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Abstract

The purpose of image registration is to patch together several images to
form a composite picture. Those images are captured by a camera positioned
at different orientations and displacement. For example, a diver captures a
series of underwater images of a ship’s underside. Ship inspectors can use
the technique of image registration to reconstruct the whole picture of the
ship’s underside without actually going underwater to inspect the seamless
image of tue ship.

Here an automatic image registration system was built with two major
components: a position mapping module and a feature-based matching mod-
ule. The mathematical model of position mapping is shown to be correct,
given accurate positional information. Its low computational cost is com-
petitive to any existing matching algorithm. Multiresolution feature-based
matchiug is a versatile algorithm which can endure errors from the position
mapping module and yet give an accurate match. It uses a multiresolution
refinement technique to minimize the initial matching errors, and also con-
verts from global to local search to reduce the computation. Experiments

show that this system is working and has many practical applications.
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Chapter 1

Introduction

Automatic image registration is a technique of putting together different
(overlaying) images of the same scene, by either computing mapping func-
tions between points or matching features in different images. This technique
is useful in many real world situations such as medical imaging, satellite imag-
ing, stereo vision and underwater inspection. In medicine [19], images of a
patient’s wound are registered together to detect changes of physical condi-
tion over a period of time. In aerospace [36], people propose to capture the
aerial images of the planet Mars by attaching a camera to a balioon that is
floating above the ground. And then by calculating the motion parameters
of the floating balloon (i.e. translation and rotation) through rogistration
techniques, one can determine the wind speed on the planet. Moreover, in
underwater inspection [21], small fragment of ship images taken by divers
are patched together to form a whole image of the ship. As a result, people

can make better decisions about the maintainance plan. These examples il-



lustrate the usefulness of image registration technique in handling real world

problems.

1.1 Definition of image registration

Image registration can be defined as a function which maps pixels from one

image to another. Let
p: € R? be the coordinates of a pixel in I; where i = 1,..., M
q; € R? be the coordinates of a pixel in I; where j =1,...,N

M and N are the total number of pixels in image I; and I, respectively.

Then a continuous function f which maps p;in ], to g; in I, is
f : \SRZ - §R2 with q; = f(p,)

Besides aligning spatial position between two images, intensity sometimes

may also be matched as well.
g : R — R with I(q:) = g(f(p:))

The goal of image registration is to find the optimal spatial and inten-
sity transformation to determine the motion parameters or to expose the

differences of interest between images.

1.2 Previous work

Several techniques were developed over years to handle different kinds of

situations. Five major approaches and their merit and weakness are discussed



[4]).

1.2.1 Correlation and Sequential

Correlation is a statistical approach for measuring the merit of a matching.
It simply uses the intensity of the image as raw data for the comparison. It
is mostly used in template matching where the image size is larger than the
template. Equation (1.1) is called normalized cross-correlation [28]
Clu,v) = L8, (2, y)(z+ u,y + v) (1.1)
V(EZ, 12 (2 + u,y +v))

where T'(z,y) is the intensity value of the template and I(z,y) is the image.

Except for an intensity scale factor, if the template matches the image exactly,
at a translation of (7,j) the cross-correlation will have its peak at C(i, j).
This correlation is directly derived from a more intuitive measure - the sum

of difference square:

D(u,v) = L.5(T(z,y) — I(z + u,y + v))? (1.2)

When we expand Equation (1.2), we will get terms £,5,T%(z,y), £, /% (z+
u,y +v) and 25,5, T(z,y)I(z + u,y + v). Since the T?(z,y), square of the
template values, is constant, we can drop it from the calculation. We then
normalize the product term and obtain Equation (1.1).

By introducing p; and pr, the average intensity of the image and template
respectively [29], we obtain Equation (1.3).

covariance(I,T) 2 2,(T(z,y) — pr)(I(z + u,y + v) — )

agror B \/ZxEy(I(x+u,y+v) — p1)28. X, (T(x,y) — pr)?
(1.3)




The range of this function is between -1 and 1. Under certain statistical
assumptions, the value measured by the correlation coefficient gives a lin-
ear indication of the similarity between images. This is useful in order to
quantitatively measure confidence or reliability in a match, and to limit the
number of measurements needed to meet a prespecified confidence.

Equation (1.4) is a Fourier transform version of correlation.
F(I(z,y)oT(z,y)) = L(wr,wy) X T"(wz,wy) (1.4)

By the Correlation Theorem, the correlation of two functions (I{z, y)oT(z,y))

is equal to the multiplication of the Fourier transform of the functions (Z(wz, wy) x
T*(wz,wy)). Note that one of the Fourier transforms is in its conjugate form
(7). This method is faster to compute than both equations (1.1) and (1.3),
providing a rapid methods for calculating the Fourier transform.

Equation (1.3) is called sequential similarity detection algorithms [2].
E(u,0) = 5.5,|T(2,y) = I(z + 4,y +v)| (1.5)

It accumulates the differences between the template and image and obtains
the best match when the smallest value is calculated. It is called sequential
because we can set a threshold value on the accumulated difference. Because
we are doing the accumulation sequentially within a window, we can stop
when the accumulation exceeds some threshold. If the sum of a single win-
dow does not exceed the threshold, we keep it and wait until all necessary
windows are done and choose the smallest as indicating the best match. It
is computationally simpler than all the above and terminates as soon as the

accumulated value exceeds the threshold, thus saving time.



Equation (1.6) is a normalized version of Equation 1.5
E(u,v) = 5.5,|T(z,9) - T = I(z + v,y + v) + [(w,0)]  (1.6)

where T and [ are the average intensity of the template and image respec-
tively. It is useful because it gives an absolute measure of how the two images

differ, regardless of their intensity scales.

Advantages and Disadvantages

These methods are generally useful for images that are misaligned by small
rigid or affine transformations such as translation and rotation. They are
intuitively easy to understand. However, it cannot handle complicated dis-
tortion for example, local distortion and images taken under a different en-
vironment. Moreover, as the type of transformation to be detected in the
image increascs, the computational cost and algorithm complexity increase

dramatically.

1.2.2 Fourier Methods

Kuglin and Hines [22] proposed an elegant phase correlation method, which
aligns two images that are shifted relative to one another. They used the

shift property of Fourier transform:

Flfoz,y)] = Flfi(z — dzryy — dy)] = Fo(wz,wy) = el (wsdsteydi) (Wz,wy)
(1.7)
where two images f; and f; which differ only by a displacement (d;,d,).

We can obtain (d;,d,) by computing the cross-power spectrum of the two



images:
Fy(we,w)) F (We, Wy) _ _(wsdstwydy) (1.8)
|Fy(wey ) F7 (w2, wy)|

where F* is the conjugate of F. In order to search for the rotation transfor-

mation, we can change the coordinate system to polar [7] in which Equation

(1.8) can be written in terms of the rotating angle.

Advantages and Disadvantages

This method gives more information, such as the correlation, than just a
similarity measure. It actually provides how far the template should move
in order to fit with the image. Moreover, it can tolerate some scene noise
such as brightness and shade because those effect will appear at the low fre-
quency region in frequency domain. However, the result of this method may
be inaccurate when random noise is dominating the image. Since random
noise exists in the whole range of frequency domain, it corrupts the phase

difference. Moreover, this method does not handle local distortion.

1.2.3 Control Points

Explicit control points are specially placed in the scene to aid registration.
The matching is done by a human, or by a machine when amount of data
is overwhelmingly large. It is usually donre by cross-correlation since high
accuracy is desired at this level and since the template size is small enough
so the computation is feasible.

Implicit control points are determined from data, either manually or au-

tomatically. Typical automatically found control points are corners, lines



and intersections. Matches can be determined based on the properties of
these points such as curvature or the direction of the principal axes. Other
techniques such as clustering and relaxation are used to match and determine

optimal transformation.

Point Mapping with Feedback

Using feedback between the stages of finding control point matches and find-
ing the optimal transform, these methods can successfully register images
where automatically acquired features are ambiguous or when there are sig-
nificant amounts of uncorrected local variations. Techniques used usually
involved iteration or hierarchical processing structure such as relaxation [31]

and multiresolution [36].

Point Mapping without Feedback - Global point matching

Non-feedback point mapping methods [17, 24] are used to register images for
which the transformation necessary to align the images is unknown. As a
result, a global function is used to fit to the unknown transformation. Two

approaches can be taken,

1. Approximation: parameters of transformation are found so that points
matched as nearly as possible. This approach uses statistical methods

and many control points for accurate approximation.

2. Interpolation: fewer control points are needed but they must be ac-

curate for example good intrinsic and manual control points. There
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must be precisely one matched point for each independent parameter
of the transformation to solve the system of equations. But when con-
trol points increase, use of a high order of polynomial will produce
unexpected undulations. As a result, least square or splines and other

piecewise interpolations are preferable.

Advantages and Disadvantages

Point matching greatly reduces the size of information to be considered rel-
ative to correlation and Fourier transform. Either matching with or without
feedback can tolerate global and local uncorrected variation because of the
use of control points and local similarity measures. They use information
from spatial relationships between control points in the image and they can
consider possible matches based only on supporting evidence. However, for
feedback matching, a more sophisticated search algorithm is needed because
the local uncorrected variations make the search space more difficult to tra-
verse. Moreover, these techniques are limited to small affine transformations
because otherwise the search space becomes too large and unmanageable.
The major drawback of global point matching method is that i1t cannot ac-

count for local geometric distortion.

1.2.4 Local Method - Piecewise Interpolation

Only control points sufficiently close, or perhaps, weighted by their proxim-
ity to the interest region, influence each part of the mapping transformation

[13]. The parameters of the local mapping transformation vary across the



different regions of the image. It can handle many distortions that global
methods cannot, for example complex 3D scenes taken from different view-
points, deformable objects or motions, and the effects of different sensors or
scene conditions.

Presumption: control points are found and matched before the determi-

nation of the registration transformation.

Advantages and Disadvantages

Since a piecewise interpolation method use more complex calculations, it
is computationally intensive and slower than a global method. Moreover,
because a local method does not carry feedback information in the calcu-
lation, it depends heavily on the accuracy of the similarity measure in this
single-pass process. However, because of this single-pass proper.y, a local
method does not need complicated algorithm to cycle through multi-passes

of iteration like the feedback algorithms.

1.2.5 Elastic Model-Based Matching

Elastic model-based matching methods [1, 5, 30] model the distortion in the
image as the deformation of an elastic material. In other words, the regis-
tration transformation is the result of the deformation of an elastic material
with the minimal amount of bending and stretching. The amount of bending
and stretching is characterized by the energy state of the elastic material.

Three aspects of this method:

1. Iteration: at each iteration step features are found, and a correspon-

9
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dence measure is determined which influences a transformation which

is then performed before the sequence is repeated.

Hierarchical structure: larger and more global distortions are corrected

X

first. Then progressively smaller and more local distortions are cor-
rected until a correspondence is found which is as finely matched as

desired.

3. Cooperation: features in one location influence decisions at others.

Advantages and Disadvantages

Elastic model-based matching has the advantage that it corrects local dis-
tortion. It simply rectifies the distortion with its elastic sheet property.
However, objects in the image must be predefined. This may be a difficult

problem because most of the real objects are hard to be modeled.

1.3 Problem Statement

In underwater inspection, a diver is video-taping the underwater scene of a
structure to determine if repair is needed. It is always difficult to imagine
the condition of a huge structure just by looking at a small part of it. As a
result, the inspector wants tc patch images together from the divers to view
the whole structure. Image registration techniques are needed to accomplish
the taz¥. A set of assumptions is needed to limit the scope of the problem

being solved.



1. Position information is ~vailable
Given position and orieni~ ion data such as pan and tilt angle of the
camera, one can use geometrical (or global projective) transformation
to register two images together. If these data are not available, a pure
feature-based registration must be used and the computational cost will

be extremely high.

2. Camere’s properties are known
The geometrical model needs the camera’s properties, such as focal

length, for handling translation movement along z, y and =z direction.

3. Images have arbitrary and unknown distortion such as perspective and
atmospherical distortion
Perspective viewing [18] and back scattering [21] are natural phenom-
ena that can be compensated by global projective transformation [32]

and image enhancement.

4. Objects and background in the images are stationary (no motion blur
and no growth with time)
Occlusion and object movement are not recoverable by geometrical
transformation. Objects being viewed should be stationary and the

registration session should be done within a short time.

1.3.1 Related Problems

1. Position information mapping

It is important to have a mathematical model using position and ori-



entation information to map points in space. If this mapping function
gives closely registered images, the processing time of the feature-based

refinement will be greatly reduced.

2. Feature extraction
When inaccurate position information is given and local distortion re-
sults from perspective viewing, | use the information in the image to
correct the error. A feature extraction algorithm is needed to obtain a

useful feature point to do the final refinement matching.

3. Feature points correspondence
Once the feature points are available, one must find the correspondence
of feature points between two images so that proper correction can be

made.

1.4 System Overview

An automatic image registration system (see Figure 1.1) is built to solve the
problem. Since the movement and orientation of the camera is known, the
image distortion caused by perspective viewing can be rectified by a set of
geometrical transformaticn functions. The details and derivation of these
functions are described in Chapter 2. Once the rectified information is avail-
able, images are warped according to the new shape and form a preliminary
matching.

Although the mathematical model provides the exact position and im-

age transform to the patching, it is highly susceptible to inaccurate position

12



data. [ classify this inaccuracy as error from the position information sys-
tem. The major error occurs when the physical position and orientation do
not correspond to the data reported to the registration system. As a result,
incorrect transformation gives undesirable matching. To rectify this error,
I choose a feature-based matching (FBM) technique which uses the infor-
mation contained in the image. FBM, as I have mentioned in Section 1.2.3
- point-mapping with feedback - can tolerate local distortion and is a fully
automatic process. Through feedback at each stage of finding control point
correspondence, a ancurate matching results. FBM extracts feature points
from the warped images (Chapter 3) and then finds the point correspondence
(Chapter 4) between images. Once a correspondence relationship is estab-
lished, a proper affine transformation can correct the error caused by the

positioning system.

13
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Figure 1.1: Image Registration System Diagram
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Chapter 2

Position mapping

2.1 Mathematical model

Here we develop a theory that determines the position of corresponding
pixels in two images of the same scene. We assume that information about
the position of the camera is available. Next we define the coordinate systems
used and derive relationships between images.

Throughout this work, the pinhole camera model is used. As Figure 2.2
shows, the origin of a cartesian coordinate system OXY Z is the viewpoint
of the camera and its optical axis is aligned with the Z axis. The image is
the projection of a 3D scene onto a plane located at distance f (focal length)
from O. The image coordinate system is represented by ozy in Figure 2.2.
Using the above model and assuming perspective projection, the relationships
between points in the image plane and points in 3D with respect to the

camera coordinate system are:

15



P=(X,Y,2)

Figure 2.2: Different coordinate systems.

T = fx"g_ y= fy')Z:

where P = (X,Y,Z) is a point in the camera coordinate system, and p =
(z,y) is its projection on the image plane; f, is the number of pixels corre-
sponding to the focal length (f) along the x-axis; f, is the number of pixels
corresponding to f along the y-axis.

To find the correspondence mapping of a point in two different frames,
choose PB = (XB,Y8, ZB) to be an arbitrary 3D point in frame {B}. P4 =
(X4,YA, Z4) (P with respect to {A}) is obtained by the following relation

16
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(Figure 2.2):

A\T B\T
EP) } = Tg[iP) } (2.1)

where T4 is a 4 x 4 homogeneous transformation matrix defined as :

Ty Ti2 T3

L
Tar T2 T3 6y
b,

T4 =
31 T3z Ta3
(0 0 0 1
The 3 x 3 sub-matrix (R§ = [r1;...r33)) represents the rotation matrix

relating {B} to {A}, and [é.,6,,6.] denotes the displacement vector from
the origin of {A} with respect to {B} ( OO’ in Figure 2.2). We use the
Z-Y-X Euler angles approach to find the rotational matrix, R3:

Rg(a,B,7) = ROT(Z,a)ROT(Y, B)ROT(X,7)

where a, 8, and v are the angles rotated about the Z, Y, and X axes re-
spectively. This means that we start with a frame that is coincident with
{B} and rotate this frame about Z by an angle o, then rotate the resulting
frame about Y by an angle 3, and finally rotate about X by an angle v. As

a result, the rotation matrix takes the form:

ca —sa 0 e 0 sp 10 0
Rj(a,8,7) = | sa ca 0 0 10 0 cy —sv
0 0 1 —-s8 0 B 0 sy cvy
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cacf casfisy — sacy casfBcy + sasy
= sacfl sasfisvy + cacy sasficy — casy
—s3 cfsy cfBecy

where ¢f = cos 6 and sf = sin 6. Substituting in Equation ( 2.1) we obtain:
X4 = (cacB)XB + (casBsy — sacy)Y® + (casfey + sasy)ZB + 6,
(2.2)

YA = (sacB)X? + (sasfsy + cacy)YE + (sasBey - casy)ZB + 6,
(2.3)

Z4 = (=sB)XB 4 (cBsy)YE + (cBev)ZB + 6. (2.4)

Recall that perspective projection equations in frames {A} and { B} are:

X4 Y4
4= fz??v yt = fvga

YB
= fz‘ ZB ] fy ZB
Now substituting Equations (2.2, 2.3 and 2.4) in the above relations yield:

B (cacB) + yB&(casﬁs'y — sacy) + f-(casBey + sasy) + f= 4%

4 =
—%22B + LyP 4 cfoy + 4k
(2.5)
4 _ zaﬁ(sacﬂ) + yB(sasBsy + cac7) + fy(sasBcy — casy) + fy%b
o= ~ 2P 4 LYE o+ cfey + g%
(2.6)

Notice that, aside from the last term in the numerator and the denominator,

these equations are dependent on image plane information only.
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2.1.1 Rotational case

If we assume rotation only (i.e., 6, = 6, = 6, = 0), correspondence
between pixels in both images is directly established (Equations 2.5 and 2.6
without the last terms in both the numerators and the denominators). If we
further assume that no rotation about the Z-axis is allowed (i.e., @ = 0) then
we obtain the equations of a pan-tilt system only:
zBef + yPL(sBs7) + fz(sBev)

_{_’za + %zya + cfBecy

A _ yBey = fusy

=

If the system supports pan-only rotation, then:

A BB + f.sB
T T T8 B..3
b e i
Y N -
—'%IB-{-C,H

Similarly if the system allows tilt-only rotation, then:

A B
z = =, B + ey
fvy
y" - yBC'7 ~ fu$7
Ty tey

2.1.2 Translational case

It is clear from Equations (2.5) and (2.6) that the depth at every point in
the image is necessary to recover the effect of translational motion in the

registration process for precise correspondence between image points in both



images. However, this process is not only complex but also time consuming
unless we also use a range scanner positioning system to provide such in-
formation. If translation motion between images is minimal and the surface
(plane) on which images are registered is far from the camera, we can scale
the new image (after motion) and accordingly compute its four corners with
respect to the frame of reference of the original image. As a result, the pro-
cedure to registering two images consists of two steps. The first step treats
the orientation (Section 2.1.1) and the second one deals with the translation.
Assuming no translation, Equations (2.5) and (2.6), are sufficient to recover
the rotational effeci. Having the same orientation, for both images to be reg-
istered, we scale the new image according to the translational motion that
took place between both frames. Formally, given a point p? = (z%,y?) that
belongs to the new image, its corresponding point in the original frame of

reference (say p4 = (z4,y?)) after recovering orientation is determined by:

]
4 = 2B -%y4,
4 z7(1 Z)+

yA

il

8.
yB(l - 'Z) + ‘Sy

where Z is the depth to the surface (plane) on which registration is performed.
This solution is an approximate one since depth to points in a general
scene usually varies from one to another. However, in some specific applica-
tions, such as viewing a 2D surface, bathymetry (i.e., sea floor), or registra-
tion of air images (i.e., aerial view of an urban area), we can approximately
assume the scene as a surface, especially if Z is large enough.
With the availability of the current technology, we can use a ranging

device to recover the depth at each point in the scene. As a result, the
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effect of translational motion can be easily determined from equations (2.5)
and (2.6). Assuming the camera is translating only (no rotation), a point
pB = (28, y®) is mapped to p* = (z#,y*) by the following relations:

A _ ZBzB 4 £.6.
ZB + 6,

A _ ZB!/B + fyéy

y ZF + ¢,

Henceforth, Equations (2.5) and (2.6) can be used to register two (or more)

T

images that are offset by rotation and/or translation. The process of regis-
tering multiple images can be easily done by either treating each new image
with respect to the previous one, or with respect to the original frame of

reference (first image in the sequence).

2.2 Warping algorithm

Since our mathematical model can handle all kinds of motion under per-
spective viewing, it can compensate any perspective distortion due to the
rotation of the camera. For example, if the camera pans, to the right, the
distortion compensated image will be a trapezoid having the shortened edge
on the left and the elongated edge on the right (see Figure 2.3).

For this reason we need to warp a regular image into trapezoid shape in
order to compensate the distortion. Figure 2.4 shows the effect with and
without warping. Moreover, the mathematical model that we introduced is
simply a set of point mapping functions. Theoretically, we should use these
equations to map every pixel in one image onto the frame of reference image.

However, this has high computational cost and suffers from the “hole effect”.

21
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Camera motion

Figure 2.3: Perspective Distortion in panning

(b)

Figure 2.4: (a) Withoul warping and (bj with warping
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The “hole effect” occurs because the £ and y coordinate values obtained from
the mapping functions are decimal numbers. As a result, some of the pixels
may be mapped onto the same position due to round off. Our solution is to
simply map the four corners of the image onto the frame of reference and
then use a warping technique to fill in the pixels.

Image warping (or geometrical transformation) is a process that maps
the spatial position and interpolates grey level values of a source image to a
destination image. There are two main approaches: forward and backward
mapping. By forward mapping, the input of the mapping function is the
source image pixel and the output is the location of that pixel in the desti-
nation image coordinate system. On the other hand, backward mapping is
just the reverse process. We used backward mapping because we can obtain
grey level values easily by the bilinear method.

The warping function is defined by a pair of equations of the form

:z:=f(u,v), y=g(u»v)

where u and v are the coordinates of a pixel on the destination image plane
and z and y are the calculated position on the source plane. In our imple-

mentation, f and g are polynomial functions.

z = f(u,v) = Za“,uv
1=0 k=0

y =g(u v)_zzb,kuv
=0 k=0

where a;; and by are the coefficients of polynomials f and g respectively, and

n is the degree of both polynomials. Usually, the degree of a polynomial is



determined by the number of control points available. However, because of
the well-known unstable effect caused by high-degree polynomial, one of at
most 3rd degree is used. Since we use the four corners of the image plane as

control points, the maximum degree of the polynomial is one.
I = ago + ajou + ag1v + ajuv (2.7)

y = boo + biou + boyv + byyuv (2.8)

and we can write it in the form of matrix

[ ZTo ] [ 1 up wo uovo 17 Qoo ]
2 I vy vy ynm a0
o2 B 1 up v ugvs aoy

| I3 ) | 1 Uz V3 U3V3 1L ay; ]

To find the a’s, we take the inverse of the square matrix (M) and multiply
it to both sides
i=M"17
Once we find the polynomial, we can locate the corresponding position

of a destination pixel in the source plane. We use a bilinear (or first degree)

interpolation method to obtain the grey level value from the source plane.

2.3 Registration algorithm

Our implementation of the position mapping system is shown as a block
diagram in Figure 2.5 (It is the same as Figure 1.1 but for reader’s conve-

nience, | redisplay it here). Initially, a scene is captured by the computer
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Figure 2.5: Main components of image registration system (repeat Figure
1.1).

controlled camera and the image is digitized by the image grabber. The
first captured image is the frame of reference image and the images after
it are mapped with respect to it. Once user’s data, such as focal length of
the camera lens and position and orientation information are available, the
coordinates of the four corners of the image after certain motion are com-
puted using the mapping functions introduced in Section 2.1. Since only four
points are needed to calculate the mapping, this algorithm is computation-
ally efficient. Moreover, it is grey level insensitive because only positional
information is used in the calculation. As we have explained in a previous
section, all the pixels inside the newly shaped image are filled by the warp-
ing algorithm. Then the warped images are integrated and displayed on the

screenmn.



2.4 Experimental Results

We have conducted several experiments to test our mathematical model.
In order to obtain accurate position and orientation information, we use a
computer to control the COHU video camera that is mounted on a pan/tilt

device (see Figure 2.6). The input values of the pan/tilt device is “points”

Figure 2.6: The COHU camera with its pan/tilt mounting

which is defined by the manufacturer. With the same input points, the pan
movement is different from the tilt. For example, 20 points translates into
1.67° of pan movement. On the other hand, 20 points of tilt means 0.99° of
tilting. Table 2.1 is the conversion that is used in our experiment. Moreover,
since the COHU camera unit is fixed on a table, we must translate the object
in order to simulate the camera translation movement. To do that, we slide
the object on a horizontal plane to simulate the  and z translation. For the

y translation, we lift the object with a 1.8cm thick plastic spacer.
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Points Pan Tilt
|| (degree) | (degree)
20 [ 1.67 0.99
30 2.51 1.49
50 4.18 2.48
100 8.37 4.96

Table 2.1: Point to pan/tilt movement conversion table

2.4.1 Pan and tilt

First of all, we pan the camera to the right at 20 points intervals for
6 frames (Figure 2.7 (a) to (f)). One should notice that the final patched
image (Figure 2.7 (g)) is a trapezoid as explained in Section 2.2. This kind
of effect can be seen in daily life when we project a beam of light that is not
perpendicular to the wall. Secondly, we tilt upward for 30 points steps for
6 frames (Figure 2.8 (a) to (f)). The same trapezoidal effect appears in the
patched image result (Figure 2.8 (g)) but in a different direction. Finally we
combine both pan and tilt in order to cover the whole board (Figure 2.9).
The frame of reference is at the center, so the trapezoidal effect is equal in
all four directions.

These examples show that our model can accurately register two or more
images together. We do not use a test for rotation about the viewing axis (z
axis), because the set up of our camera does not allow us to do this kind of
rotation without affecting other parameters, such as horizontal and vertical

position. However, our mathermatical models takes it into account.
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(9)

Image sequence of panning (a) to (f) and the patched image (g)

T

)

Figure :



(d, (e) (f)

(9)

Figure 2.8: Image sequence of tilting (a) to (f) and the palched image (g)



Figure 2.9: Pan and tilt combination

2.4.2 Translation

In the following three experiments, we test our model for translational
motion. Normally we would translate the camera, but because of our set up
we move the board instead. First, we shift the board from left to right at 5
centimeter interval for three frames and obtain Figure 2.10 (a). In the second
experiment, the board is moved upward with 1.8 centimeter interval for five
frames with the resulting image in Figure 2.10 (b). And in Figure 2.11 (a),
we move the board backward from its initial 75 centimeter distance from
the camera at five centimeter intervals for five frames. Since they are only
translations, the images are in the original shape without any perspective
distortion.

In Figure 2.11 (b) we present results from different experiment, in which
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(b)

Figure 2.10: Horizontal (a) and vertical (b) translations



(a) ' (b)

Figure 2.11: Longitudinal (a) and combined (b) translations



we combine all three translations with 25 centimeter longitudinally backward,

5 centimeter leftward and 5.4 centimeter (i.e. 3 spacers) downward.

2.4.3 Pan/tilt and translation combination

We now combine every possible motion (except rotation about z axis) to
show the robustness of our model. The image sequence is arranged in the

following order:

1. Frame of reference image (Figure 2.12 (a))

(3]

. Longitudinally translation for 10 centimeter (Figure 2.12 (b))

3. Pan left for 20 points (Figure 2.12 (c))

>

. Vertically displacement downward for 5.4 centimeter (Figure 2.12 (d))

5. Tilt downward for 50 points (Figure 2.12 (e))

[=2]

. Horizontally movement rightward for 5 centimeter (Figure 2.12 (f))

2.4.4 A Real scene

We have also tested our model with a realistic scene. By realistic we
mean that objects in the image are not just a flat wall but an arbitrary
indoor scene. Again, we can only test the pan and tilt since our camera is
fixed. The sequence of images are shown in Figure 2.13 where (a) to (d) are
parning from left to right for 50 points interval and (e) to (h) are panning

from right to left at the same intervals after a tilt of 100 points.
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Figure 2.12: Combination of pan/tilt and translation
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(e) (f) (9) (h)

Figure 2.13: Image sequence of real scene (a) to (h) and resulting palched
image (i)



Chapter 3

Feature Detector

“The notion of a feature has a large range of definition such as points, lines,
corners, shapes, shadow, colors and even semantic properties. When explicit
control points are used, the landmarks in the image are the feature points.
For example, Cheng and Huang [9] used edges of a car to form a construct
and to match with the shape of the car from other images.

Among these vast choices of feature, one must decide a feature to extract
so that a correspondence can be found. First of all, the feature must be
distinctive (i.e. be different from neighboring points). For example, points
on edges should not be selected because they look the same along edges.
Secondly, the feature should be invariant with respect to geometrical dis-
tortions. If large geometrical distortion is expected, a specific shape is not
a good choice for feature because the basic shape may not be retained. A
corner satisfies both distinctiveness and invariance requirements.

By definition, a point is a corner when a vector changes its direction at
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that point. A corner is distinct enough to be separated from its neighbor.
Moreover, in our application of underwater inspection. the expected geomet-
rical distortion is small enough that corner can be classified as invariant to
the distortion.

Many corner detection methods have been developed over the years.
Seven methods are selected for comparison in this chapter. They are cho-
sen because they represent the two major approaches of corner detection:
surface fitting [3. 11, 20, 34, 38], template matching or interest operator
(8, 10, 15, 16, 23, 27, 37]. One newer technique transforms corner detection
into a cost minimization problem [35]. However, its computational cost is
too high so that I did not implement it. Each approach has its advantages

and disadvantages so each is evaluated based on the following criteria.

1. Stability
The selected points should be expected to appear in the other images.

Thus the selection should be robust with respect to noise.

2. Interpretability
The method should detect all the well-defined corners that exist in the
image. A well-defined corner is one that a normal-sighted human will

also label that feature as a corner.

3. Speed
The method should finish the detection process in reasonable time be-

cause the system is expected to be working in real time.
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3.1 Surface Fitting Techniques

Suppose a scene is a continuous two dimensional function of grey level value
S(z,y). A digital image is a discrete version of this function Sy(u,v) where
u and v are integer values. The frequency of sampling depends on the den-
sity of those camera optical sensors. In other words, each pixel in the image
is a sample of that continuous function. We can use either a high resolu-
tion camera or surface fitting to approximate S(z,y). High resolution means
that we are sampling S(r,y) at a frequency that is high enough to approxi-
mate S(r,y) accurately. However, the high price of a high resolution image
digitizer prohibits further development on this approach. Because of this
constraint, a surface fitting approach is used. The basic idea is to fit a con-
tinuous function over a small processing region. This processing region is
defined by the size of neighborhood surrounding the central pixel. Then a
method such as least squares fit is used to find all the coefficients of the
surface. Once the equation of a continuous surface S’'(x,y) is found, we can
calculate the gradient (V.S'(z,y)), Laplacian (V2S’(x,y)) and the curvature
of the central pixel of that region. lf the curvature is greater than certain

threshold value, a corner is found.

3.1.1 Turning of fitted surface

Kitchen and Rosenfeld [20] used the approximate method to find the point
curvature. They assumed that a surface g(r,y) fits the gray level of the
image. The gradient vector of the image is [0g(x,y)/dx,dg(x,y)/0y] (i.e.

[9z+9,)7). Then the gradient direction of a pixel at (z,y) is tan8 = g,/g..
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0. and 6, are denoted the rate of change of 6 (i.e. curvature) in r and y

direction respectively.

0 = arctan(g,/g.)
90 6(%)/61

dx T+ (&)
gryg.r - g.rrgy B
0, = ——————=% 3.1
92 + g2 (3.1)

If we differentiate 8 with respect to y, we get

6, = g—————yygg ~ ggygy. (3.2)
Since the gradient vector is perpendicular to the edge, the vector along the
edge is [~gy,9-]T. Projecting the change of gradient direction vector [6..,0,]”
along the edge, and multiplying the result by the local gradient magnitude,

gives the result

0:' - +0 ) T [ .
V9 + g2

_ Jezgy + 9yv9s — 202499y (3.3)
9 +9; '

Equation (3.3) is applied only at edge points where the Laplacian is zero,
because it gives accurate edge position where the corner is located. The ap-
proximation comes in the evaluation of g, gy, 92y, 9z and gy,. Theoretically,
the continuous function g(x,y) should be differentiated accordingly but it
does not exist as a closed form function. As a result, a discrete partial differ-
entiation by Prewitt operators [28] — see Equation (3.4) - is used to obtain

the gradient maps of g, and g,. By applying Prewitt operators again, Aa,
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to gz, Aay to g, and As; to gy, 9zz, gyy and gz, are obtained respectively.

-1 0 1 -1 -1 -1
A= -1 01 As,=] 0 0 O (3.4)
-1 0 1 1 1 1

3.1.2 Beaudet’s DET

Beaudet [3] applied the Test for Extrema in classical calculus to detect corner
points and saddle points. The following is the test definition.
Let d(z,y) be a surface of two variables which has continuous second

partial derivatives on a rectangular region () and let
d(z,y) = gz2(2,¥) 94 (2, ¥) = (924 (2, ¥)? (3.5)

for all (z,y) in Q. The maximum of the absolute value of d(z,y) gives the

global maximum, minimum or saddle point in ¢ - see Figure 3.14.

(2) (b) (c)
Figure 3.14: Surface (a) mazimum (b) minimum and (c) saddle point

Wang and Pavlidis [34] categorizes a surface into 11 different topographic
features where each type represents an unique appearance in the image. They

use these features to recognize and separate written characters. For example,
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saddle points occur in places where characters are nearly touching. In our

case, corners are found in the global extrema detected by DET.

3.1.3 Facet Model

Zuniga and Haralick [38] fitted a cubic polynomial onto a 5 x 5 neighborhood
where the central pixel must be a Laplacian zero-crossing point (i.e. edge

point). Equation (3.6) is the cubic polynomial model,
plz,y) = k1+kz:z:+k3y+k4:r2+k5a:y+k6y2+k7:p3+k8z2y+k9wy2+k,oy3 (3.6)

By using the well-known least squares method, we can obtain the coefficients.
Since p(z,y) has continuous second partial derivatives, the formula from

Kitchen & Rosenfeld and DET can be used to find corners.

pe(z,y) = ko +2kex + ksy + 3k72? + 2hsgxy + hoy?
po(z,y) = ka+ ksx 4 2key + ksx® + 2kozy + 3ky0y?
Pea(x,y) = 2k4 + Gkrr + 2ksy
Py(Z,y) = ks + 2kgz + 2kgy
Pz, y) = 2ke + 2kgr + 6kyoy

Furthermore, Zuniga and Haralick derived an equation of the instantaneocus
rate of change at the central pixel (0,0) of the 5 x 5 mask. It is exactly the

same as Kitchen and Rosenfeld’s formula, Equation (3.3), but without the

gradient magnitude factor, /g2 + g2. That is,

—2(k2kg — koksks + k2kq) .
k= CENEE . (3.7)




The -2 coefficient of k3ks and k2k4 are from the differentiation of the cubic

polynomial model.

3.1.4 Discussion

All detectors assume the existence of continuous image surface so that the
gradient and second derivative can be evaluated. They give accurate and
true corner points if the continuous surface assumption is true. However, we
know that a real scene image contains many discontinuities such as edges
and depth difference, which corrupts the continuity property. Moreover,
Deriche and Giraudon [11] stated that Kitchen and Rosenfeld’s detector used
an unreliable source of information as the base of calculation, namely edge
direction. As mentioned in Section 3.1.1, the directional derivatives in =z
and y direction are approximated by the Prewitt operator, and they are not
reliable especially near the points we want to detect: the corners. Moreover,
the position of the gradient magnitude maximum is also not reliable, because
the maximum point tends to shift away from the true position with different
size of engle of the corner. As a result, multiplying the gradient magnitude
to the curvature gives a false maximum point — see Figure 3.15(a).
Although Beaudet’s operator detects the global extrema (i.e. extrema in
all directions), which is easier to find than maxima along a direction, DET
suffers a displacement of detected point from the true corner point. The dis-
placement varies with the corner angle and scale in the filtering process but,
the locus of the displacement is always along the bisector line of the corner

independent of the image contrast. The result is shown in Figure 3.15(b).
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Zuniga and Haralick’s facet model provide better continuity environment
but the approximate surface is far from representing the actual image. For
example, in Figure 3.16(a) shows the original corner image, (b) is the fitted
facet with the image on top of it and (c) is the plot of Equation (3.5). The
corner point is at the origin and the value of d(0,0) of Equation (3.5) is
3.2566, which is relatively small to its neighbor pixels. This small value is not
classified as the extrema of this surface by definition. This totally contradicts
our expectation because we thought that DET should give maximum at the
corner point. This example shows that a polynomial surface is not adequate
in representing the image for DET usage. This is why DET performs badly
in Figure 3.17(b). Kitchen and Rosenfeld’s formula, Equation (3.3), gives
many false corners (see Figure 3.17(a)) due to the wrong gradient magnitude
maximum. Once we remove the gradient magnitude factor, then we have
the formula of Zuniga and Haralick and the result improves greatly (see

Figure 3.17(c)).

3.2 Template matching

3.2.1 Optimal corner detector

Rangarajan et al. [27] attempted tc find the optimal corner operator that

should
® not be sensitive to noise

e not delocalize the corner points
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¢ identify corners at some edge points

o detect points that have at least two neighbors which have a different

gradient direction than the corner point itself

Figure 3.18 is the corner representation model that they proposed. The
shaded area is called the cone portion and the unshaded part is called non-

cone portion. The following is the mathematical definition of the model.

B ifzr>0and —mr<y<mz
I(z,y) =

0 otherwise

An corner operator g(z,y) should reach maximum value at the origin point

where the corner is located. The first two criteria can be formalized into

ltxy)w 0 Hayed

Figure 3.18: Corner model

quantitative functions which are Signal to Noise Ratio (SNR) and Delocal-

ization (A) of the corner operator g(z,y).

B 4+ r4+mzx .
SNR = BJo = Jons 9(2,y)dydz (3.8)
noy P2 7 (e, y)dyde
Ao LS LS R@ndids | nd[13 [T gxy)dydz o

T (BJS® AT gze(z,y)dydz)? T (B [T [0 g {z, y)dydz)?



where n? is the variance of the Gaussian noise n(z,y). By maximizing the
ratio of SNR to A, we can simultaneously satisfy both criteria.
SNR

A

To maximize ¥, SNR has to be maximized and A has to be minimized.

Y=

Rangarajan et al. chose to minimize the [*2 [** g%(z,y)dydz term in the
denominator of Equation (3.8). By using Lagrange multipliers and Euler

equation, they solved the differential equations and obtained two equations.

k s s : -z
g9(z,y) = ¢ sin ——;;z[—(e‘w +e W)+ e + e (3.10)
g(z,y) = czsin nwz sin n:;/ry (3.11)

where W is half of the mask side (e.g. 3 x3, W =1;9x9, W =4) and ¢,
¢y, k, n1, nq, and z are constants. The cone portion of the mask is formed
by Equation (3.10) and the noncone portion is formed by Equation (3.11).
According to Rangarajan et al. [27], to form a mask for detecting corners
in quadrant 1, put the solution of Equation (3.10) (cone portion) in the
quadrant ! region of the mask and put solution of the noncone equation (3.11)
in the remaining quadrants. Twelve different detector masks are derived to
detect various appearance of corners. Figure 3.19(a) shows that four types
of corner may occur in an image in which the cone portion occupies only one
quadrant of the mask. Figure 3.19(b) and (c) are corners with cone portion
in two quadrants and (d)-(g) are corners that occupy three quadrants. In

Rangarajan’s et al. first paper [27], they let k = 1, making the cone portion
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negative in quadrant 1. But the solution of Equation (3.10) is inconsistent

with the mask they gave, see Figure 3.20(a). None of the people who cited



(a) (b) (c)

(d) (e) )

—  Quadrant ]

Quadrant 2 —1+—

Quadrant 3 1 —  Quadrant 4

(g)

Figure 3.19: Twelve types of corners
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their work noticed this error. Although later in their journal version, they
corrected k to be equal to —1. Even so, it is still impossible to reproduce
their mask with their coefficients of ¢; = 20,c; = 20,k = —l,w = 4,z =

0.2,n; = 1,n, = —1, see Figure 3.20(b). When Equation (3.11) is plotted

-6 -11 -11 -6 0 ¢ 7 7 4 2 6 7 4+ O 2 4 3 1
-11 —18 —18 -11 ] 8 13 13 8 6 15 17 11 0 6 10 9 3
-11 ~18 -18 -11 o 10 17 17 10 7 17 19 13 ¢ 9 14 12 4

~6 =11 -11 -6 0 12 19 19 i2 4 11 13 8 0 11 16 14 €

] ] o o o 12 20 20 12 0 0 0 ¢ o 11 17 15 6

-6 ~11 -11 -6 0 -6 -11 -11 -6 -4 -11 -13 -8 0 8 13 11 4
-11 -18 -~18 =11 ¥ -11 -18 —18 -11 -7 -17 -19 -13 0 13 19 17 7
-11 -1i8 -18 -11 o -11 -18 -18 -11 -6 —15 —-17 -11 0 11 17 15 €

-6 -11 -11 -6 0 -6 -11 —-11 -6 -2 -6 -7 -4 0 4 7 6 2

(¢) (b)

Figure 3.20: Rangarajan’s mask (a) and my mask (b)

(see Figure 3.21), I found that it is not possible to obtain their result because
both quadrant 2 and 4 are positive which is opposite to Rangarajan et al’s.

mask. | noticed that they did not follow their described method [27] but they

3s8

Rt
-
-1t

Figure 3.21: Plots of Noncone equation

replicated the negative part of noncone portion in the quadrants that corner
will not appear. By using this method, I generate a mask for quadrant 1,

Figure 3.22. In my implementation, masks are convolved with edge points



-2 -6 -7 ~4 0 2 4 3 1
-6 -15 -17 -11 Q 6 10 9 3
-7 -17 -19 -13 0 9 14 12 L3
-4 -11 -13 -8 0 11 16 14 6

0 0 o [ I ] 11 17 15 6
—4 -11 -13 -8 0 -8 -~13 =11 —4
-7 -17 —-19 -13 o0 -13 -19 =17 -7
-6 -15 -17 -1 0o ~11 -17  -15 -6
-2 -6 -7 -4 0 -4 -7 -6 -2

Figure 3.22: Revised mask

only in order to satisfy the third criterion stated at the beginning. The
fourth condition has not been met explicitly because of the unreliability of

the gradient direction.

3.2.2 Forstner’s interest operator

Forstner [14, 15] took another approach to find feature points in an image.
He called this detector an interest operator, because not only can it detect
corners but it also finds distinct points. He looked into three different tasks
which can be written as a least squares problem in the form of Gauss-Markofl
model.

I+é= A17 (3.12)
Y =0ctw! (3.13)

where ¥ contains m observed values, € is the errors, ¥ contains the u un-
knowns, A is the full rank m x u design matrix, X is the covariance matrix,
W is called the weight matrix and gy, by definition, is an arbitrary constant,
called the variance factor. The term “weight” is used to express precision by

way of inverse relationship. Thus high weight means high precision, which



in turn means small standard deviation.
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The normal equation method is used to solve this least square problem.
Nj=h
where N is the normal matrix with
N=ATWA, L=ATWz (3.14)

With this model, three tasks are described below. All they have in common

is that the only unknowns are the coordinates of the interest points (iro, yo).

Task 1: Corner detection - intersection of edge elements

Each pixel is regarded as an edge element with an orientation derived from the
gradient of gray levels VTg(z,y) = [g:(x,v),9,(z,y)]. A corner (zo,yo) can
be estimated from the intersection of all the edge elementsinside the window.
A straight line through (r,y) can be represented by zcos8 4 ysinf — 1 =0,
(see Figure 3.23) where [ is the distance of the origin from the line and 4 is
the gradient direction (normal direction) of the line. e is the error distance
of intersection between the line and point (o, yo). The general linear model

for the intersection point is

li+¢; =cosbirg+sinb;yg fori=1...m (3.15)



(x.y)

(%,.5%)

Figure 3.23: Line model

This model can be formulated as a least square problem like Equation (3.12)

where

&y
i

L l'HL

-

cos 0,

cos 0,

cos 6,

L

sin 6,

sin 6,

sin 6,

o
1

-

r el 1
e
2 (3.16)
L eﬂl
£
g=1""° (3.17)
Yo

We assume the variance of greylevel noise to be ¢? and constant. Morcover,

the standard deviation of [ is inversely proportional to the strength of the edge

i.e. oy = 0, /|Vgl), in other words, the stronger the edge is, the more precise
g F

of the approximation will be. Since the noise is constant and noncorrelated,

Y is a diagonal matrix with o;; = 0. In this case, it is reasonable to assign

the arbitrary constant oo to o, in order to cancel the factor o, on the left

3



hand side of Equation (3.13). And so from Equation (3.13), we get

W = |[Vg|*I.

Substitute Equation (3.16), (3.17) and (3.18) into (3.14) we obtain

cos 6,

!

and since

sin 6,

then

cos 0,
cos 6, cos 6, cos 0,
7
sin 0, siné,,
cos 8,,
gz . 9y
cosf = —=—, sinf =
Vgl Vgl

PR 1 9z9y
N = m 2
[ 1 99y 1

-~ 4
9y

Task 2: Least square matching

(3.18)
sinf; |
sin 6
sin 8, |

(3.19)

Suppose go(,y) represents an object g(x,y) shifted by (ro,y0) and with

added noise n(z,y).

go(z,y) = g(z + xo,y + yo) + n(z,y)

(3.20)

which, by using first-order Taylor series, can be approximated as,

go(x,y) — g(x,y) — n(r,y) = g-(x,y)zo + gy(x,¥)yo
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which again can be written in the form like Equation (3.12) where

dg(zx1,1) g={x1, 1) (1, 1)
dg(2, v T, 2, V:
2o g( 2 Y2) A= g=( z Y2) gy(rf v2) (3.21)
i d!](ilim, ym) ] i !];-(.Tm, ym) gy(xnu ym) J

where dg(z;,y;) = go(zi,y:) — g(zi,yi). Because the variance of dg, o4, is
identical to that of the noise o0,, X again is a diagonal matrix with constant
value of 0,,. As a result, according to Equation (3.13), o9 is the standard
deviation of the noise 7, and thus W is the identity matrix. By knowing
W, we can derive the normal matrix N, by substituting Equation (3.21)

into (3.14),

8 1r h
10 ---0 g=(rr, 1) 9o (ri )
No 9z(z1,41) g=(22,92) - Ge(Twmyym [ O 1 --- 0 9 (22 y2)  gy(ra)
gy(-'l'lsyl) gy($2ay2) gy("tnnym : : :
| 00 --- 1 1L !lr(i”1'¢7.7/1/u) !];/(1711:1?/111) ]
(3.22)
m gm’ m - .'L', b (L',
N = 1 9:(z,y) 1 9z(2,¥)gy(x, y) (3.23)
=1 9:(x,y)gy(z, y) v oi(z,y)

Task 3: Weighted centre of gravity

Each pixel in a window contributes to the centre of gravity of that window

by using the gradient as weight. The linear model is

r4+e =

y+e, = Yo



where e, and e, are the errors in the z and y direction. From this model, the
design matrix, A, is an identity matrix. The weight of each pixel depends
on the direction of its local gradient. In order to rotate the vector [|Vg], 0]

into Vg(z,y)’s direction, the rotation matrix is used

cosf —siné
Ry = (3.24)

sinf cos#@

where 8 is the direction of gradient Vg. Applying the propagation of weight

matrices [25], we obtain

W= |V 12 cos? @ cosfsin @
=1Vvyg
cos @ sin @ sin® @

which gives the same normal equation matrix as Equation (3.19).

Equation (3.25) is the normal equation of least square and Equation (3.26)
is for corner detection and weighted gravity. Note that the normal equation
of corner and weighted gravity are identical to each other which means they

are the same operation but under different interpretation.

m m - z 1", Id
gl TV g-gy o) _ g-dg (3.25)
;n, gIgJ 7171 gy yO m gydg
" m :L‘ 171 II + m
1 gr 1 9=z9y 0 — g 21 9rgyy (326)
v 9-9, XV gl Yo 2V 9:9,7 + XV gty

where the sum includes all pixels in the window. After forming the normal
equation matrix /N, the unknown parameters zo and yo that are the coordi-

nate of the interest point can be estimated. Whether a point is distinct is
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determined by the size w and the roundness g of the confidence ellipse of the

estimation. According to Forstner [15], they are defined as:

w= 1 _ detN (3.27)
" trace(N7Y) T trace(N) weet
4det(N) 4w (3.28)

7= (trace(N))? ~ trace(N)

The parameters w and q are called interest values. Points that have greater
values than wy,, and g, are selected as interest points. The roundness
measure ¢ lies in the range between 0 and 1. If ¢ = 1, the error ellipse is
a circle. If ¢ = 0, the window is lying on an ideal edge. As a result, in
order to detect distinct points, ¢ has to be greater than 0.5. Experiments by
Forstner suggested that values ¢, between 0.5 and 0.75 work well. These
values correspond to ratio 2 and v/3 of the semiaxes of the error ellipse.

The threshold wy;, is to suppress windows containing only flat areas.
This threshold should be made dependent on the global image content. For
example, it could be the average w,..., of all the weights, or the medium

Wyed Of the weights taken over the whole image.

f * Winean
Wiim =

C* Wyed

where f is between 0.5 and 1.5 or ¢ = 5 for best results according to Forstner
[15]. Finally, all local non-maxima must be suppressed. The suppression
window has a size of 7 x 7. Only those interest points with largest weight
size are retained.

In my implementation, the Robert gradient operator [23] is used to obtain

the gradient value of the 5 x 5 window - see Figure 3.24.
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Figure 3.24: Robert gradient operator in a 5 X 5 window

3.2.3 Lii’s interest operator

LG [23] developed a much simpler operator to detect interest points in three

simple steps:

1. Ground operator: A point is selected if at least two of the absolutes
of the gradients are larger than a threshold d. Li obtained the best
d value experimentally with value between 5 and 10 with 3 x 3 local

average filtering and between 8 to 15 without any filtering.

2. Points selected from first step are used to calculate their interest value

by summing the absolute gradient values of the eight neighbor pixels.

3. Suppress all local non-maxima with a 7 x 7 window.

3.2.4 Forstner and Lii combined interest operator

Li [23] combined his ground operator with the ¢ evaluation by Forstner to
create a fast and accurate interest operator. First of all, points are selected
by the ground operator and then the ¢ value of the Forstner operator is

calculated as an interest value. Points that have ¢ greater than 0.5 are
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selected as interest points. Finally, all interest points are filtered by a local

non-maxima suppression process to obtain the final feature points.

3.2.5 Discussion

Although I cannot obtain the same mask as that given in Rangarajan’s paper,
I discovered that placing the positive cone portion in different quadrants can
achieve satisfying results. I notice that in order to respond to corners, positive
weight must be present in at least one quadrant. | have tried my masks and
deliberately placed the positive weight in the cone quadrant. And the result

is shown in Figure 3.25. Rangarajan stated that single cone portion masks

Figure 3.25: Corner detection with 9 x 9 optimal detector

have maximum response at right angle (i.e. 90°). In the same way, double

cone portion masks have maximum response at 180° angle — a straight line.



Figure 3.25 shows that some false corners on the straight lines are detected.
These masks are less sensitive to small angle than angles close to 180°. This
lack of sensitivity makes it miss many corners.

Forstner’s interest operator focuses on corners and least square match-
ing. Although Forstner used the unreliable gradient direction as the base of
calculation, he used the gradient direction from all pixels in the window and
approximated their intersection by the least square method. It is different
from Kitchen and Rosenfeld’s method because balancing the error over the
whole window can minimize the error caused by a single pixel. Moreover,
Forstner’s interest operator is more sensitive to image texture than Rangara-
jan’s masks because Forstner applied formulas to the window pixels at each
new position instead of using the same masks all the time. As a result, the
interest value is always directly derived from the image information. Fur-
thermore, since the determination of interest points are by evaluating the
size and roundness of the error ellipse, it is more adaptive to the image than
Rangarajan’s fixed masks. However, problems may arise in determining the
threshold wy;,, because Férstner found that wy;,, depends in an unpredictable
way on the edge content, the sharpness of the edges and the noise level in
the image. Although a better solution was suggested which is to take the
median of weights over the whole image, the computation size is two times
the number of pixels in the image. The result is showna in Figure 3.26(a).
Due to this major drawback, Lii developed a fast interest operator which
involves only a few simple gradient calculations. However, because of its ex-
cessive simplicity, the quality of feature detection is low. The result is shown

in Figure 3.26(b). However, combining Li’s ground operator with Férstner’s
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error ellipse estimation gives a better result. Lii’s ground operator eliminates
the trouble of evaluating wyi», and serves the purpose of wy,,, because points
that are selected by the ground operator are not in flat areas. The combined
version still preserves all the advantages of Forstner’s operator and enhaunces

computational efficiency. The result is shown in Figure 3.26(c).

3.3 Experimental results

To determine which method is the best, a series of experiments were per-
formed on two image pairs (Iy, 1) and (/3, I4). All images are captured by
the COHU camera (i.e. noise is present) and paired images are viewing the
same object but at slightly different angle (50 points of panning). The sizes
of Figure 3.27(a), (b), (c¢) and (d) are 176 x 225, 175 x 224, 183 x 207 and
181 x 208 respectively. The solid objects in (/;, J2) has twelve well-defined
corners and the line objects (/3,/4) have thirty-six well-defined corners in
them. Two types of object are used because we want to see the robustness
of the corner detectors with different type of corners.

The criteria of evaluation are stability, speed and interpretability (see
definition in page 37). In feature based matching, stability is the most im-
portant condition because the point correspondence algorithm can perform
at best when a large number of the same points appears in both images.
Therefore, the merit of a corner detection algorithm is determined in the fol-
lowing priority: stability, speed and interpretability. In Table 3.2 and 3.3,
the first column contains names of each method, second and third columns

show the number of points extracted. One should note that not all extracted
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(c)

Figure 3.27: Test itmages (a) I, (b) 17 (¢) I3 and (d) 14
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Method Corners | Corners | Matched | Run time | Run time | Detected

in I in I, points I, (sec.) 12 (sec.) corners
K&R 12 13 12/13 3.0 3.0 12/12
DET 11 12 11/12 2.6 2.6 11/12
Facet 14 11 11/14 12.4 12.4 11/12
Rangarajan 8 11 3/11 8.5 8.5 4/12
Forstner 14 15 9/15 7.0 7.0 7/12
Li 15 15 3/15 3.7 3.7 2/12
F & L combo 15 15 10/15 2.3 2.3 10/12

Table 3.2: Fzperimental results with solid object

Method Corners | Corners | Matched | Run time | Run time | Detected
in I in I, points I (sec.) I3 (sec.) corners
K&R 37 30 20/37 2.8 2.8 21/36
DET 24 20 18/24 2.4 2.4 24/36
Facet 27 28 14/28 12.3 12.3 15/36
Rangarajan 24 19 12/24 8.3 8.3 17/36
Forstner 29 26 18/29 6.4 6.4 24/36
La 40 40 12/40 3.5 3.5 6/36
F & L combo 23 21 20/23 1.27 1.27 21/36

Table 3.3: Ezperimental results with line object




points are well-defined corners — some of them are falsely detected. Each
corner detector limits its output to only a maximum of fifteen points for a
solid object and forty points for a line object. The fourth column contains
the stability ratio where the numerator is the number of same points ap-
pear in both images and the denominator is the maximum number of feature
points extracted from either image. The next two columns shows the time
taken to do the detection. All processes were run on a SunSparc 1 and each
timing is the average of five runs, to average out system load fluctuations.
The last column is the interpretability ratio which is the number of detected
well-defined corners over the number of actual well-defined corners. The best
method should have high stability, high interpretability ratio and short run
time.

In the solid object experiment (Table 3.2), all methods perform well ex-
cept Rangarajan’s, Forstner’s and Lii’s detectors. The problem of Rangara-
jan’s detector is that their corner model assumes a positive corner (i.e. in-
tensity of cone portion is higher thau noncone portion), but all the corners
are negative in this experiment. This is why it cannot detect corners well.
Li’s detector is expected to do badly on corner detection because it basically
is a distinct point finder. A distinct point, according to Lii, means a pixel
that has certain higher intensity than its neighbor pixels. This surely cannot
detect a corner. On the other hand, Forstner’s detector is supposed to be
good at corner detection, because the threshold wy,, varies depending on the
edge content. A solid object, which has few edges, makes the determination
of wyi,, very hard. We use 0.5w,yeq, as the threshold but it still gives unsatis-

factory results. This shows that the Forstner interest operator is not suitable
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for fully automatic feature detection.

In the line object experiment (Table 3.3), the results deteriorate because a
line object is harder to handle than solid object with homogeneous intensity.
Methods that do well in the first experiment give poorer results, while the
poor ones give better results this time. For example, the Facet model and
Kitchen & Rosenfeld’s detector have less stability because line objects deviate
greatly from their assumed smooth surface. DET keeps its high performance
because it is measuring the global extrema which is not seriously affected
by the line object. Rangarajan’s detector gives good results because a line
object has both positive anvd negative corners. As a result, Rangarajan’s
detector finds all the positive corners. Forstner’s interest operator does well
because there are plenty of edges in the image that makes the thresholding
valid.

From the experiments shown above, DET and the Forstner & Li combo
have the highest stability, shortest run time and highest interpretability
among two types of object. However, the Forstner & Li combo are sus-
ceptible to noise because of the primitive ground operator. As a result, |
deduce that DET is preferable for use of the next phase — the point match-

ing algorithm.
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Chapter 4

Point Matching Algorithms

After a set of feature points has been extracted from each image, the next
task is to find the point correspondence between the two images. Many tech-
niques have been developed to handle this problem. The simplest and most
intuitive method is the brute-force point-by-point matching using gray-level
correlation. But the computation of correlation is very expensive. Another
approach of point matching is to use the similarity of the relative distance
among the control points in an image. Instead of comparing the image in-
tensity of each feature point, the distances between feature points within an
image become the key of matching. It has an advantage of using more global
information. Global information is a natural need for good matching because
when we try to compare two images, we look for a large object or pat.ern in
the images as the key for matching. That meauns if an algorithm can make use
of global information, better matching is expected. Multiresolution matching

is aiming at this specific goal. By reducing image size, one can analyze the
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image faster yet cover a large portion of the image. As it iterates upward
in the resolution hierarchy, the accuracy of matching improves. Finally, if
feature extraction is not reliable, in other words, the feature points between
images are not stable, we have to force the point correspondence in order
to match the images. This can be done by defining a grid in each image
and find out the movement of grid points in one image with respect to the
other. Since the point correspondence is inherent from the grid formation,
the point matching task is automatically done. As a result, the main task of
this approach is to find the correct grid points movement.

In this chapter, three approaches described above are explored: grid point
matching, relative distance matching using relaxation and multiresolution
matching. Their advantages and disadvantages are discussed to determine
which one to incorporate into the registration system. But before we explore
these algorithms, a fundamental component of them must be studied: The
similarity measure. Similarity measure is fundamental because it measures
the goodness of match. The merit of the point matching algorithm depends
greatly on the reliability of the similarity measure. Therefore, the first section
of this chapter is the study of similarity measure and then we will carry the

knowledge of this study to the following point mapping algorithms.

4.1 Similarity Measure

Suppose S(r,y) is a M x N image and T'(x,y) is a K x L template to be
matched against S(x,y). Four similarity measure methods are presented:

Normalized Correlation (NC), Sum of Absolute Valued Differences (SAVD),
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Stochastic Sign Change (SSC) and Intensity Combinatorial Minimization
(ICM).

4.1.1 Normalization Correlation

The normalized correlation coefficient function [6], henceforth referred to
as the correlation coefficient, has traditionally been a popular choice. The

goodness of fit between pixels S(x,y) and T'(u,v) is defined as

i (L—El:)ﬂ (Ki)/?-
Ysr(T,y,u,v) = ——— (S(z+i,y+j)—ps) (T (uti, v+j)—pr)
osorKL . T2 2i==(Kl1y2
(4.1)
where
] =Dz (K- ‘
ks = T S(z+1i,y+7)
S b e (Lo1)/2 == (K=1)/2
| =z (K-ne .
pr = WL Z T(u+i,v+7)
VL (Lo1y/2 j=~(K=1)/2
) (L-1)/2  (K=1)/2 _ ' '
o5 = |\RL-71 = . Slrtiy+i)? -

—

i==(L-1}/2j=—(K-1)/2

1 (L-1)/2 (K-1)/2

or = T(u+i,0+ )2 — b

\ KL -1 i=—(L=-1)/2 j=~(K-1)/2

The maximum point indicates the best match.
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4.1.2 Sum of Absolute Valued Differences

The sum of absolute valued differences (SAVD) [2] is computationally more
economical than the correlation coefficient. It is formulated as follows:

(L-1)/2 (K-1)/2
EST(zayauvv)’__ Z E |T(u+z,v+])—.5'(z+z,y +.7)| (42)
t=—(L-1)/23==(K~-1)/2

The best fitted point should be the minimuim point.

4.1.3 Stochastic Sign Change

Suppose that two images I1(x,y) and I,(x,y) differ only because of noise
measurement which is assumed to be additive, zero mean, with a symmetric
density function. Let D(z,y) = I1i(x,y) — I:(x,y) be the difference image.
The stochastic sign change (SSC) criterion [33] is defined as the number
of sign changes in the sequence of values of D(x,y) scanned line by line or
column by column (e.g. in the sequence — —+—+— there are 4 sign changes).

Maximum sign changes indicates best fitted position.

4.1.4 Intensity Combinatorial Minimization

Mustafa and Ganter [26] introduced a new metric for similarity defined as

follows:

(=12 (K=1)/2
R(z,y,u,v)= 3 Y. T(T(u+iv+j),S@+i,y+7))
i==(L=1)/2 j==(K-1)/2



W is a set containing all the unique combinations and initially it is empty

W =0, then

land (r,y) e W if (r,y) g W
if (r,y) e W

F(z,y) =
for the best matched point

(130,!/0) = {(.z:,y)lmm{l?(.t,y)}}
forl1<z<M-K+1,1<y<N-L+1

with M x N image and K x L template. This method counts the number
of distinct pixel pairs in the images and chooses the smallest. The method

is called intensity combinatorial minimization (ICM).

4.1.5 Experimental results

Three sets of experiment are conducted to determine which similarity mea-
sure method can find the best match under different circumstances. The
experiments are simply sliding a template extracted from the original image
and finding the position where it is croped out. Template size, noise level and
percentage of flat area are the three variables that reflect the performance
and robustness of these similarity measure methods. Firstly, template size af-
fects the amount of computation and accuracy of matching. The time needed
to do the matching is directly proportional to the template size. As the size
decreases, which means less information is used, computation is shorter but,
the quality of measure deteriorates. In the experiment, five different sizes:

64 x 64,32 x32,16 16,8 x 8 and 4 x4 of template are used to see the effect of



sizing. Secondly, noise always corrupts the accuracy of measurement. Gaus-
sian noise with ¢ = 10,20,30,40 and 50 is added to the image to observe
which measure is the most robust to noise. Lastly, when flat ureas dominate
the template area, false matching usually results. A flat area is a region that
the maximum difference of gray-level intensity among the pixels is less than
10. Selected templates with 20%, 40%, 60%, 80% and 100% of flat areas are
used for the test. Table 4.4, 4.5 and 4.6 are the results and Figure 4.28 shows

the relationship of template size and time.

[ Size ] NC [SAVD [ SSC [ ICM |

64 < 64 0 0 0 0
32 x 32 0 0 0 0
16 x 16 0 0 17.2 | 89.2
8x8 0 0 16.5 | 14.4
4 x4 12.0 | 10.0 | 47.9 | 294

Table 4.4: Distance from the correct position with various template sizes,
o =30 and FA% = 60

[ [NC]SAVD [SSC [1CM |
10 0] 0 0 | 0
20 0 | 0 0| 0
30 0 | 0 0 [ 12.0
20 0] 0 0 | 144
50 0] 0 0 | 8.0

Table 4.5: Distance from the correct position with different noise level, tem-
platc size = 16 x 16 and FA% = 60
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Figure 4.28: Time performance with various ltemplate sizes

Template size in logscale

[FA % [ NC [ SAVD [SSC [1CM |

20 0 0 0 36.0
40 0 0 0 11.0
60 0 0 14.0 | 22.0
80 0 0 1.41 | 31.8
100 | 533 | 36.2 |19.2 1 279

1002

Table 4.6: Distance from the correct position with different percentage of flat

area, o = 30 and template size = 16 x 16



4.1.6 Discussion

From Table 4.4, all methods fail when a 4 x 4 template is used because there is
too little information in a template to distinguish correct and false matches.
SSC and ICM start failing to match with the size of 16 x 16 and 8 x 8
respectively. This indicates that both methods need much more information.
Note that once a method fails, the detected match point is random. This
phenomenon can be seen in ICM. For ICM, since it is counting the number
of greylevel combinations between the image and template, the maximum
number of distinct combinations for a 4 x 4 template is only 16, which means
that from an 80 x 80 image ICM can possibly find 80 x 80/16 matched points.
If the template size increases, more distinct combination exists which means
that matched points are more unique. SSC depends on the count of sign
change. It is similar to ICM that the maximum possible sign change is 15
which is even smaller than ICM.

Figure 4.28 shows the relationship between computation time and tem-
plate size. The y-axis is in logarithmic scale because the range of ICM is too
large, from 0.67 to 3060.4 seconds. The reason for x-axis to be in log scale is
to show the linear property of ICM in this scale. We can use linear regression
method to approximate the complexity of all methods. The linear model is

as follows,

Y = mX+c¢
Iny = mhhz+e¢

Iny—mlnz = ¢
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Yy =
In( z"‘) = ¢

c..m

y = ez

where m and c are the slope and y-axis intersection respectively. For ICM, ¢
and m are -4.54 and 3.08 respectively which means ICM is an O(n?) algorithm
where 1 is the size of the template. The ¢ and m values of NC, SAVD and
SSC are (—1.63,1.36),(—2.85,1.33) and (—2.72,1.34) respectively. They are
nearly linear to template size because only one-pass is required every time.

The results of the noise test are shown in Table 4.5. NC, SAVD and
SSC are insensitive to noise in the image but ICM cannot handle noise with
o = 30 or greater. This is because noise increases the number of combinations
unpredictably. On the other hand, since the added noise is equally distributed
and has zero mean, it does not affect the performance of NC, SAVD and SSC:.
In the calculation of NC, zero mean noise is mostly eliminated in us, u7, 04
and o7 evaluations, see Equation (4.1). For SAVD, the formula is

(L-1)/2 (K-1)/2
SAVD = % S T(u+d,v+7) = (S(x+i,y+j) +nle+i,y+ 1))
i=—(L-1)/2j=-(K-1)/2
(L-1)/2 (K-1)/2

= SAVDua+ 3 Y. In(e+iy+7)
i==(L-1)/2j=—(K~-1)/2

where n is the added noise. Because the noise is equally distributed, the
sum Y3 |n(z,y)| is constant which means the point possessing the mini-
mum SAVD with no noise is still the minimum point even when noise is
present. SSC is designed based on the assumptions of zero-mean and equally
distributed noise [33] so that it can withstand a high level of noise distur-

bance.



Lastly, the proportion of flat area in the template also greatly affects
the performance especially ICM. As shown in Table 4.6, ICM cannot have a
correct registration in all trials. This is because the noise level is too high
for it to perform well. Moreover, all methods fail waen the template is just
a flat plane. Because noise is added to a flat area, the sign-to-noise ratio is
low and that deteriorates all the measurements.

In summary, ICM is the weakest method because it depends on the count
of intensity combinations which is highly susceptible to noise and size of the
template. SSC’s performance is not as stable as NC and SAVD. It fails when
template is less than 16 x 16 and flat area percentage is greater than 60%.
Both NC and SAVD are equally robust in template size, noise and flat area
percentage aspects. However, the computational cost of NC is about three
times as much as SAVD. As a result, among these four methods, SAVD is

the mecst robust and fastest.

4.2 Grid Matching

Digalakis et al.’s idea [12] of point matching is simply to match the grid points
between two images. The followings are steps of this algorithm. Suppose the
first image, A, in the sequence is the reference image and the next image is

B.
1. n x n grids are defined overlaying on both images.

2. For a given pixel of B on the grid, find the best match using SAVD

centered at various displacements around the corresponding pixel in A
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(see Figure 4.29].

3. Wai» image B according to the deformed grid.

N

7

Image A Image B

warp

Figure 4.29: Grid matching scheme

The advantage of this method is that all the grid points are inherently
matched which means no point matching is needed. This speeds up the
overall processing time of the system. Moreover, it can handle local distor-
tion such as imperfect lens and temperature variation of the medium which

are difficult to model.
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Figure 4.30(a) is an almost matched image and (b) is the result of grid
matching. Note that matching only occurs in the overlap region between

the two images. From ihe result shown in Figure 4.30(b), we see that grid

Figure 4.30: Grid matching

matching performs badly. The major problem is that some grid points are
located in flat areas. We know from Section 4.1.5 that none of the similarity
measures work in those areas. Consequently, the random matches create and

absurd matching result.

4.3 Point Matching by Relaxation

Ton and Jain [31] used a relaxation method to handle the point correspon-
dence problem. Let A = {A,, Ay, -+, A, } be a set of control points in image
Ajand B = {3, By, -+, B, } be a set of control points in image B. The basic
concept of this matching algorithm is bas:d on the following assumption: If

(Aq, £;) is a true pair, then for any other point Ay in image A, there may be a



corresponding point B, in image B such that the distance ( A;, A1) equals the
distance (Bj, B,). This is true if (Ax, B,) is also a correct match. If (A,. B,)
is a true pair, then we expect the remaining m — 1 point pairs (As, B,) to
provide support to (A, Bj). Note that m may be different from rn, and so
not all points will be matched.

The algorithm starts with a m x n matrix, P = [p;,], where p,; represents
the probability of a match between points A; and B;. The initial value of
pij 1s wuie cross-correction value of the feature points between image A and
image 3. Since the result of cross-correlation represents the degree of fitness,
ranged from 0 to 1, it can also be interpreted as the probability of match.
By using this local information, PP is obtained. The superscript denotes the
iteration number.

The proposed matching algorithm uses both the local intensity similarity
of the control points and their relative distances. The support provided by

the pair (A, B,) towards the pair (A;, B;) at iteration ¢ is given by
t . . t . d
S(Z,J;hvr)zphr'mln -

where pj, represents the probability that (As, B,) is a correct match at it-
eration ¢, d;; represents the Euclidean distance between A; and A,, and d;,
represents the distance between B; and B,. Note that 0 < S(z,5;h,7) < 1.
The matching probability between points A; and B; at the (¢ + 1)th iteration
is given by

P =), S5
where p}; represents the probability that (A:, B;) is a correct match at itera-

tion ¢t and S}, repre: nts the support of other pairs to the point pair (4,, B,)
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at the tth iteration:

= St gihor)). 1
i —3 l[}gra*; Lgihor) (-1.3)
h;, T#7

The final result of P should have: 1) If (A;, B;) is a true pair, then pij is

close to 1, otherwise it is close to 0. 2) Each row or column of P should have

at most one entry close to 1. If A; does not match to any point in B, then

eventually row 7z of the matrix P should contain all 0’s.

An example is shown to illustrate how this algorithm works. Suppose

"

we have an picture (Figure 4.31(a)) and then we pan the camera for 50

points (Figure 4.31(b)). DET is used to detect the corners and cach corner

is labelled in the order of their response (e.g. corner # 1 has the strongest

response to DET). Table 4.7(a), (b) and (c) shows the initial probability

Figure 4.31: Test images and detected corners for relazation point matching

matrix, P°, P32 after the 3rd iteration and P® after the 5th iteration re-

spectively. Each table has eleven rows which correspond to eleven corners

R0



detected in Figure 4.31(a). Twelve columns represent the twelve corners in

Figure 4.31(b). From Table 4.7(c), entry that has a value greater than 0.5 in-

1 2 3 4 £ 6 7 [] 9 10 11 12
3 0.307 0.338 0.95% 2.119 0.788 0.465 0.149 0.696 0.030 0.536 0.11% 0.183
2 <.337 0.285% 02.04¢ 0.806 0.157 0.092 0.228 0.619 0.930 0.497 0.469 0.340
3 0.455 0.147 G.196 0.982 0.34) 0.226 0.335 0.374 0.786 0.407 0.624 0.697
4 0.780 0.09% 0.044 0.616 0.227 0.309 0.644 0.399 0.48¢ 0.398 0.996 0.363
5 0.078 0.780 0.496 0.15¢ 0.636 0.896 0.306 0.476 0.096 0.483 0.288 0.530
L] 0.971 0.08% 0.303 0.474 0.138 0.087 0.18%5 0.519 0.355 0.653 0.791 0.248
7 0.67% 0.702 0.539 0.475 0.447 0.455 0.002 0.797 0.520 0.988 C.421 0.128
L] 0.00% 0.958 0.3¢69 0.141 0.483 0.805% 0.2¢40 0.517 0.248 0.659 0.162 0.123
9 0.06% 0.457 0.822 0.314 0.970 0.650 0.581 0.428 0.099 0.416 0.272 0.348
10 0.168 0.212 0.260 0.327 0.610 0.335 0.982 0.002 0.243 0.045 0.622 0.095
11 0.517 0.532 0.684 0.410 0.47% 0.471 0.001 0.980 0.623 0.829 0.389 0.066

(¢)

1 2 3 4 5 [3 7 8 9 10 11 12
1 0.000 0.000 0.269 0.000 0.057 0.001 0.000 0.021 0.000 0.003 0.000 0.000
2 0.000 0.000 0.000 0.083 0.000 0.000 0.000 0.010 0.263 0.602 0.001 0.000
3 0.000 0.000 0.000 0.262 0.000 0.000 0.000 0.000 0.044 0.000 0.007 0.017
4 0.045 0.000 0.000 0.006 0.000 0.000 0.009 0.000 0.001 0.000 0.294 0.000
5 0.600 0.044 0.001 0.000 0.009 0.308 0.000 0.001 0.000 0.001 0.000 0.002
8 0.305 0.000 0.000 0.001 0.000 0.000 0.000 0.002 0.000 0.013 0.059 0.000
7 0.009 0.0313 0.002 0.000 0.000 0.000 0.000 0.0386 0.001 0.200 0.000 0.000
L] 0.000 0.279 0.000 0.000 0.001 0.069 0.000 0.002 0.000 0.01¢ 0.000 0.000
] 0.000 0.000 0.067 0.000 0.251 €.010 0.00¢ 0.000 0.000 0.000 0.000 0.000
10 0.000 0.000 0.000 0.600 0.012 0.000 0.552 0.000 0.000 0.000 0.014 0.000
11 0.001 0.001 0.009 0.000 0.000 0.000 0.000 0.162 0.00¢4 0.043 0.000 0.008

(b)

1 2 3 4 5 [ 7 8 [ 10 11 12
1 0.000 0.000 0.903 0.000 0.002 0.000 0.0600 0.000 0.000 0.000 0.000 0.000
2 0.000 0.000 0.000 0.008 0.000 0.000 0.000 0.000 0.823 0.000 0.000 0.000
3 0.000 0.000 0.000 0.938 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
4 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.955 0.000
5 0.000 0.000 0.000 0.000 0.000 0.961 0.000 0.000 0.000 0.000 0.000 0.¢00
6 0.926 G 000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.600
7 0.000 0.000 0.000 0.600 0.000 0.000 0.000 0.001 0.000 0.927 0.000 0.90n0
) 0.000 0.883 0.000 0.000 0.000 0.003 0.000 0.000 0.000 0.000 0.000 0.000
9 0.000 0.000 0.004 0.000 0.870 0.000 0.000 0.000 0.000 0.000 0.000 0.000
10 0.000 0.000 0.000 0.n00 0.000 0.000 1.000 0.000 0.000 0.000 0.000 0.000
11 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.704 0.000 0.003 0.000 0.010

(c)

Table 4.7: Values of (a) P° (b) P® and (c) P°®

dicates a match (e.g. 1 — 6). The result is shown graphically in Figure 4.32.
Relaxation matching has an advantage that initially the images do not
need to be close to a match position. This is because it uses only the rel-

ative distance of feature points as matching evidence without any greylevel
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Figure 4.32: Relazation point matching

similarity match. This makes it insensitive to the irnage intensity variation.
However, on this same point, it is heavily dependent on the accuracy of the
given feature position. If the corner detector has low stability, relaxation

does not work at all.

4.4 Multiresolution Matching

Zheng and Chellappa [36] applied the multiresolution concept to register im-
ages. They assumed that two images are roughly matched with approximated
transformation parameters such as translations (AX and AY), scale (s) and
rotation (#). Figure 4.33 is the algorithm flowchart which may help under-
standing how this algorithm works. First of all, both images are reduced to

the lowest resolution by the factor of the power of two. Then feature points
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Figure 4.33:

Multiresolution matching algorithm
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are detected from each image. Since the initial transformation parameters
are known, images in this resolution including the feature point coordinates
are trarsformed. After that an initial matching takes place to find point
correspondence. The matching is done by the best similarity measure found
in Section 4.1.5 namely SAVD to determine the match. The template size
is 17 X 17 and the search window size around the candidate matched point

is 7 x 7 (see Figure 4.34). This search window size is adequate because the

~ { v\

Figure 4.34: Initial matching

error of correspondence by DET’s detector is less than three pixels. The
error of correspondence means the distance between the true position and
the detected position.

After the correspondences are found, those transformation parameters
are estimated by a set of equations. Since Euclidean distance between the
feature points only depend on the scale between the two images, and is
invariant to rotation and translation, the scale factor can be estimated before
the estimation of other parameters. Assume that the matched feature point
pairs of {(X/,Y/) = (XA, YA),i = 1,---,N} with N be the number of

matched feature pairs. X? and Y are the feature points coordinates of
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image A. X! and Y/ are the transformed feature points of image B, X? and

1

where

Solving s’
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With the scale factor determined, the rotation and translation parameters



can be calculated.

AX'
AY!

Xt
Y~A

X!
!
&

fori=1,--- N

—siné cos8

[ cos@ siné’
SI

J

Recall that in the beginning we assume that images are initially close to
matched. Then 6’ can be assumed to be small so that cos# and sin @ can

be approximated by their linear terms. As a result, the equatien is

r T [

xa 1 ¢ s'X! AX' .
= - fore=1,---,N
YA -6 1 'Y/ AY’
SIX: + glslyfil A4\’/
__alleil + S'Y;-/ AY’
XA~ s'X! [ 05y + AX
Y;A - SI)/;I ] —OIS’XZ + AY'
- 0/
SY! 10 ‘
= AX' fori=1,---,N. (4.5)
X! 01
- AY’

Then ¢',AX’ and AY’ are cbtained by least square method. The total
transforrnation is obtained by combining the two transformations together:
X4 | coser singr [ X AX'
AY’

+
YA

—sinf’ cosé’ [ Y’

, [ cos @’ sinﬂ'w cos@ siné {.XB AX
= s s +
—sin@ cos¥’ —sinf@ cos@ [ YB AY
[ cos(0+6) sin(o+) [ XB
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—sin(9+0') cos(6+6) | | Y7 |

E
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AY’




s'(cosIAX +sinAYY + AX'
s'(=sin@AX +cos'AY) + AY’

As a result, the update is

0+0 0
ss' s
= . (4.6)
s'(cos'AX + sin§'AY) AX
s'(—sinf’'AX + cos’'AY) AY

Now, we have the newly updated transformation parameters at the lowest
resolution level. Then feature points coordinates are magnified upward in
the resolution hierarchy and image 1 & 2 at original resolution are reduced
to one level higher than the current resolution level. Refine matching is done
at this level but with smaller search window size this time. The new search
window size is 3 x 3 because in each magnification. The image size is twice
as big as before, and each pixel is expanded into four pixels (see Figure 4.35).
Therefore, a 3 x 3 neighborhood is enough to cover all the possible positions
in the next level.

After the new matches are found, we use Equation (4.4), (4.5) and (4.5)
to estimate (s, AX,AY) again. We iterate the magnification, 1natching
and parameters cstimation until the original resolution is reached.

Multiresolution processing refines the errors that may occur in the initial
data. It is applying the concept of rough to fine searching instead of doing
the search in detail at one time. Moreover, when the image is reduced to low
resolution, it is virtually using more global information at constant cost of

computation. For example, if we reduce an image four times (I;) less than
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Low resolution

3
j\/ High resolution

Figure 4.35: Magnification process

tne original size (1), one pixel in I, will represent 2* x 2* pixels in I;. And
if we apply a search window of 10 x 10 in I, we are actually searching over
10x10x 2% x 24 pixelsin I;. As it advances upward in the resolution hierarchy,
the search refines to a smaller region. It saves computation and gives more
accurate result. On the other hand, the initial close to match condition must
be met for it to work. It is because in the formulation of Equation (4.5), we
assume that 8’ is small enough to use the linear approximation. ' must be
smaller than 15° in order to have the accuracy of 3 decimal places. If the

initial match is wrong, this method may not find the match.

4.5 Experimental results

Five image pairs are selected to test the ability of the point matching algo-
rithms. Each pair focuses on one particular camera movement except the last
pair which is the combination of all movement. Table 4.8 contains the correct

transformation parameters between each image pair. Table 4.9, 4.10 and 4.11

¢ 2]

o 4]



contain the results obtained by grid point matching, relaxation matching and

multiresolution matching respectively. In the experiment, we initially place

Image AX AY s /]
Pair || (pixel) { (pixel) (degree)
1 160 0 1 0
2 0 —155 1 0
3 0 0 0.9 0
4 -2 6 1 —12.5
5 4 —47 1 —12.5

Table 4.8: Correct parameters between five image pairs

Image || AX AY s n
Pair || (pixel) | (pixel) (degree)
1 155 1 1.005 0.280
2 2 —145 ] 0.997 | —0.278
3 1 —2 1.003 | 0.027
4 -1 -2 1.015 | —8.973
5 5 —48 0.999 | —10.979

Table 4.9: Parameters obtained by grid point matching

two images close to their matched positicn to simulate the situation when
the camera position information provides erroneous data. For example, the
correct horizontal translation for the first image pair is 160 pixels and we
deliberately move it for 151 pixels to create a 9 pixels error. Then we apply
matching algorithms to correct the error.

Grid point matching (see Table 4.9) is expected to perform badly because
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Image | AX AY s 0
Pair || (pixel) | (pixel) (degree)
1 159 1 1 —0.281
2 2 —154 | 0.993 | —0.003
3 -1 2 0.898 0.359
4 —6 4 0.992 | —11.809
5 6 —50 0.994 | —12.127

Teble 4.10: Parameters obtained by relazation matching

Image || AX AY s 0
Pair || (pixel) | (pixel) (degree)
1 . 160 0 1.001 0.027
2 0 —155 | 1.002 0.003

3 0 0 0.902 0
4 -2 5 1.001 | —12.175
5 4 —47 1.002 | —12.40

Table 4.11: Parameters obtained by multiresolution matching



e it is a local registration method in which grid points may not have a
united displacement and direction. 'i...s makes the least square esti-

mation fail.

e when some grid points fall onto flat areas, random registered points

result. This causes the random movement in Figure 4.30.

On the other hand, relaxation matching provides more promising results.
In Table 4.10, we can notice that this method can estimate the movement
parameters within our tolerance (i.e. +1 pixel and £1°). However, it fails to
locate the position of the registration when rotation and scaling is involved.
This is because it cannot refine the position of feature points provided by
the corner detector. For example if a true match occurs at (16,16) in I, and
(20,20) in Iz, but the feature points found by corner detector are (16,16) in
I; and (20,22) in I,. Although relaxation can tolerate the error and claims
that as a match, the least square estimation (Equation 4.5) are sensitive to
this error. This happens in image pairs 3, 4 and 5. All the matched point
pairs are two to three pixels off the true match positions.

Finally, we found that multiresolution matching is the most robust al-
gorithm. In Table 4.11, it gives exact position in translations, even when
rotation and scaling occur. This is because it uses multiresolution refine-
ment matching. Its initial matching process can adjust the errors created by
the corner detector. And as advancing up each resolution level, the 1natch
is refined. Figure 4.36, 4.37, 4.38 and 4.39 are the resulting images. Fig-
ure 4.40, 4.41 are the results of real scene matching. One should notice that

multiresolution matching method corrects the errors caused by the camera’s
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initial position information.

I have tried to use the relaxation method as the initial matching module
in the multiresolution matching. I wanted to use the advantage of relaxation
which can match points without being initially close to match position. How-
ever, relaxation fails to find unique match in lower resolution. As a result, |
still need to supply initial position data to the algorithm.

In summary, grid point matching is not adequate in our application be-
cause of its failure in matching grid point in flat areas. Relaxation is sus-
ceptible to the instability of the corner detector. Although it can recover
the transformation parameters in each isolated case, it fails to find the exact
location in the mixed situation. Multiresolution matching is found to give
the best results because it can refine the initial matching through out its
multiresolution hierarchy and it also makes use of global information of the

image to enhance the matching quality.
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(b)

(c)

Figure 4.37: AX =0, AY = —155, s = 1.002, 0 = 0.084° by Multiresolution
Matching
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Figure 4.39: AX =4, AY = —47, s = 1.002, 0 = 12.40° by Multis
Matching

olution




(d)

Figure 4.40: (a), (b) Grabbed images, (c) initial position mapping with 3 =
6.65°, (d) rcfine match by multiresolution method with AX = —107, AY = 2,
s = 1.001, 0 = 0.023°
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(b)

(d)

Figure 4.41: (a), (b) Grabbed images, (c) initial position mapping with 3 =
—6.28° and v = —6.20°, (d) rcfine match by multiresolution method with

AX = —133, AY = —114, s = 1.002, ¢ = 0.003°



Chapter 5

Conclusion

An automatic image registration system is built with two major compo-
nents: position mapping module and the feature-based matching module.
Each component was tested and the results demonstrated the validity and
robustness of the algorithm applied.

The mathematical model of position mapping is shown to be correct given
accurate positional information. This technique exploits information about
the camera motion in order to derive a mapping function -elating pixels in two
successive images, excluding certain peripheral regions. Since mapping pixels
between two frames is costly in terms of computations needed, we instead
compute the coordinates of the new frame in the original frame of reference
and then use a warping algorithm to map pixels. As a result, registration
of images becomes not only easy but also efficient. Moreover, this technique
has the advantages of being insensitive to grey level modificatiors, and highly

accurate in registering images that are offset by rotation and/or translation.
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However, this method is sensitive to inaccurate sensor readings and therefore
fine tuning of registered images is required. This is one reason for exploring
feature-based matching to correct the possible error.

Our feature-based inatching is a versatile algorithm which can endure
errors from the position mapping module and gives an accurate match.
Beaudet’s DET is chosen to be the feature detector because it has high
stability, is fast and is able to recognize most obvious corners. DET can
detect corners on either solid or line objects in which corners are considered
hard to detect by other existing methods. We applied a nwultiresolution tech-
nique to match the feature points generated by DET. It uses multiresolution
refinement technique to minimize the initial errors and also converts from
global to local search to reduce the computation. Experiments show that
it can handle all possible image displacement and orientation errovs such as
translation, rotation and scaling. As a result, it is the best the correctional
process for the position mapping module.

Finally, this system has great notential in many practical applications,
because there is no restriction on how the camera should be oriented in
capturing images. The feature-based matching can correct errors from the
positioning device. This system is ideal in applications such as :inderwater
inspection and satellite imaging where the camera cannot always be looking

perpendicularly at the scene.

5.1 Future Work

There are many improvements can be made in this system:
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1. Detail depth data

2. Accurate warping algorithm

3. General feature detection method
4. General initial matching method

5. Nonlinear estimation of 3-D movement

A more detailed depth information of the scene is essential to the quality in
matching a complex 3-D scene. Although our mathematical model is suitable
for mapping 3-D object onto a 2-D image, the depth data is always needed.
In all of our experiments, we must manually estimate the denth of a flat
object and approximate the average depth when dealing with a real scene.
Ideally each pixel in the image should have its own depth but because of
the financial limitation for this research, approximation is used. The effects
of discontinuous depth can be seen in Figure 4.40(d) where the white cord
at the back of the camera cannot be matched because its distance from our
viewing camera is different from the PEPSI cup and the monitor.

Another improvement is closely related to the depth problem which is the
quality of the warping algorithm. We use a pair of linear polynomial functions
(Equation (2.7) and (2.8)) to map the four corners of the initial image onto
the perspective shape but the mapping of the content pixels obey the linear
polynomial instead of the mathematical model (Equation (2.5) and (2.6)).
Although we have the correct four corners, the content of the image can be
wrongly mapped. This effect occurs when the objects in the scene have great

difference in depth. We cannot use the original mapping functions (Equation
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(2.5) and (2.6)) because it is a forward mapping function but we need a
backward mapping function for the warping. Therefore, a better function
that can perform closer to the inverse of the original mapping function is
needed.

In our feature-based matching algorithm, corner is the prime feature.
But in a real world situation, corners may not exist. As a result, we need
to have a more general detector which can find corners and another kinds
of feature such as line end. One possible method is the wavelet-transform
feature detection. Zheng [36] used wavelet transform to detect features on a
satellite ground image and their results are extraordinary.

In the experiments in Section 4.5, we need to initially place the images
close to the match position. If the initial matching module can find match
points without this condition, this algorithm can be generalized even with no
position mapping in the beginning. Moreover, this matching method should
be robust enough in various image resolutions.

Finally, as far as this research goes, we did not discover any mathematical
formula that can estimate the camera motion parameters, a, 3,7,AX,AY
and AZ, in Equation (2.5) and (2.6). Theoretically, we need to write Equa-
tion (2.5) and (2.6) into the form of linear system of equations and use
nonlinear least square to obtain the parameters. This can be done in the

future.
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Appendix A

Program code

This appendix contains most of the code of the automatic registration system.
They are all written in C and can be compiled using Sun’s C compiler or
the Gnu C compiler. Figure A.1 shows the file relation of the registration
system. They are grouped by function. This appendix contains only the
representative code. For example, only the code of Beaudet’s DET, corner4.c,
is listed here. The source code can be found in

/usr/samson-pk/prof/tony/Collins/src
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main-ui.c
Timin
Real/Write Corner Warping Similarity Image 9/
Detection Measure Matching | Line Drawing
warp.c matchl.c
rw_ras.c resample_gen.c match2.c
. two_pass_mesh.c match3.c
imagetool.c line_gen.c #
: verify.c .y
) statistics.c
convert.c corner3.c .
array.c cornerd.c misc.c
cornerS.c
cornerf.c
corner?7.c
corner8.c
corner9.c
cornerlO.c
-

Figure A.1: File relation of the registration system
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