest, and our plans
call for circuit testing to be commenced at that time. We
do not foresee any other delays such as those encountered at
the vendors in digitizing this circuit. The testing
facilities are currently in place and we are continuing to
develop special purpose drivers, etc. as described in
Section 1IV.

Test Circuit II

Our progress on Test Circuit II so far has been better

than anticipated and our schedule includes final drawing to
be completed in March and masks delivered by mid-May.

However we do not anticipate circuit testing to commence
before the third quarter.
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5. Institute Facilities

Recent interest and external visitor pressure has
initiated the following report in this section. Essentially
due to academic courses, summer short courses, research
efforts and general interest in the USC Image Processing
Institute, a brief description of the facilities developed
to date are reported herein. A bit of the design philosophy
as well as user oriented scenarios are presented for the
reader to get a better feel for the capabilities (and
limitations) currently available at the USCIPI. For
additional details on the laboratories, please consult the
various operating manuals and/or cognizant personnel
respectively responsible for the various aspects of the
Institute.
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5.1 The Current Hardware/Software Architecture of the Image
Processing Institute's Facilities

Harry C. Andrews

Abstract

The design philosophy of a digital image processing
facility should be predicated upon the iole such equipment
is to wultimately perform. A large percentage of such
facilities are dedicated toward production image processing
in which parameters and variables are seldom changed.
However, this report is devoted to describing an image
pProcessing facility whose main objective is the education
and research development of graduate students in Electrical
Engineering and Computer Science. Toward these goals,
systems software, hardware architecture, and structural
design philosophies tend to be radically different from
production systems. One such digital image processing
facility is described in which little, if any, production is
experienced, but in which undergraduates, graduates,
faculty, and staff users all have "hands on" access to
rapidly processed digital imagery results.

I. Introduction

The subject of digital image processing has grown over
the past ten years from a few research facilities to large

scale computational, display, and interactive exploitation
facilities scattered throughout the world. However
underlying many such facilities 1lies the need for the
education of competent individuals to effectively utilize
the extremely sophisticated equipment and software that goes
into the configuration of these facilities. Educational
systems for digital image processing equipment are no less
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sophisticated but often require different design
philosophies and hardware architecture for effective
utilization of preciously few available resources. This
report then, is directed toward the genesis and continued
development of one such facility solely dedicated to
educational and research goals of students pursuing graduate
degrees.

The general design philosophy behind this digital image
processing facility has been predicated upon the need to
service many users simultaneously, provide rapid visual
access to processed pictorial results, handle large data
arrays while simultaneously providing mass storage for
easily accessible intermediate processed image results. In
addition, due to the hectic pace of faculty, staff and
student life, maximum efficiency of the user's personal time
has been attempted to be optimized while still providing
high quality hardcopy picture input and output results.

These design constraints have led to a central
processing facility based on highly interactive time
sharing, large core and fast disk storage with direct
hardwired access to programming CRT terminals in user
offices and hardwired access to remote digital refresh
display devices for viewing of intermediate results prior to
requests for hardcopy photographic prints. The software
system that makes the facility useful is designed around a
TENEX operating system with a few optimized routines
directly related to image processing tasks. A parallel
design philosophy has been utilized to allow minor image
processing tasks to be implemented in an off-line mode for
highly interactive fast turnaround exploitation using local
processing capabilities in order to off-load the central
facility from mundane but large bandwidth I/O tasks.
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II. Hardware

Figure 1 presents the block diagram of the computing
facility wunder discussion. The central processing unit
centers around a PDP KI-10 with 512K words of core memory
and fast disk storage of up to 128 million 36-bit words or
the equivalent of approximately 2000 images each with
512 x 512 pixels of 8 bits of brightness per pixel. The
computing facility is switched through a network of PDP 11
series mini-computers for communication to other peripheral
pieces of equipment as well as the office terminals and real
time digital display devices. The office terminals provide
a unique convenience which coupled with the interactive text
editors make keypunching and IBM cards obsolete. The real
time digital display devices; two low resolution monochrome
(256 x 256 x 6) and two high resolution color
(512 x 512 x 8 x 3) monitors, provide viewable results of
processing algorithms within seconds and, at most, minutes
of program completion and output onto the large disk files.
Consequently job turnaround from image in to image out can
be experienced in half hour time frames rather than hours or
even days experienced in earlier systems.

For off-line processing the equipment connected to the
100K bps 1line can be switched to a "local exploitation
facility" mode in which highly interactive but
computationally simple processing algorithms can be
exercised. In addition the off-line processing mode
provides for hardcopy output on the densitometer and flying
spot display and hardcopy input on the densitometer and
color facsimile scanner.
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III. Software

The software system's design is based upon a TENEX time
sharing operation in which users are serviced
simultaneously. Because of the experimental nature of
research software, very few programs are run consecutively
without modification. Consequently an efficie t text editor
and interactive CRT terminals allow for easy program
modification with a minimal of effort. However, what one
gives up in this software mode 1is the 1large batch

number-crunching capability of sequential batch machines.
Such jobs on this system are usually queued for third shift
runs when the user load is down, larger time slices are
available in the CPU, and the dollar accounting is more
favorable.

Very little special purpose software has been developed
on the system other than image file transfers to the display
device. However one assembly language set of subroutines
implemented on the PDP KI-10 has made considerable

improvement both in case of wuser programming and in
efficiency of mass storage. A typical use of this set of

software might be:

CALL IPRESS (A,LENGTH,BITS)
CALL DSKIO(A,LENGTH,LINE,O0,FILE,BITS)

CALL DSKIO(A,LENGTH,LINE,l,FILE,BITS)
CALL IXPAND(A,LENGTH,BITS)

This sequence packs a line of imagery in the array A of
length equal to LENGTH into contiguous blocks of bits per
pixel equal to BITS with subroutine IPRESS. DSKIO then

writes out the packed array A into the line numbered LINE
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and onto an image file named FILE. The second DSKIO reads
into the array A from image row named LINE. Finally IXPAND
expands the packed array into 36-bit PDP KI-1l0 computer
words for conventional integer or floating point processing.
This sequence of four subroutine instructions makes image
processing software virtually available to even the most
novice of users.,

One additional aspect of the system's software that
makes the configuration particularly useful for image
processing is the user's ability to view his image files
stored on the high speed disks with real time digital TV
technology with simple "file-to-monitor" transfer routines.
For display on the monochrome 256 x 256 monitors the real
time television (RTTV) is called resulting in the transfer
of the selected user image to the requested monitor in a
matter of seconds. Similar instructions exist for transfer
of 512 x 512 color digital images to either of the high

resolution COMTAL systems depicted in figure 1. Once such
transfer is accomplished, users usually like to go into the

local mode for on-line additional processing of their
results in the exploitation facility scenarios.

IV. Exploitation Facility

The items in the lower portion of figure 1 (connected
to the 100K bps line) can be operated independently of the
large computers and as such provide the possibility for
highly interactive scenarios to be developed for local
processing results. Such processes as histogram gathering,
grey scale and color remapping, small convolutions,
pseudocoloring, operator-defined object outlining, etc. are
all easily implemented on the PDP 11/40 display stations.
One particular sequence that allows for operator/user closed
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loop processing with the large computing facility is
interactive file generation in the exploitation facility for

retransmission back to the PDP KI-10 for incorporation in

more powerful processing algorithms. One such application

where this is particularly useful is in the situation where
a user interactively segments an image (via manual trackball
operations) for retransmission as "segmentation ground
truth" for comparison with completely automatic algorithms
being developed on the larger computing facility.

As mentioned previously, one of the major goals of the
current systems configuration is the need for minimal
training on the user's part to make early effective use of
the facility. With this goal in mind, a picture analysis
(PICAN) operating system has been developed for one of the
exploitation scenarios on the interactive display system, an
example of which appears in figure 2. This "menu" operating
system has options which are presented on the monitor in a
graphics overlay channel in a column on the right hand side
of the screen. The user simply places the trackball in the
appropriate box beside each option, and the computer
implements the request. If quantitative data is desired as
input, the computer makes the appropriate request on the
terminal. For some variable inputs the grid at the bottom

of the screen can also be wused in a semi-quantitative
fashion.

Returning to the figure, we see the original image 1in
figure 2a with the trackball (the bright spot to the left of
the square indicating "image 2") having selected the second
image plane for display. Because this is the original, its
reference point is row = 1, column = 1 and 1x magnification

(see the top of the screen). In figure 2b we see a 4x
magnification referenced to row = 50, column = 50 (in the

original). The trackball is now within the image field of
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view at row = 96, column = 115 and is measuring the
brightness value at that location to be 228 out of 255. 1In

figure 2c, we see an 8x magnification of an aircraft in the
original via replication. The trackball is adjacent to the
"option box" entitled "magnify replicate". The reference
image location of the aircraft is at row = 62, column = 110.
Repeating the 8x magnification process on the same reference
point via bilinear interpolation provides us with figqure 24
(note the trackball position to the 1left of “"magnify
interpolate"). All of these options are interactively
selected, require only seconds of PDP 11/40 time and could
be easily constructed in digital video real time hardware
(1/30 second implementation). Clearly many other "menu"
selection options are available but these presented here are
illustrative of some of the more simple techniques.

The interactive exploitation scenario developed under
PICAN has evolved over the years to become a very effective
picture analysis tool for relatively inexperienced users.
However another aspect of digital image processing has
similarly evolved during this time frame which capitalizes
on such scenarios. Specifically when mankind's mathematical
and analytic tools reach a useful limit, but technological
problems still remain to be solved, most often further
breakthroughs are accomplished by placing a human as
intimately in the signal processing loop as possible and
allowing his intuitive capabilities to take over. Such
situations were extremely prevalent in one-dimensional
signal processing applications in the past such as in sonar,
radar, waveform analysis, and nonstationary signal detection
in general. By analogy some of the truly complex "image
understanding” tasks of today will require similar "human in
the loop" procedures to effectively learn how and why a
human is so expert at understanding images. However, until
quite recently digital devices did not have the bandwidth
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and speed to keep up with human visual processes, and as
such effective use of his intuitive processes have not been
made. However with responsive highly interactive
exploitation scenarios, and with proper computer monitoring,
it is now becoming possible to configure such systems for
this next stage of image understanding.

V. Conclusions

This report has attempted to present the design
philosophy behind the system and software configuration of a
digital image processing facility devoted to educational and
research objectives. Time sharing operating systems seemed
to present the most efficient and economical software
solution while 1large disk storage and direct image I/0
became useful hardware devices. An off-line exploitation
station for interactive image processing was also described
for non-number-crunching objectives. The configuration thus
described in this report has been in existence for three
years with the result of minor modifications in evolving
hardware and software improvements and currently represents
an efficient economical facility for image processing,
teaching and research.
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6. Recent Ph.D. Dissertations

This section includes those dissertations completed
since the last reporting period. The one 1listed here

reflects an effort at utilizing two-dimensionél
approximation theory to much more effectively develop
adaptive techniques for efficient image approximations. The
results of the research are immediately applicable to high
resolution sensors in which channel bandwidth does not
permit transmission of the Nyquist resolution everywhere.
By on-board variable knot sampling adaptive approximations
to the high resolution image are obtained with low dynamic
range coefficients. In addition the knot (or sample)
density provides a valuable feature for potential on-board
segmentation and higher level decision processes.
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6.1 Degrees of Freedom of Images and Imaging Systems

Dennis G. McCaughey

Abstract

This dissertation presents a degree of freedom or
information content analysis of images and imaging systems
in the context of digital image processing. As such it
represents an attempt to quantify the number of truly
independent samples one gathers with imaging devices.

In quantifying the degrees of freedom of an imaging
system it is necessary to develop an appropriate model. 1In

this work the imaging system is modeled as a linear system
through the continuous-discrete imaging equation. The

associated gram matrix is then employed as an aid in
defining the system degrees of freedom. The gram matrix
eigenvalues are shown to be related to those of the
associated continuous-continuous model and can be used to
predict the discretized system performance. These ideas are
then applied to the tomographic or projection imaging
system; and result in the ability to predict the performance
of this system by indicating where redundant data is

achieved, and the best ways of increasing the degrees of
freedom with a minimum sample increase.

The degrees of freedom of a sampled image itself are
developed as an approximation problem. Here bicubic splines
with variable knots are employed in an attempt to answer the
question as to what extent images are finitely representable
in the context of a digital computer.

Relatively simple algorithms for good knot placement
are given, and result in spline approximations that achieve
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significant parameter reductions at acceptable error levels.
The knots themselves are shown to be useful as an indicator
of image activity, and have potential as an image
segmentation device.
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