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AN EXAMINATION OF TWO ALGORITHMS FOR
DIGITAL IMAGE REGISTRATION

by
Edward J. Cyran
(ABSTRACT)

Two digital image registration algorithms are tested and evaluated
on a personal computer system. The two algorithms, correlation and
sequential similarity detection, are tested and evaluated for speed of
execution, accuracy, and optimum parameter determination. ‘ |

The programs are written in BASIC and can be easily converted to
FORTRAN or other high-level language.

Three different polynomial functions are tested and evaluated to
improve the resolution of the correlation determination.

Based on the results of the tests, it was concluded that the
testing of registration algorithms is feasible in small computer
systemé and that sequential similarity detection is faster. An optimum
threshold setting can be determined for an individual image.
Increasing the magnitude of the SSDA threshold parameter increases the
execution time of the SSDA progfamQ Also, the resolutioh of the

correlation can be improved with a curve fitting technique.
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1. INTRODUCTION

1.1 PROBLEM IDENTIFICATION

The process by which observations are made to facilitate the methods
of analytical photogrammetry are still very human dependent. This proc-
ess usually envolves viewing a sterec pair of the scene to be measured
in a precision optical! measuring instrument. The desired image is
either directly measured or marked with a drill or heated die and then
measured in a monocomparator. In either case, the desired image coordi-
nates are obtained only after a person views the image and brings the
measuring mark into coincidence with the image point and thereby makes
the decision about where the image is located. The comparator's main
function is to provide the coordinates of the image point in the
comparator's coordinate system and then output them in the appropriate
form. This process is tedious and requires experience in photo inter-
pretation, good eye-hand coordination, and good stereo visual acuity.

Mo&ern sterec comparators are connected to a minicomputer to greatly
expand the capabilities available during the measuring process. The
computer not only assists the operator with all the bookkeeping required
for measuring a large strip or block of photos, but also provides for
analytical and procedural processes too. The processes provide for
multiple image measurements and the preprocessing of these coordinates
to compensate for film and lens distortion. However, the process of
making the measuring mark coincide with the image is still the function
of the human operator.

Since the launching of the Landsat satellite and several interplan-

etary space probes with digital image camera systems, considerable



technical effort has been expended on the processing of digital images.
Image registration is one area where much has been accomplished. It has
been used to register scenes taken at different times or in différent
spectral bands. It is also used in automatic stereo compilation mac-
hines tc match subscenes from a stereo pair to obtain elevation data.
Most early registration systems used combinations of analog electronic
circuitry and optical devices to perform the required matching proces-
ses. With the arrival of the digital images, all of the flexibility and

power of the digital computer could be applied in a variety of ways.

1.2 OBJECTIVES

The first objective of this project and report is to determine if it
is feasible to execute registration algorithms in small computer sys-
tems. If this is possible, then tests and evaluations of the algorithms
can be made to gain experience and knowledge of their performance. The
two aléorithms to be tested are normalized correlation and sequential
similarity (sum of the absolute differences). These algorithms are
designed to incrementally translate {one pixel distance) a selected sub-
image (reference scene) about a larger scene (search area) in two dimen-
sions, computing a measure of the match between the reference scene and
the subimage from the search area at each increment.

The time that a registration algorithm takes to search an image can
significantly affect the performance of an automated image registraticn
system. The objective of the time comparison pertion of this project
was to compare the execution times of the two algorithms by having each
search the same scene with the same reference scene. The execution time

of the Sequential Similarity Detection method, discussed ir Chapter 2,
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is also affected by the magnitude of the apriori set threshold para-
meter. The objective of this part of the project was to measure this
effect.

If the objective of executing a correlation algorithm in a small
computer system is feasible, then perhaps a more advanced program could
be written in a higher level language in a perscnal computer to test
real digital images. The algorithm could be tested to determine such
things as the sharpness of the correlation peak, if any false correla-
tions exist, and what, if any, were the effects of noise. Given that
the correlation peak was distinguishable, a method for obtaining sub-
pixel accuracies would be developed and tested.

In Sequentiai Similarity Detection, a threshold parameter must be
set before a search of an image can begin. An objective of testing this
algorithm was to determine if an;optimum value for this parameter could
be determined by observing the effect that the magnitude of this para-

meter had on the distribution of pixel comparisons.

1.3 SCOPE AND ORGANIZATION OF REPORT

The report describes tes;s conducted on two methods to register
digital images. The tests were conducted initially on a made-up digital
image to determine a feasible algorithm. When this was accomplished, a
more advanced algorithm was tested on actual digital image data sets.
The report continues, describing the methods used, the computer resour-
ces, the origin of the data sets, and the algorithms used. In Chapter 4
the resuits of testing each algorithm are described and evaluated. Fi-
nally, a set of conclusions and recommendations are provided as a result

of the tests.



2. BACKGROUND
2.1 IMAGE CORRELATION

The initial studies of the techniques by which digital images are
registered evolved from research of the references listed in the bibli-
ographic section of this report. The impression that mo§t of these
reports give is that a very large mainframe computer is required to
study the application of image registration techniques. Pratt (15) in
his paper indicates that approximately 105 multiplications are
required to search a 32 x 32 pixel search area with an 8 x 8 window.
However, it must be noted that most of these papers were written in the
early 1970's when mainframe computers were the only systems suited for
processing large arrays of data. Even today the size must be limited
to insure reasonable processing times. These kind of facts tend to dis-
courage any serious experimentatior with image registration in small
computers. To add to the difficu]ties; digital image data sets are not
readily available to the average experimenter.

A digital image is a two-dimensional array of observations of the
intensity of reflected 1ight from an illuminated scene. Each obser-
vation is a number which represents the magnitude of the intensity of
the light falling on the focal plane of the digital camera at a partic-
ular location defined by x,y coordinates. Since these observations are
random in nature, they can be compared to other intensity observations
using statistical methods. Registration is defined as "The act of
superimposing two or more images or photographs s¢ that equivalent
geographic points coincide."(6)

Correlation is a measure of the degree of dependence between two
random variables. If the intensities of the pixels in two images vary

4



in magnitude and direction in the same way, there is a good chance that
the images are of the same scene.
The correlation between two random variables is defined in the

following way:

where E is the expected value operator.
It can also be written in the following manner when comparing two

orthogonal data sets:

NN i (2.2)
( X . = Y?)
i=1 v oq=1 ]

where Xi’ Yi are the points:in the sample space corrected for their

respective means. That is,

Xy = X=X Yy = 0y

>
]

2 T XX s Yo = Youy

XN = xn-i', YN = yn-Y'.
The cerrelation r can assume any value between +1 and -1. A correlation
of near zero is indicative of uncorrelated or completely unrelated data
sets. A correlation equal to +1 is a desired condition for the regis-
tration of a reference scene with that of a search image.

A digital image is a two-dimensional array of intensity values.

Typically these intensity values can have values of between 0 and 255.



The correlation between two digital image data sets can be determined as

foliows:

_ 2]% - 2]
(F,03.9) - f])z} ’[-i _§1(f2(i,j)-?7) ] (2.3)
1=1 J= =

U,V = location of subimage in search area
f](i,j) = reference scene array
fz(i,j) = corresponding subimage in search area at location u,v.

See figure 2.1 for a description of the reference scene and search
scene.

The correlation function has been used extensively to register
images in digital form. P. E. Anuta writes about a particular applica-
tion used to register images from several different spectral bands (1).
It is also discussed extensively iin reference (9) by Michael Crombie of
the Engineer Topographic Laboratories. Dr. William Pratt (14,15) des-
cribes a modified approach in which he applies a Wiener Filtering
technique to improve the detection of the correlation peak in highly

correlated images.

2.2 SUB-PIXEL ACCURACIES

Cnce the peak is detected, that is, the subimage and refererice scene
are registered, a means for improving the resolution of the registration
is desirable. While no reference can be cited which describe a means
for improving resolution, the following is a result of discussions with
others interested in sub-pixel accuracies, at least as the technique in

the case of correlation.
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The pixels of a digital image can only approximate the continuously
varying intensities of the actual scene. For example, the image data
used in this experiment was digitized from an aerial photograph with a
scaie of 1 to 12,000. The pixel size as it was originally digitized was
50 x 50 micrometers. On the ground this represents a 0.6 x 0.5 meter
square. Afier averaging the intensities of a 3 x 3 array of these
pixels to compress the data, the new 150 x 150 micrometer pixel repre-
sents a 1.8 meter square on the ground. This places a resolution Timit
on the translational registration algorithms of 150 micrometers. This
is in no way near the resolutions of 1 micrometer, least count, obtained
in modern comparators. Finer digitization of the images does improve
the resoiution, but at the expense of mucii larger data sets. While 50
micrometer pixel sizes may not significantly degrade the accuracy of
aerial phdtography, this size does have an effect on the ground resolu-
tion of satellite systems such as Landsat.

Oné possible technique that can be used to improve the resolution
of translation registration is to use a curve fitting technique. The
assumption made in using such a technique is that the values computed
by the correlation algorithm are points along the continuous correla-

tion response of the reference and subimage scenes.

2.3 SEQUENTIAL SIMILARITY DETECTION

The application of sequential similarity detection algorithms (SSDA)
tc the problem of translation image registration was first discussed in
a paper by D. I. Barnes and H. F. Silverman (4). Their interest in this

technique was driven by the need to develop an algorithm which could



solve the problem of translational registration more quickly than the
application of the mathematical correlation method could. A reduction
of integer adds by 100 is ciaimed for SSDA registration.

The SSDA algorithm chosen for implementation in this prcject is
called constant threshold technique. The search is carried out over all
144 subimages in the selected search image. For each window - subimage
comparison, the pixel pairs are compared in a random order. The compar-
ison error is defined as follows:

e(i,indum) =1 s d(hm) - Wig,m)] . (2:4)
The error "e* is accumulated for all 1,m at location i,j according to

the following:

(2.5)

It is possible, therefore, for e(i,j) = 0 in the case of an ideal regis-
tration. As the error in equation (2.5) is accumulated, a test against
the apriori threshold T is made. When the magnitude of e is greater
than T, the search is stopped for the window - subimage location and the
algorithm then starts to compare at a new location. The number of com-
parisons is stored, and at the end, the locations with the largest num-
ber of comparisons are considered points of similarity or registration.
The value chosen for T can have a significant effect on the amount of
time spent in finding points of similarity. A small T value can reduce

execution time on noise-free images. However, too small a value for T
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could cause the rejection of all locations on real images because of
image dissimilarities. Figure 2.2 describes the constant threshold
process.

The search area "S" in which the window "W" is to be translated to
find the best match is defined in much the same way as in direct corre-
lation. Figure 2.1 describes the situation. Normally the area "S" has
been determined to contain the replica of the window to reduce the
amount of searching required. The search area is an L x L array of
digital picture elements or pixels. In the case of this experiment, any
one of the 10 digital image data sets could be used equally well as the
search area. The dimension L for this experiment was limited to 19 and
the dimensicn M to 8. Therefore, 19-8+1 or 12 subimages in each direc-
tion would need to be compared to detect the match. Barnea and Silverman
define translational registration as a search over some subset -of the
allowed array of pixels to find a point which is the most similar to the
given Qindow. |

The basic concept of translational registration is that there are
M2 points to be compared between a particular subimage Si,j and a
window "W". Using the correlation function previcusly discussed,
M2(L-M+])2 pixel pairs must be compared before the decision about a
match can be made. For a typical data set in this project, that meant
82(19-8+1)2 = 9,216 pixel comparisons would have to be made. In
SSDA, the comparison process can be stopped before all M2 comparisons
are made for each subimage - window iocaticn. This will reduce signifi-
cantly the total number of pixels compared (for example to 207 in this

experiment).
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3. APPROACH

3.1 COMPUTER RESOURCES

3.1.1 Texas Instruments {TI) Model 59. The TI 59 programmable

calculator first appeared on the consumer market in the late 1970's. It
was the successor to the model SR-52 which was the first programmable
calculator offered by T.I. It has 100 data storage registers and can
store programs up to 960 steps long. A magnetic card reader/writer is
built intc the unit. The magnetic cards can be used to store both data
and programs. The capabilities of the caiculator are expanded by the
use of a plug-in module containing 25 programs. Included is a program
which can invert a matrix 9 by 9 in size within 12 minutes. A program
which proved useful for determining the maximum vaiue of a polynomial
is called "Zeros of Functions®. This calculator, along with a printer,
was used to test the feasibility of writing and executing an algorithm
to register images using correlation. |

3.1.2 Texas Instruments 99/4A. The Texas Instrument5199/4 series

computers have all the elements of a true computer. That is, it will
store data and programs, and the programs can be written in a higher-
level language (BASIC). The computer uses a 16-bit microprocessor
(TMS-9900) and has a 16-kilobyte random access memory which can be
“expanded to 48 kilobytes. Numeric constants are maintained internally
in seven radix-100 digits (18). This is equivalent to 13 or 14 decimal
digits. The range of numeric constants is from -9.9999999999999x10]27
to -1 x 10728, 0, and 1 x 10712 to 9.9999999999599x10'%7, A1
of the programs written for this project were written in the BASIC
language. A more detailed description of this computer is contained in
Appendix C of this report.

12
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3.2 DIGITAL IMAGE DATA SET

The digital image data sets used in this experimert were originally
digitized for a similar experiment at the Defense Mapping Agency (DMA).
The original aerial photographs were stereo pairs taken over Fort
Belvoir, Virginia, at a scale of 1:12,000. These photographs are used
often for training and demonstration purposes and have a large number
of identifiable control points to observe. The photographs have stand-
ard 9- x 9-inch format.

When the images were digitized on a Perkin-Elmer 1010G microdensito-
meter, some compromises were made tc minimize the size of the resulting
data sets. If the full image was digitized at the pixel size of 50
micrometers, the data set would have contained well over 5 x 108
pixels. To process such a large set would have proved too costly, espe-
cially since much of the information contained in the image was not
neeqed for the experiment.

‘To.significant]y reduce the size of the data set, the'digitizing was
limited to a 3- x 3-inch area on each photo. This still resulted in
arrays of size 1,536 x 1,536 pixels.

Unfortunately, the conjugate image of the one used in this experi-
ment was not available in time to conduct this test using stereo pairs.
Figure 3.1 shows the location of each control point in the digitized
scene. In the DMA experiment, 19 x 19 pixel arrays were selected with
a control point centered in them. These 19 x 19 arrays were used as
search area images in both the correiation and SSDA experiments.

Each pixel represents a square of 50 x 50 microns on the film. The

intensity of the light passing through the film in this square is



14

Figure 3.1 Digitized Scene.
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digitized by assigning a value from O to 255 to it. A value of 255
represents a low density area on the film. Since an image of this size
(2,359,296 pixels) still represents a formidable amount of data to be
processed, a further reduction in array size was made by processing in
the computer. The processing, in effect, increased the'pixei size to
150 x 150 microns. The intensity value assigned was the average vaiue
of the 3 x 3 array of pixels the iarger pixel replaced. This reduced
the image size to a more manageable 512 x 512 array. For the purposes
of this experiment, 19 x 19 were selected.

The following pages in this section list the gray levels for all 10
images selected. Also listed for each are the mean, minimum, maximum,
and standard deviation of the pixel values. A1l 10 images are stored
ori @ single 5 1/4-inch floppy disk. The image data files were named
IMAGE_DATO through 9. When either program (SSDA or IMAGE CORR) is
running, the file to be used is assigned interactively. A pixel size
of ]50.x 150 microns represent approximately a two-meter square on the
ground. At such a low resolution and large scale, these subimages are,
at best, coarse or blocky in appearance when viewed on a CRT. However,
for the purposes of this experiment, they are a reaiistic data source at
an excellent price (free). The data is available to anyone else who

might have use for it on punched cards.

3.3 IMAGE CORRELATION ALGORITHM

3.3.1 Initial Correlation Algorithm. Since the first objective was

to demonstrate that writing a correlation algerithm was feasible for a

small computer system, it was necessary to write a program for the TI-59
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to gain some practical experience. The first problem was to design a
digital image suitable for processing by the algorithm. An array of
dimensions 8 by 8 was chosen. The values inserted in the array were
arbitrarily chosen and never greater in magnitude than eight. The num-
bers in column five were ali set equal to five to simulate a linear
feature.

The algorithm tc search this scene is shown in Figures 3.12 and
3.13. The preogram scans the search array from left to right and from
top to bottom. The correlation is computed and printed for each loca-
tion in the search area. When the correlation is completed and printed
for the last location, the program execution is stopped. The program
used two loops to perform the horizontal and vertical scanning action.
The image data must have been stored in the memory prior to program
execution. Both the data and the program were stored on magnetic cards
for ease of entry. The TI-59 program was written in 191 s;eps and used
86 data registers. It computed a matrix of correlation vé]ues in less
than 15 minutes. Correlations were computed at (m-n+1)*(j-k+1) loca-
tions; where m and j were the row and column dimensions of the search
- area, and n,k the row and column dimensions of the reference scene.

3.3.2 An Advanced Algorithm. Since the initial tests using the

TI-59 were generaily successful, an advanced algorithm was written for
the TI-99/4A. The 99/4A uses a higher-level language called BASIC.
The algorithm for executing image registiration is described and listed
in Appendix A. Figure 2.1 describes the search space 5 in which the

window W is to be translated to determine the address of the matching

scene. Note that there is an allowable range of addresses u,v that the
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window is allowed to translate through in order to stay within the search
area S. The dimensions of the window or reference scene are M x M.
Those of the search scene are L x L. As a result, there are (L-M+1)2
subimages for which the correlation must be computed. If the search area
S is 512 x 512 pixels in size and the window W is 32 x 32 pixels, then
the correlation function must be computed 231,361 times. For the size

of data sets used in this experiment (S(19,19), W(8,8)), the correlation
was computed 144 times for each run. Needless to say, correlation compu-
tation is expensive for large data sets. Dr. William Pratt (15) has
shown that for windows 32 x 32 pixels in a search area of 128 x 128
pixels that >107 multiplications are required in the computation of a
statistical correlation measure.

The program is designed to first load a 19 x 19 digital image array
into core for later processing. The processing includes computing an
image mean pixel value, normalizing the image to have a mean of zero,
se]ect%ng a reference window and then computing the correlation for all
translations in the search area.

Since the time a correlation algorithm takes to scan a search image
is dependent on the size of the search area and not on the scene, only
one image (IMAGE_DATS) was used to determine the execution time of the
correlation algorithm. The execution time is relatively long, making it
possible to time with a stopwatch. The timing was started after the
initialization of the program for such things as name of digital image
file, search area dimensions, reference dimensions, and the location of
the reference scene in the search area. Timing was stopped when the
algorithm completed execution as indicated on the CRT. The correlation

at each subimage location was printed by the system printer.
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To test the image for the effects of noise, a randomly-generated
value was added to the pixel values. The iandomly-generated values had
a mean of zero and a standard deviation of six. The digital image used
was IMAGE_DATS5. This image was selected because of distinct linear
features visible in the displayed image.

The correlation algorithm was also executed using IMAGE_DAT7. This
image was selected because of distinct linear features visible in the
displayed image.

3.3.3 Sub-Pixel Accuracies. The following method was used to demon-

strate some of the polynomials that could be used and to evaluate their
advantages and disadvantages.

The mathematical method used in this part of this experiment to fit
a curve to the correlation data is that of simultaneous equations. A
set of simultaneous equations can be solved in matrix form in the
following way:

| XA =B (3.1)

where X is an n x n matrix of the row correlation locations, A is an
n x 1 column vector of unknown curve coefficients with n equal to the
number of coefficients to be solved, and B is an n x 1 column vector of

observed correlation values. The solution is

B (3.2)
where X' is the inverse of X.
Three different polynomials were fit to the correlation data of

IMAGE_DAT5. They were the following:
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R(x,y) = ag + ajx + a2x2 + a3x3 + a4x4 , (3.3)
R(x,y) = ag toayx + a?_x2 + a3x3 , (3.4)
R(x,y) = 3y * apx azxz . (3.5)

One item of great concern is the location of the maximum value of
the fitted curve tc that of the true maximum. To determine this, the

first derivative of each curve was taken and set equal to zero as

follows:
dR(x,y)/dx = ay + 2a2x + 3a3x2 + 4a4x3 =0 (3.6)
dR(x,y)/dx = a; + 2a2x + 3a3x2 =0 (3.7)
dR(x,y)/dx = ay + 2a,x = 0. (3.8)
Equations (3.6) and (3.7) were solved using a Master Library function of

the TI-59 calculator called "Zeros of Functions". The program uses the
graphical bisection method to determine the roots of a function, defined
by the user, within a predetermined set of limits. The program is espe-
cially useful for solving equations like (3.6) and (3.7) where the
region'of the maximum is approximately known.

The data set used in this experiment was from row 9 of the correla-
tion matrix shown in Figure 4.5. Similarly, a curve could be fitted to

column 5 to determine a continuous correlation function in that direction.

3.4 SEQUENTIAL SIMILARITY DETECTION ALGORITHM

The program used to test the SSOA technique is shown in Appendix B.
The program operates in much the same way that the correlation algorithm
does in that it asks for the name of an image data file. It then asks
for a window address which it uses to fill the reference window array.

It then generates a non-repeating sequence of random numbers. The algo-
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rithm uses this set to compare pixels at random when comparing the sub-
images of the search area to the reference scene. The program searches
the entire array only displaying those sums that are less than the
threshold. The program also asks the user to set the threshold. At the
completion of the‘searcha "Search complete" is displayed and a listing
is provided of the number of compares made at each subimage location.

The time comparison test was conducted in much the same manner as in
the correlation experiment. The image used was the same, IMAGE_DATS.
The address of the reference scene used was the same, (6,6). The stop-
watch was started at the display "SEARCHING!"™ on the CRT. The stopwatch
was stopped at the display "SEARCH COMPLETE" on the CRT.

After the completion of the search, the program prints the frequency
distribution of comparisons. This was repeated for nine different
threshold settings, (10 through 250) and on two images, IMAGE_DAT5 and
IMAGE_DAT7.

To demonstrate the error, "e" accumulates as in equation (2.5) and
Figure 2.2. The program was modified slightly to display the accumu-
lated error after each pixel pair comparison. This data was then used
to generate the graph.

Finally, to determine the effect that the threshold setting had on
the execution time of the algorithm, the threshold was varied from a
setting of 10 to 250 while the execution time was checked with a stop-

watch. The experiment tested two images, IMAGE_DAT5 and IMAGE_DAT7.



4. RESULTS

4.1 CORRELATION RESULTS AND ANALYSIS

4.1.1 Initial Correlation Algorithm. The correlation data output by

the initial correlation algorithm is listed in Figure 4.1. The search
area was an 8 x 8 array of pixels and the referernce scene, a 3 x 3 array,
was selected frem the 8 x 8 array. The number of correlations computed
were 36 (8-3+1)2 = 36). The reference scene starting address was 1,4.
That is, the first pixel of the 3 x 3 array came from address 1,4 in the
search area. The last pixel came from address 3,6. The TI-59 program
completed the search in just under 15 minutes. The results of row 1 of
the correlation matrix are shown in Figure 4.2.

The algorithm for searching an image was able to detect the match or
register the reference scene in the search area. A perfect correlation
of +1 is present at location 1,4 of the correlation array. However,
unexpectedly a high:correlation of +0.96 was found at location 4,4. A
review‘of the digital image data set indicated a very simf]ar 3 x3
matrix of pixei magnitude was present at that location. The result
indicates that a high correlation is not necessarily a sufficient
condition for registration.

One of the first concerns was how sharp the correlation peak would
be and therefore how clearly the point of registration would be deter-
mined. Figure 4.2 shows a plot of the correlaticn as a function of
column number for row 1 of the correlation matrix. The correlation
drops to 0.68 at column 3 and 0.11 at column 5. This provides a peak to
off-peak ratio of at least 1.5 to 1. However, the same condition is not

true for column 4, refer to Figure 4.1. At location 4,4 a second peak
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(0.96) is found indicating another point of possible registration. Of
course, location 1,4 is still the peint of highest registration or
correlation; and since it was defined that way, there is a tendency to
believe that this will not be a nroblem. However, real images have
noise and several ground features in an image may appear to be the same.
Therefore, the correiation peak will be much harder to distinguish then
it was in this experiment. Add to this the possibility of several image
features of similar shape and reflectivity, and it becomes quite poss-
ible to select the wrong features as a match. For example, if the
control point image was in the top of a storage tank which was part of
a tank farm containing a number of tanks of the same size, the number
of high correlations would equal the number of tanks.

The initial experiment with the TI-59 provided the experience with
algorithm design and analysis. There are two major parts of the program
to perform image registratien. They are the reference scene scanner and
the cdrre]ation computation routine. The scanrier was designed to move
the reference scene both horizontaily and vertically through the search
area. It starts the scan in the upper left corner and stops it in the
iower right corner. At each location, the correlation routine computes
the correiation using the overlapping pixel data.

4.1.2 Advanced Correlation Algorithm. The correlation array from a

search of the image "IMAGE_DAT5" is shown in Figure 4.3. The reference
scene matched exactly. The correlation peak is sharp and clearly shows
the correct location. Again the reference scene was chosen from the
search array and demonstrates that the program is working correctly.

Plots of the correlations for the row containing the match and surrounding
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rows are shown in Figure 4.4. The plot contained in Figure 4.5 shows
the effect of noise in the reference scene on the correlation peak. The
noise was simulated by summing random integers from a number gerierator
to the pixel values in the reference scene. The peak is still clearly
discernible from the surrounding measures. The main effect appears to
be an overall reduction in the maximum correlation values.

The correlation array for scene “IMAGE_DAT7" is shown in Figure 4.0.
By chance, the reference scene was chosen from location 6,6 in the search
area. When the program was executed, the match was found as expected
(value surrounded by a square). However, several otnher near matches were
found also. These values follow a straight line running diagonally from
top-right to bottom-left. The chance selection of a reference scene from
a linear feature in the image demonstrated again the problem of the
correlation.measure not necessarily determining the correct peak in the
presence of similar features in the search area and that the correlation
measuré can be used to extract a feature from the image. 'The presence of
this linear feature was confirmed by viewing the image on a CRT.

The inclusion of real image data sets and a higher level language
program contributed greatly towards a more realistic experiment. The
program in Appendix A could stili be optimized to decrease its execu-
tion time. It is a part of the design of BASIC interpreters to aiways
start at the top of the program to find a line number called for in a
GOTO or GOSUB statement and then count up. Therefore, frequently called
subroutines should be at the top of a program; those routines called once
and initialization statements should be at the bottom of the program.

Shorter variable names also speed execution.
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Figure 4.5 shows the effect of noise on the correlation peak. The
random values added to the pixel values were less than 10 in magnitude.
There is little effect on the determination of the registration location
with noise added of this magnitude.

In the first part of this experimert, it was noted that more than
one location of high correlaticon can occur. This is especially true of
scenes containing repetitive features. Figure 4.6 demonstrates this
very graphically. In this case, the algorithm is a very capable feature
extractor.

4.1.3 Sub-pixel Accuracies. The third part of the correlation

experiment demonstrates a method by which a continuous correlation func-
tion can he determined using the discrete correlation observations and
thereby improve the resolution of the registration. Plots comparing the
observed correlation values to continuous function values are shown in
Figures 4.7, 4.8, and 4.9. The data set used in this problem is shown
in Tabié 4.1. The coefficients determined for aill of the‘polynomial
fits are shown in Table 4.2.

The local maximums for the three functions were determined by first
differentiating equations 3.3, 3.4, and 3.5, and then setting the resuit
to zero. The locations for the maximums for the fourth, third, and

second order polynomials respectively were as follows:

X = 5.0244
X = 5.1875
X = 5.046
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Table 4.1 Data Set.

Column Index R(9,x)
1 0.0452
2 0.0341
3 0.0313
4 0.5423
5 1.0

6 0.619
7 0.2999

8 0.28
9 0.2987
10 0.0269
11 -0.2284

12 -0.2477
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Table 4.2 Polynomial Coefficients.

1. Fourth Order Polynomial

[ 31.3225
-29.48025
A= 9.9039

- 1.3954

0.07025
s

2. Third Order Polynomial
[ 6.0325 ]
A =]~ 5.45475
1.54415
- 0.1309

3. Second Order Polynomial
- 9.6755
A =1 4.2319
- 0.4194

ot ot
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Since the location of the true maxima was 5 in all three cases, an
error was introduced by the fit. If the differences (0.024, 0.188,
0.046) are translated into shift in micrometers, then the error fram
using the fourth order function would be the least, 3.6 micrometers.
The error using the third order function, 28.2 micrometers; the second
order function, 6.9 micrometers. Obviously some care must be exercised
in using this method since the offset may vary from fit to fit. When
designing an algorithm to use any of these computed functions, consid-
eration must be given to the fact that the function is not vaiid out-

side the range of data used.

4.2 SSDA RESULTS AND ANALYSIS

The SSDA algorithm completes the search of the search area in much
less time than correlation can. SSDA completes the search of IMAGE_DATS
in 85 seconds when the.threshold is set to 50. The error accumulation
for a.typical SSDA run is shown in Figure 4.10. The error accumulation
for two subimage locations (7,8 and 7,5) are plotted with the threshold
set at 50. The algorithm requires that the error must be greater than
50 before the comparison process is stopped. Therefore, the dotted
line for location 7,5 did not exceed the threshold until four compari-
sons were made. The comparisons were terminated with the error e=145
for locations 7,5 and e=162 for locations 7,8. These plots are repre-
sentative of most of the comparisons in this image.

The selection of the threshold affects the execution time of the
algorithm and the number of pixels that are compared at each subimage

location. Figures 4.11 through 4.28 show the frequency of occurrence,
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for a particular threshold setting; of the number of compares. Two
extremes are shown in Figures 4.11 and 4.19 for IMAGE_DAT5; 4.20 and
4.28 for IMAGE_DAT?7.

With the threshold set at 10, most of the subimages are rejected
after only one comparison. This is not a desirable condition because
not enough of the image is compared at each location. On the other
hand, a threshold of 250 causes most of the subimages to be compared
by testing all of the pixels at each location. In this case the opti-
mum choice lies somewhere in between. A threshold of 5C for #5 and
100 for #7 would be a reascnable chcice.

The effect of threshold setting on execution time is plotted in
Figure 4.29. High thresholds can cause wide variations in execution
time, making performance of a measurement system dependent on what was
imagéd on the photography. It is not possible to determine whether
SSDA is more accurate than correlation from the limited data available
to thig experiment. A stereo pair of images would have béen needed to
do this. Obviously, SSDA is faster than correlation. However, there
is no simple means of selecting an optimum threshold without a lot of
testing.

The termination sum versus the column number for a typical SSDA
search is shown in Figure 4.30. At the pcint of a match, (6,6), the
error is equal to zero. This is because the reference scene is the
same as the subimage. It can be concluded from this graph that for
the particular threshold setting (40) used, the match is clearly dis-

tinguishable from the surrounding images.
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4.3 ALGORITHM EXECUTION TIME COMPARISON

The execution of the correlation function in the computer is time
consuming because the number of multiplications increases rapidly as
the size of the reference scene increases. W. K. Pratt indicates that
the number of scalar multipies 1s as follows:

U272 + (1#2V)U + V,

where U = JxK (the number of pixels in the array) and Y = (M-J+1) x
(N-K+1} (the number of possible registration points). For a search of
the scenes used in the project, the number of multiplications would
equal 20,688. The correlation program used in this experiment comple-
ted a search in 37 minutes. However, SSDA is much faster. It comple-
ted the same search in 85 seconds. This is directly due to its simpler
nature, a summation of absolute differences. SSDA does suffer, though,

from the lack of certainty about what threshold setting to use.



5. CONCLUSIONS :AND RECOMMENDATIONS

5.1 CONCLUSIONS

From the results of the experimenti it can be concluded that the
testing of registration algorithms in smali computer systems is
feasible if the data sets are iimited in size and that the aigorithms
work correctly. It was also concluded that

1. Sequential Similarity Detection A]gorithm (SSDA) completes a
search of an image in significantly less time than the correlation
aigorithm does.

2. There can be more than one location where the reference scene
will correlate well with subimages in the search area.

3. The correlation peak is clearly detectable.

4, The time with which the SSDA executes increases as the magni-
tude of the threshold parameter increases and can cause wide variation
in execution speed from image to image.

5.‘ An optimum setting fof the SSDA threshold parametér can be
determined by noting the distribution pixel comparisons.

6. Curve fitting techniques can be used to increase the preci-
sion of a correlation registration. However, care must be taken to

choose the right order polynomial to minimize offset error.

5.2 RECOMMENDATIONS
Based on the results of the tests and evaluations, the following
recommendations are made for future experimentation in image registra-

tion.
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1. That the testing and evaluation of the algorithms be continued
using stereo pairs.

2. That the accuracy of the two methods be compared by using the
two algorithms to determine image coordinates of known topographic
features.

3. Continue to test the possibilities of using correlation as a
feature extractor.

4, That the execution speed of the algorithms be improved.

5. That the tests of the effects of noise on the registration

algorithms be continued.
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7. APPENDIX

7.1 APPENDIX A

7.1.1 Program Documentation.

Program Name. Image Correiation Program

Programmer. Edward J. Cyran

Date. 4/10/82

Purpose. Determine the location of a subimage with the
greatest correlation with a reference subimage in a designated
search area.

Language. Texas Instruments BASIC

Computer. TI 99/4A

Description. The program searches a predetermined search
array of pixels and computes a correlation measure at each
subimage location within the area. The program normalizes the
pixel data to have a mean of zero. The corre]ation value at
each location is displayed on the monitor and printed. The
search is completed when all subimage locations are compared.

All image data is stored in core to speed program execution.
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7.1.2 Program Listing

106 REM IMAGE CORRELATION PROGRAM.
110 MAIN PROGRAM

115 OPTION BASE 1

120 DIM IMAGE1(16,16),IMAGE2(16,16),R(13,13),B(19,19)
125 OPEN #2:"RS232/1.BA=600.DA=7.LF."
126 CALL CLEAR

130 INPUT “WINDOW ROW DIMENSION?":N
140 INPUT “SEARCH ROW DIMENSION?":N1
145 INPUT “PRINTER OUTPUT Y2?N?":C$
150 INPUT "WHICH IMAGE DATA FILE?":A$
160 OPEN #1:A3,RELATIVE 361, INTERNAL, INPUT, FIXED 9
170 FOR I5=1 TO NI

180 FOR I6=1 TO N1

190 INPUT #1:B(I15,16)

200 NEXT I6

210 NEXT I5

220 REM COMPUTE IMAGE MEAN

230 GOSUB 3000

240 REM NORMALIZE IMAGE TO HAVE MEAN OF ZERO.
250 GOSUB 4000

260 INPUT "INITIAL ADDRESS OF REFERENCE SCENE?":N2,N3
270 AT=N2+N-1

280 A2=N3+N-1

290 A4=1

300 A5=1

310 FOR A3=N2 TO Al

320 FOR A6=N3 TO A2

330 IMAGE1{A4,A5)=B(A3,A6)

340 A5=A5+1

350 NEXT A6

360 A5=1

370 A4=A4+]

380 NEXT A3

390 REM SEARCH LOOPS

400 LIMIT1=NT-N+1

410 FOR L1=1 TO LIMIT1

420 FOR L.2=1 TO LIMITI

430 L3=1

440 L4=1

450 L5=LT1+N-1

460 L6=L2+N-1

470 FOR L7=L1 TO L5

480 FOR L8=L2 TO L6

490 IMAGE2(L3,L4)=B{L7,L8)

500 L4=L4+1

510 NEXT L8

520 L4=1

530 L3=L3+1

540 NEXT L7



550
560
570
580
585
586
59C
600
605
606
610
1000

1010
1020
1030
1040
1056
1060
1070
1080
1090
1100
110
1120
1130
1134
1135
1140
1150
2000
2010
2020
2030
2031
2032
2033
2036
2037
2038
2040
3000
3010
3020
3030
3040
3050
3060
3070
3080
4000

/8

REM COMPUTE CORRELATION COEFFICIENT
u=L1

V=L2

GOSUB 1010

IF C$="Y" THEN 586 ELSE 590

PRINT #2: “R(";U;", ";V;")=";R3
NEXT L2

NEXT L1

CLOSE #1

CALL SOUND(500,300,2,600,2,900,2,-2,2)
STOP

REM COMPUTE THE CORRELATION COEFFICIENT FOR LOCATION U,V OF
IMAGES 1 AND 2.

SUM1=0

SUM2=0

SUM3=0

FOR I=1 TO N

FOR J=1 TO N
SUM1=SUMT+IMAGE1(1,J)*IMAGE2{I,J)
SUM2=SUM2+(IMAGE1(1,J)**2)
SUM3=SUM3+{ IMAGE2(I,J)**2)
NEXT J

NEXT I

DENOM2=SQR(SUM2)

DENOM3=SQR (SUM3)
R(U,V)=SUM1/(DENOM2*DENOM3)
RT=R(U,V)

GOSUB 2010

DISPLAY uR(u ;U;“ ,u ;V;")=“ ,R3
RETURN :
REM FIX 2 DECIMAL PLACE ROUTINE
R1=RT*100

R2=INT(R1)

R3=R2/100

R4=RT-R3

R5=INT(R4*1000)

IF R5>=5 THEN 2037

GOTO 2040

R2=R2+1

R3=R2/100C

RETURN

REM COMPUTE IMAGE MEAN ROUTINE
XSUM=0

FOR X1=1 TO N1

FOR X2=1 to N1~
XSUM=XSUM+B(X1,X2)

NEXT X2

NEXT X1

XBAR=XSUM/(NT*NT1)

RETURN

REM MEAN OF ZERO



4010 FOR Y1=1 TO N1

4020 FOR Y2=1 TO N1

4030 B{Y1,Y2)=B(Y1,Y2)-XBAR
4G40 NEXT Y2

4050 NEXT Y1

4060 RETURN

4070 END

End of listing
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7.1.3 Program Filow Chart
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7.2 APPENDIX B

7.2.1 Program Documentation

"Program Name: Sequential Similerity Detection Aigorithm
Programmer: Edward J. Cyran

Date: 5/8/82

Purpose: Determine the location of a subimage with greatest
similarity to a reference subimage in a designated area.
Language: Texas Instruments BASIC

Computer: TI-99/4A

Description: This program searches a predetermined search
array of pixels and computes an error sum by comparing
matching pixel locations in a random order. The random order
is computed using a BASIC language function called “RND". To
insure that this function computes an order differently each
time, another function called "RANDOMIZE" is called each time
the program is executed. The search proceeds f}om left to
right and from top to bottom of the search array. Upon comple-
tion of the search, the number of compares at each subimage
location is displayed. The lpcation of greatest similarity is
displayed when it is determined. A1l image data is stored in

core to speed program execution.
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7.2.2 Listing

100 REM SEQUENTIAL SIMILARITY ALGORITHM
Edward J. Cyran, 5/8/82

110 DIM IMAGE(19,19),IMAGE!(8,8),1(12,12),A(8)

120 CALL CLEAR

130 DISPLAY "Sequential Simularity Algorithm"

140 INPUT "Image data file?":A$

150 OPEN #1:A$,RELATIVE 361, INTERNAL, INPUT,FIXED 9

160 INPUT "Set threshold *:T

170 FOR I1=1 TO 19

180 FOR I12=1 TO 19

190 INPUT #1:IMAGE(I1,12)

200 NEXT I2

210 NEXT- I

220 INPUT "Search Window Address":N1,N2

230 Al=N1+48-1

240 A2=N2+8-1

250 A3=1

260 Ad=1

270 FOR I3=N1 TC A1l

280 FOR I4=N2 TO A2

290 IMAGE1(A3,A4)=IMAGE(I3,14)

300 Ad=A4+]

310 NEXT 14

320 A4=1

330 .A3=A3+1

340 NEXT I3

350 GOSUB 770

360 DISPLAY "SEARCHING:"

370 REM SEARCH LOOPS

380 LIMIT1=19-8+1

350 FOR L1=} TO LIMITI

400 FOR L2=1 TO LIMIT1

410 T1=0

420 SUM=0

430 L3=1

"440 L4=1

450 L5=L1+8-1

460 L6=L2+8-1

470 FOR L7=L1 TO L5

480 FOR L8=L2 TO L6

490 C1=A(L3)

500 C2=A(L4)

510 C3=A(L3)+L1-1

520 C4=A(L4)+L2-1

530 SUM=SUM+ABS(IMAGE1(C1,C2)-IMAGE(C3,C4))

540 T1=T1+1

550 IF SUM T THEN 630

560 L4=L4+1

570 NEXT L8
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580 L4=1

590 L3=L3+1

600 NEXT L7

610 DISPLAY “SUM;U ;v

620 DISPLAY SUM; L1;L2

630 I(L1,L2)=T1

640 NEXT L2

650 NEXT L]

660 DISPLAY "SEARCH COMPLETE®
670 DISPLAY "TEST ARRAY"

68C FOR Ji=1 TO 12

690 FOR J2=1 T0 12

700 DISPLAY I(J1,4J2)

710 NEXT J2

720 NEXT J1

730 STOP

740 REM Subroutine Random Integers
750 REM Compute Random Sequence of Non-repeating Integers
760 REM

770 RANDOMIZE

780 FOR I5=1 TO &

790 B=INT(10*RND)

800 IF B 9 THEN 810 ELSE 79C
810 FOR I6=1 TO 8

820 IF B=A(I6)THEN 790

830 NEXT I6

840 A(I5)=B

850 NEXT I5

860 RETURN

870 END



7.2.3 Program Flow Diagram
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7.3 APPENDIX C
Description of the Texas Instruments 99/4A computing system.
'7.3.1‘§2§§gm. The TI computer used in this project consists of the

following:

a. A console, including the cpu, 16K byte random aéﬁess memory,

keyboard, and interfaces to external devices _
b. A disk memory controller and Shugart 5-1/4-inch ficppy disk
drive

c. RS232 interface

d. Radio Shack printer

e. 10-inch color monitor

f. Cassette tape recorder

7.3.2 Description. The TI model 99/4A computer system is designed
around the TI TMS 9900 16 bit microprocessor chip. It operates at a
clock rate of 3 mhz. The memory is capabie of expansion by another 32K
bytes to a total of 48K bytes. Figure 7.3.1 is a block diagram of the
- computer console. In its present configuration, all random access
memory, color display controller, complex sound generatcr, etc. are a
part of the console. The disk memory contrcller and the RS232 interface
are separate boxes plugged into the side of the console. The RS232
interface has two ports and can send and receive data at baud rates of
from 110 to 9,600. The interface is set up under software contirol to
satisfy a variety of external device requirements such as baud rate,

number of stop bits, and data bits.
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7.3.3 Data Processing. A1l of the applications programs and image

data are stored on the floppy disk. The applications programs are alsc
stored on cassette tape as a means of mass storage backup.

7.3.4 Programming Language. All of the software is written in Texas

Instruments version of BASIC. This BASIC operates as an interpreter
converting each program line to machine code before executicn. It is a
fairly up-to-date version of BASIC that includes IF-THEN-ELSE, FOR-NEXT,
GOSUB, color graphics, and sound functions. All of the software has
beer written to make use of its interactive capabilities and maximize

ease of operation.
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Figure 7.1 Block Diagram of 99/4A Console.
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