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Abstract

Image registration is a fundamental problem in computer vision, and it also has been used to
many research issues including stereo matching, 3D structure reconstruction, object recog-
nition, and motion tracking. In this thesis, we focus on planar image registration. A novel
image feature descriptor: spiral descriptor is proposed for image matching and correspon-
dences refinement. The planar image registration and its optimization method is also pro-
posed in this thesis.

The image registration system involves two major techniques, image correspondence
detection/selection and homography matrix optimization. For image correspondences, we
obtain them automatically using reliable image matching methods like SIFT, but it is im-
possible for all cases. Therefore, we manually select pairs of corresponding points and
refine using proposed spiral descriptor for the hard cases of image matching. The spiral
feature points are localized in scale space and'the descriptors are built along spiral-shape
profile, which can achieve s¢aling and translation. The dynamic programming technique
is used to match spiral descriptors and it is suitable for rotation invariant. For planar im-
age registration, we propose-a novel'method to promote the registration accuracy. First,
we estimate the homography matrix by either detecting the image correspondences auto-
matically or selecting image corresponding points manually and refining using proposed
spiral descriptor. The initial homography matrix is decomposed into its parameters and the
non-linear optimization process adjusts these parameters using iterative process. Finally,
the optimal homography can produce high registration accuracy for planar images.

The proposed spiral descriptor can match images automatically and robustly. For the
hard cases of image matching, we select the correspondences manually and refine the po-
sitions automatically. The proposed planar image registration system not only promote the
registration accuracy but also provides convenience process for user doing image registra-

tion.
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Introduction

1.1 Background

Image registration is the process of aligning two or more images of the same scene taken
at different times, from different viewpoints, and/or by different sensors. It is a fundamental
problem in computer vision, and it also has been used to many research issues including
stereo matching, 3D structure reconstruction, object recognition, and motion tracking. In

general, it is consisted of four major steps.

Feature detection Finding the distinctive objects like corners, edges, contours and regions
is the goal of this step. They are likely manually selected or better automatically.
Moreover, they further can be denoted by their representatives, like control points or

feature points.

Feature matching The correspondences between images are established in this step. Var-
1ous feature descriptors and similarity measures are used for finding the relationship

between features.

Transformation model estimation- The parameters of mapping functions for aligning im-
ages are estimated in this step: They are computed by the established correspon-

dences, and represent the relationship between images.

Image transformation One image is overlaid on another image by the established func-
tions of transform models. The interpolation technique may apply to those coordi-

nates of non-integer value.

In recent years, SIFT (Scale Invariant Feature Transform) has been proven to be the
most reliable method for image matching [21]. In this thesis, we also propose a registration
method for planar scene image. In next section, we review the SIFT and its extension

methods.

1.2 Related Works of Scale Invariant Feature Transform

SIFT (Scale Invariant Feature Transform) and its applications are proposed by Lowe

[16, 17, 18]. As its name, it transforms image data into scale-invariant coordinates relative
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Figure 1.1: Image registration is the process of overlaying two or more images.

to local features. SIFT consisted of the following major stages.

1.Scale-space extrema detection

Lindeberg proves that the ;n(:)rmalri'zqtio'prof Laplacian with factor o2

is required for
true scale invariance [15]. Mikolajczykia}s'o found that the maxima and minima of scale

normalized Laplacian of Ge}l'lssian,';'grzrv?G, can :iproduce the most stable features [20].

For above reasons, this stagé:-'seafg':fl-es over all-_fscales and image locations, and is imple-
mented efficiently by using a difference of Gaussian function to approximate o2>V2G (Fig-
ure 1.2). Therefore, this detection first builds the Gaussian pyramid by apply Gaussian

kernel G(x,y, o) to image I(x,y), and the scale space can represented as
L(z,y,0) = G(z,y,0) x I(z,y) (1.1)

where * denotes the convolution operation. The difference of Gaussian pyramid is also

represented as
D(z,y,0) = [G(z,y, ko) — G(x,y,0)] * I(z,y) (1.2)
where k is a parameter used to decide how close the adjacency octave are in Figure 1.2. If

there are s images of an octave, the k is often selected as 2+ . The extrema is last located by

searching for the minimum and maximum over all scales and locations (Figure 1.3).



Introduction

Scale
(second octave)

_ =
Scale /
(first octave)
\ :
<
<
=
/
Gaussian Difference of Gaussian (DoG)

Figure 1.2: Gaussian scale space ‘and Difference of Gaussian scale space. For each
octave of space, the set of Gaussian images shown on the left is produced by repeatedly
convolved the initial image with Gaussians: The difference of Gaussian images shown on
the right is produced by subtracting the adjacent Gaussian images. The last image of each
octave is down-sampled by a factor of 2:to prodce next octave.

Scale

Figure 1.3: Extrema of Difference of Gaussian space. The extrema (maximum or min-
imum) of the difference of Gaussian images are detected by comparing a pixel (marked
with X) to its 26 neighbors in 3 X 3 regions at the current and adjacent scales (marked with

circles).
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2.Keypoint localization

In this stage, all the detected extrema points are verify for stability.

o°D "' oD
op? Op

p=— (1.3)

For each point p = (x,y,0), find the real location as sub-pixel by computing the Taylor

expansion of p in equation (1.3).

DT 1 .0°D

D(x) =D +

Substitute p into equation (1.4) to rejected the point with low contrast. In Lowe’s experi-

ments, the point is rejected if the value is small than 0.03.

D:vxDx
H= { y] (1.5)
Dnyyy

) ), (e 1)
Det(H) r
If the point is not satisfy the equation=(1.6) with threshold » = 10 (also in Lowe’s

(1.6)

experiments), it should be an edge point and have to be removed. Where (H) is the Hessian

matrix. Tr(.) and Det(.) are trace and determinate operations.

3.Orientation assignment

In this stage, the orientation of each keypoint is assigned by estimating the major orien-
tation of a block centered at this keypoints. This major orientation is generated by voting.
For each point in the window, estimate its gradient and apply a Gaussian window as weight-
ing function. After finding the major orientation, the gradient orientation of each point in

the window is rotated relative to the major orientation.

4.Keypoint descriptor

The keypoint descriptor is computed as Figure 1.4. The image gradient magnitudes and

orientations are sampled around the keypoint location. They are weighted by a Gaussian
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Image gradients Keypoint descriptor

Figure 1.4: Image gradients and its histogram. The gradient magnitude and orientation
at each image sample point in a region around the keypoint location as shown on the left.
They are weighted by a Gaussian window, indicated by the overlaid circle. The orientation
histograms are accumulated from these samples; and summarized over 4 x 4 subregions as
shown on the right. The length of €ach arrow 1s‘corresponding to the sum of the gradient
magnitudes near that direction withm the region.

window, and the orientation histograms are accurulated from these samples, and summa-
rized over 4 x 4 subregions. The descriptor is formed from a vector containing the values
of all the orientation histogram entries, corresponding to the lengths of the arrows on the
right side of Figure 1.4. Lowe use 4 x 4 x 8 = 128 element feature vector for each keypoint

to achieve the best experiment results.

Image Matching using SIFT

Lowe also uses SIFT to find the correspondence between two images. First, he extracts
SIFT features (128 dimension vector) for images, reference image and target image. For
each feature, It finds the distance ratio for itself to the closest nearest neighbor and second-

closest neighbor. If the ratio is small than a threshold, the closest neighbor and this feature
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point are matched.

Where d, and d; are the distances between this feature and the closest, second-closest
neighbor respectively. r is the threshold represent the strictest and the loosest criteria for

feature matching from 0 to 1.

Extensions of SIFT

There are many extensions for SIFT, we introduce some of them as following.

PCA-SIFT Principle Component Analysis (PCA) [11] is a standard technique for dimen-
sionality reduction and has been applied to a broad class of computer vision prob-
lems, including feature selection [6]; object recognition [22] and face recognition
[27]. PCA-SIFT replace the fourth stage (Keypoint descriptor) from SIFT. It is cre-
ated by concatenating-th¢ horizontal'and vertical gradient maps for the 41 x 41 patch
centered at the keypoint. Thus, the descriptor have 2 x 39 x 39 = 3042 elements
(due to the boundary condition). After that, apply PCA to reduce the dimension from
3042 to 20 [12].

GLOH Gradient Location-Orientation Histogram [21] instead of using the 4 x 4 grid loca-
tion bin of SIFT (Figure 1.4), it apply log-polar location grid to construct its descrip-
tor. The log-polar has 3 bins in radial direction and 8 in angular direction (results in
17 location bins), and the gradient orientations are quantized in 16 bins. This gives
a 272 bin histogram, and the size of this descriptor is reduced with PCA from 272 to
128.

CSIFT Colored-SIFT [1] follows the same strategy of SIFT in building their descriptors.
Instead of using gray gradients, they use the gradients of the color invariants model
[8]. For images of the same conditions, CSIFT guarantees the performance is more

robust than SIFT with respect to photometric changes.
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1.3 Thesis Scope

In this thesis, we propose a novel image feature descriptor, spiral descriptor, and a
planar image registration and optimization method. The planar images, target image and
source image are registered using planar homography estimated by detecting/selection the
corresponding points between images. These correspondences can obtain automatically
using reliable image matching methods like SIFT, but it is impossible for all cases. For the
cases failed, we manually select pairs of corresponding points and refine using proposed
spiral descriptor.

The spiral descriptor is invariant to scaling, rotation and translation. Feature points
are localized in scale space and descriptors are built along spiral-shape profile. We use
dynamic programming to align and measure the similarity between descriptors. It is a
novel approach for feature matching and useful for image matching.

For planar image registration, we propesé ‘@ novel method to promote the registration
accuracy. First, we estimate the homography-matrix by either detecting the image corre-
spondences automatically or selecting image cortesponding points manually and refining
using proposed spiral descriptor. The initial’ homography matrix is decomposed into is
parameters and the optimization process“adjusts-these parameters using iterative process.

Finally, the optimal homography can produce high registration accuracy for planar images.

1.4 Thesis Organization

In chapter 2, we introduce the proposed spiral descriptor and dynamic programming
technique. In chapter 3, we introduce the planar image registration method, including
how to estimate, decompose and optimize the homography matrix. In chapter 4, we do
some experiments to verify the proposed spiral descriptor, the objective function and the

optimization process. Finally, a conclusion for this thesis is given in the last chapter.
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Figure 1.5: System flowchart for planar image registration.
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12 Spiral Descriptor in Scale Space

In this chapter, we propose a novel image descriptor ”Spiral Descriptor” which is in-
variant to scaling, rotation and translation. First, we extract the reliable feature points from
image pyramids. After locating the features, the proposed descriptor is built along spiral-
shape profile in proper scale level of image. Finally, for each spiral feature in one image, we
find the proper one in another image using proposed matching method based on dynamic

programming.

2.1 Feature Point Localization

A good feature point should be invariant to different lighting and geometric imaging
conditions. In our application, the feature points can be localized manually or automati-

cally.

Manual selection User selects the feature points directly from the image. Because of that
human vision system can easily find the reliable feature points. (like corners, line

endings, line intersections, or ‘Other distinctiverpoints)

Reliable feature point detection It has been prove that the extrema of Laplacian pyramid
can produce the most stable image features compared to a range of other possible im-
age functions, such as the gradient, Hessian, or Harris corner function. [21, 3] SIFT
detect feature points based on Difference of Gaussian (DoG), which is an approx-
imation of Laplacian pyramid, and we also apply this process to detect the feature

points.

2.2 Spiral Descriptor

Once the feature points are localized, we construct the spiral descriptor for each feature
point represented as a vector built by two processes, scale level selection and spiral profile

extraction.
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A
Scale Level

U1 S2

scale level 1

p0'1 S po-z o

o, Gaussian pyramid o, Gaussian pyramid o, Gaussian pyramid

Figure 2.1: Gaussian scale space. p,, ; denotes the position of p in Gaussian pyramid o;
and scale level s;.

2.2.1 Scale Level Selection

In our work, there are two ways to]localize the feature points. For the feature point is
detected from DoG, it is also theextrema of DoG Scale space, and the scale level is already
determined. For the feature point Jocalized manually, we select a proper scale level from a
Gaussian pyramid, that is, the+area around the feature point at the proper scale should have

the highest information. Here, we use variance as the information measurement.

Suppose there is a feature point p located on image I. We apply various standard devia-
tions of Gaussian to /, and build pyramids for them.(Figure 2.1). After that, Calculating the
variances of the areas using the equation (2.1) and finding the scale level with maximum

variance can obtain the proper scale level.

1(po,.s;(x +p,y +q)) — Mean(po, s;)
V o s — 1557 1557 2.1
ar (Pos;) Z Z 2n+ D2m + 1) @D

g=—np=—m

I(po,s;(x+p,y+q))
Mean(pai,8j> = Z Z 2n ii— 1 2m + 1) (22)
qg=—np=—m

where I(.) denote the intensity value function, p,, s;(7,y) denote the coordinate of p in

Gaussian pyramid o; and scale level s;, and the size of area is (2n + 1) x (2m + 1).
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scale level n+1E
welonts (LRI

scale level n-1

o, Gaussian pyramid

Figure 2.2: Spiral profile in scale space. The spiral descriptor of feature point p in oy,
Gaussian pyramid and scale level n, built by recording the intensity values in spiral order.

Table 2.1: Size of spiral'descriptor ih Gaussian pyramid

Block size ||| - Descriptor size

8 X8 64(=8x &)
16 x16 256 (=16 x.16)
32 x 32 1024 (= 32 x 32)
64 x 64 || 4096 (= 64 x 64)

2.2.2 Spiral Profile Extraction

Once the scale level is determined, we record the intensity values of block in spiral
order starting from the position of feature point at determined scale level (Figure 2.2).
These recording values are stored in a vector, called the spiral descriptor.

Consider the block is a square, Table 2.1 shows that the descriptor size is the same
as block size. In order to reduce it, we merge some outer adjacent pixels (the position
of feature is inner) into one point. In our application, we preserve the inner 16 pixels
(including the feature point), and merge 4 pixels into one in first outer. The second outer

consists of pixels merged from 16 pixels into one, and the nth outer consists of pixels
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Figure 2.3: Merge some outer adjacent pixels into one. The blue point is the feature
location shown in the left. We merge outer pixels into one and record them in spiral order

(middle and right).

Table 2.2: Size of spiral descriptor with merging pixels

Block size || Descriptor size(with merging pixels)
8 x 8 '  R 28(:16 +12x 1)
16 x 16 ff 40 (=16+12 x 2)
32 x 32 || () 252 (=16 + 12 x 3)

64 x 647}

T64(=16+12 x 4)

e ik

merged from (2 x 2")? into one (Figure 2.3).

Since merging outer pixels, the descriptor size is linear with respect to the side length of

square block (Table 2.2). This strategy not only reduces the descriptor size but also gives a

weighting filter to spiral profile. It emphasizes the inner pixels by using higher frequency to

record, and de-emphasizes the outer pixels by using loose density to represent. However,

there are redundant calculations for constructing all the descriptors. For instance, when

building two neighboring descriptors, most of the content is overlapped, and some of the

operations used to merge pixels are needless. The multi-level image pyramid proposed by

Chen [4] can merge these pixels efficiently.

Assume the block size is 20512 x 2(5+2) we construct K + 2 levels of images, where

each level is full resolution. Consider K = 2, an example shown in Figure 2.4. The value
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l(x,y)  eee ¢} o} O eee
L(xy)  ees 6 O O e
l(xy)  eee o) o} O eee
1,(X,y) Y : : O : : \\. @) @ e

X Xx+1 Xx+2 x+3 x+4 X+5 Xx+6 x+7 X+8 Xx+9 x+10

Figure 2.4: Multi-level image pyramid. Example of four-level images, where each level
is full resolution, and I is the original image. The solid line shows the pyramid at position
x, and the dotted line shows another one. For simplicity, only the z-axis is shown, and the
colored pixels is the partial profile for spiral descriptor centered at = + 8.

of pixel I;(x,y) at level [ (I > 0) is-calculated from its feur corresponding pixels at level
[—1.

1
D(w,y) = 3 (@, y) + Do (o + 2t Toa@y+2) + Ia(z+ 2,y +2)) (23)

where [ is the level number, [ = 0, ..., K + 1, and [, is the original image. Notice that we
can construct pyramids for all the positions in the whole image, expect for the last 2! pixels
at each row and each column due to boundary condition. After that, it is easy to access the

merged pixels without redundant calculation from this pyramid.

2.3 Feature Matching using Dynamic Programming

Similarity of two points can be measured by aligning the spiral descriptors centered at
these two points. Figure 2.5 shows an example of the spiral descriptors and their alignment
results. The two images of toy truck are taken from different views; notice that the spiral
descriptors of corresponding points form two images are intuitively similar. In this work,

we use the alignment results to measure the similarity between spiral descriptors.
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Figure 2.5: Spiral descriptors and alignment results. Images of toy truck taken from
different views are shown on the left. The spiral descriptors are shown on the middle, and
their alignment results are shown omthe right. The correspondence points (red and blue)
have better alignment result and warping cost(will talk later) than another pair (red and
green) The warping cost for red and blue is 6.4, and 20.9 for red and green.

2.3.1 Dynamic Time'Warping and Spiral Descriptor Alignment

Dynamic Time Warping (DTW) is a dynamic programming approach for efficiently
aligning two sequences in time domain. Instead of solving the entire problem at once, it
find the solutions to sub-problems (portions of the sequences), and used to find solutions to
a slightly larger problem repeatedly until the solution is found for the entire sequences.

DTW has been widely used in gesture recognition [7], speech processing [25] and data
mining [13, 28, 2]. Instead of aligning data sequences in the time domain here, we align im-
age data of two descriptors in the spatial domain. Suppose there are two spiral descriptors

D, and D, to be aligned, and their profiles are

D, = ai,...,a;...,a, 2.4)
Dy = by,...,b5,...,b, (2.5)

where n is the length of spiral descriptor. In order to align two sequence using DTW,

we construct a n x n table where the (4, j) element contains the difference value d(a;, b;)
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Figure 2.6: Warping path. The warping path starts at w; = (1, 1) and ends at w,,, = (n,n).
The element wy, = (i, j) of the warping path deseribes that a; should be aligned to b;.

between a; and b; (here the Euclidean distance is.used; that is d(a;, b;) = |a; — b;|). Once
the table is constructed, the sequences alignment.problem can be transform to optimal
warping path finding problem.

A warping path W is a set of table elements that describes the correspondence mapping
between D, and D, (Figure 2.6).

W =w,...,Wg, ..., Wy ,n<m<2n—1 (2.6)

where wy, = (3, ) is the kth element of W, and m is the length of 1¥. The warping path

has to satisfy several conditions.

Monotonicity For adjacency element of W, wy, = (p,q) and w1 = (¢, ¢'), where p —
p’ > 0and ¢ — ¢’ > 0. This forces the element of 1V to be monotonically spaced in
the table.

Continuity For adjacency element of W, wy, = (p, q) and wy_1 = (p', ¢), where p—p’ <1
and ¢ — ¢’ < 1. This restricts the warp path to step forward only into the adjacent

element in the table (diagonally adjacent elements are included).
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Boundary w; = (1,1) and w,,, = (n,n), this requires the warping path to start and finish

in diagonally opposite corner cells of the table.

Windowing The element of IV is restricted to fall into a warping window. This means that
the corners of the table are pruned from consideration, as shown by dashed line in

Figure 2.6.

There are exponentially many warping paths that satisfy the above conditions. How-

ever, the optimal warping path is to be provided with minimum warping cost.

Cw(Dy, D) = min{z d(wk)} (2.7)
k=0
dwg) = d(a;bs) = la; — b5 w = (i, 7) (2.8)

where m is the length of warping path. We can find the optimal warping path efficiently

using dynamic programming to evaluate the following recurrence.

( Cli,j—1)
C(i,j) = dla;b;)- + miny C(i—1,5—1)
Cli—1,7) (2.9)
C(1,1) = 0
| C(pg) = o0 cif lp—ql >R

where C(, j) is the minimum cumulative cost from state (1,1) to state (i,j), R is the
window width for windowing condition, and C'(é,j — 1), C(i — 1,5),C(i —1,j — 1) are
the up, left, left up cell of C(i, j) respectively. It make sure that the optimal warping path
satisfy the conditions of continuity and monotonicity.

For solving this recurrence, all we need to do is make a decision for local optimal
between three candidates until all the states are processed. Finally, the C'(n,n) is the cost
for optimal warping path. In order to obtain the elements of optimal warping path, we also

maintain the previous state of C'(, j) by pre(i, j).
pre(i,j) = (7',7') , suchthat C(i',j') =min¢ C(i—1,5—1) (2.10)
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Figure 2.7: Spiral descriptor with lighting effect. The red one is a spiral descriptor.
Because the lighting effect, it shifted slightly to become the pink one. The green one is
another spiral descriptor.

Back-tracing the states from (n, n) using the information of pre(, ., ), and we can obtain

the optimal warping path W = wy, ..., wy,.

wy = pre(i,j) ,where w1 = (i,7), k>0
w = (1,1) 2.11)
Wy = (n,n)

There are many factors like lighting, white balance, which affect the intensity of image
heavily. If we apply DTW to align two spiral descriptors in such images, the warping cost
may not reflect the real similarity between them: Figure 2.7 shows that because of lighting
effect, the spiral descriptor (red) shifted slightly (pink). Intuitively, the red one is similar
to the pink one, and different to the green one. However, if we apply DTW to compute
the warping cost between the red one and the pink one, it is higher than the cost between
the red one and the green one. The reason is simple, DTW only take the absolute value
of the data sequence into consideration. Keogh [14] propose Derivative Dynamic Time
Warping (DDTW) that considers the shape-level representation. It can avoid aligning two
data sequences that have similar values but different trend. The shape-level representations

are achieved by computing the first derivatives for the data sequence

D — qiq) + qit1—qi—1
k' 1>2( z ) (2.12)

where ¢;_; and ¢; is the left and right neighbor points to the current data point g;.

Given two spiral descriptors, we can apply equation (2.12) to obtain their shape-level



2.3 Feature Matching using Dynamic Programming 21

information, and compute the warping cost between them using DDTW. The cost is the

similarity.

2.3.2 Spiral Descriptor Matching and Image Correspondence

We are interesting in the correspondence between images. Given two images, reference
image and target image, we localize the feature points and extract the spiral descriptors for
them in both images using the methods talked before.

For each feature point in reference image, a straightforward way to find the best match-
ing in target image is to compute all the warping costs and pick the minimum. However,
many features from reference image may have no correct matching in target image because
they were not appeared or detected from target image. Therefore, it would be helpful to
have a way to discard features that do not have any good match in target image. A global
threshold to warping cost does not.perform well. A more robust way is to consider the
warping cost of second-minimum. If the second-minimum is too close to the minimum,
we decide this feature in reference image have no matching point in target image. This
measurement performs well-because correct matches need to have significant difference to

the closest incorrect match to-achieye reliable matching.
Wep < Wea X T ,0<r<1 (2.13)

where w,.; is the minimum warping cost, w.o is the second-minimum cost, and r is the
threshold to the similarity between the best candidate and the second one. It can be set
from 0 to 1 to represent the strictest and the loosest criteria for feature matching. Finally, we
can obtain the image correspondence using the proposed spiral descriptor and its matching

method based on dynamic programming.
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Chapter 3

Planar Image Registration
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In this chapter, we introduce an image registration method for planar images. First,
we estimate the homography matrix for two planar images, target image and source image
captured from two views in one planar scene. In order to improve the registration accuracy,
we decompose the homography matrix into its geometric parameters and adjust these pa-
rameters using iterative nonlinear optimization process. Finally, we can obtain the optimal

homography by composing the optimal parameters.

3.1 Planar Homography

A homography is a non-singular linear relationship between points on two planes [10].
When the world points are on a plane, their images captured by two perspective cameras

have homography relationship denoted by an 3 x 3 matrix H.
sPy =t H5 P, (3.1)

where the homogeneous representation Py and P, are the corresponding points in the first
and second view respectively. P, is transfered to P by *H,. Here, we denote the image

of first view as target image, and the"image of second view as source image.

3.1.1 Estimation of Homography Matrix

A homography matrix can be estimated from image information by matching several
coplanar points. If there are more than four image correspondences of which no three in
each image are collinear, we can estimate the homography matrix by applying least-square
method.

In order to obtain the homography between source image and target image, we must to
have several pairs of corresponding points. However, even SIFT can not find accurate cor-
respondences in general case. Because SIFT descriptor is consisted of gradient histogram,
to find correspondences of two images captured by difference cameras like satellite camera
and compact digital camera is a difficult task for SIFT. Figure 3.1 shows that both SIFT
and proposed spiral descriptor are failed in case of satellite image (left) and surveillance

camera image (right).
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Figure 3.1: SIFT and spiral descriptor matches the incorrect correspondences. The
Upper is the results of SIFT matching, and the lower is the results of proposed spiral de-
scriptor. The left is satellite image, and the right is surveillance camera image. Top 10
corresponding points are all incorrect both in SIFT and proposed spiral descriptor.
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Since finding the correspondences automatically is not reliable, we change the policy to
select the corresponding points manually and refine by proposed spiral descriptor. There-
fore, we select more than four pairs of corresponding points on the images. For each corre-
sponding pair, we find the best matching point of target image by searching and matching

a corresponding range of source image using proposed spiral descriptor.

Match(p(zs, ys), p(ze, y¢)) = p(3, y;) (3.2)
such that

CW( Ds<p('r37ys))7 Ds(p(xévy{f)) )
= mln{ CW( Ds(p(mwys))?Ds(p(xs + iyys +])) ) } 7_R S Z7] S R

where Match(.,.) is a matching function returns the most similar point (measured by spiral

(3.3)

descriptor) around the second argument in a searching area (2R + 1) x (2R + 1) with
respect to the first argument. p(zy,y;) is a point in target image, and p(z5,ys) is another
point in source image. D;(.) is spiral descriptor making function, Cyy (., .) is the warping
cost function mentioned in previous section, and both p(x;, y,) and p(z,,ys) are selected
manually.

We can use the equation (3.2) to-refing the pairs of corresponding points selected man-
ually (Figure 3.2). Once the points are refined, the homography matrix can be estimated as

following.

sP, = *H.P, (3.4)
Ty hir hia his L

S ys| = |har hoy haz| |¥s (3.5)
1 h31 hgg 1 1

where P, and Py are points in homogeneous representation on target and source image,
respectively. Py = (x4, ;) is transfered from Py = (z4,y,) by *Hg up to a scalar factor.

We simply spread the equation (3.5).
s = xsha +yshaa + 1

0 = (xshi1 + xshia + hiz) — xe(xshsr + yshse + 1) (3.6)
0 = (xshoy + xshos + hos) — ye(xshs + yshsa + 1)
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Figure 3.2: Feature points refine using spiral descriptor. The source image is shown on
the left up, and the target image is shown on the left down. We refine the points in target
image by searching and matching a corresponding range (the black block) of source image
using proposed spiral descriptor.
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and rearrange

(3.7

s ys 10 0 0 —xexy —ysxy ho1 Tt
0 0 0 =z ys 1 —25yr —Ysi

Ah=b (3.8)

where A is a 2n x 8 matrix, h is a 8 x 1 vector, and b is a 2n x 1 vector. In equation
(3.7), we have one correspondence pair, thatiis'n'=;1. Look at equation (3.8), A and b are
known, and the degrees of freedom for h is Swlf there are more than four correspondences
pairs of which no three are collinear (i.e., n > 4, equations > 8), h can be solved in a

least-square solution, then *Hy is also estimated.

3.1.2 Geometry Interpretation

Consider there is a plane 7 in 3D space, and we take a photo for this plane. Hence,
there exist a homography relationship between 7 and its photo image. This homography
can be interpreted as planar perspective projection.

Look at Figure 3.3, the distance d between the plane 7 and camera optical center O,

can be calculated as following

d = ||P,||cosf (3.9)

consider the inner product of P, and unit normal N

(PN} = [P.|[|N,[lcost = d (3.10)
1 1
E<P’”N’T> =1 (= ;lNﬂ P.) (3.11)
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image plane

Figure 3.3: Planar perspective projection. P is a point on the plane 7, and its perspective
projection P’;;,, in image coordinate can,be related by rotation, translation, and scaling.

For all point on the plane 7, we have constraint as.equation (3.11). A point P on 7 and its

perspective projection P’;,,,s have following relationship
Pimg ~ °R:Px:+°t, (3.12)

where ~ indicates equality up to a scalar factor, °R; is rotation matrix, and °t, is trans-
lation vector from 7 coordinate to camera coordinate. Substituting equation (3.11) into

equation (3.12) gives

P/img ~ “R;Pr+“t;
~ °R,P, +°t (JNT)P, (3.13)
~ (“Rr+ 2t .NHP,

where (°R, + 1°t,NT) is the relationship between P’;me and P up to a scalar factor. In
other word, it is "™&H__.

: 1
Mg~ °R, + EctﬂNE (3.14)

Equation (3.14) gives a conclusion that any homography matrix H is consist of its
motion parameters {R, t} and structure parameters {IN, d} of plane 7. We call these pa-

rameters geometric parameters.
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Table 3.1: Four solutions for the planar homography decomposition, only two of which
satisfy the positive depth constraint.

Solution 1 Solution 2 Solution 3 Solution 4

R, = W, U7 R, = W,U7T R;s =R, R,=R,
N, =voxuy Ny = vy X us N; = —-N; N, = —-N»
1t = (H—-Ry)N; || 3t = (H—Ry)N, Tty = —It Tty =—7t

3.2 Homography Matrix Optimization

In our application, the homography matrix can be estimated using the algorithm de-
scribed in the previous section. But this homography between target image and source im-
age is not sufficiently precise because the corresponding points are hardly perfect matching.
Thus, we want to find the optimal homography matrix to improve the registration accuracy.

Given a homography matrix, we decompose it into-geometric parameters, and then ad-
just these parameters according to an-objective-function in-an iterative optimization process.

Finally, we compose the optimal homography using the optimized parameters.

3.2.1 Decomposition of Homography Matrix

In the previous section, we introduce the geometric meaning of homography matrix.
It consists of structure and motion parameters: { R, ﬁt, N}. Given a homography matrix
H=(R+ ClltNT), there are at most two physically possible solutions for a decomposition
into parameters {R, ét, N} given in Table 3.1 [19]. The elements of Table 3.1 can be

estimated as follows:

1 For matrix Hy, = (R + 2tN™), calculate the its second largest singular value o5 (Hr,).

2 Estimate the normalized matrix H = —-—Hj..
o2(HyL)
3 Estimate the SVD of the symmetric matrix: HTH.
H'H=vxVvT (3.15)

where V = [vq,Vva, v3] and ¥ = diag {0}, 03,03}
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4 Estimate u; and us.

V1—o3 11
_ V19 +02— (3.16)

u; = v v
CVe-ad T VA
V1-o3 11
= Vo 2y VO (3.17)
2 2 2 2
01 — 03 01 — 03
5 Estimate U, Uy, W7, and W,.
U, = [V2,111,V2 X 111] (3.18)
U2 = [Vz, Ug, Vo X 112] (319)
Wl = [HVg, Hul, HV2 X Hul] (320)
W2 = [HVz, Hll2, HV2 X Hll2] (321)

where x denotes the binary, epération of cross product.

Notice that there are only two solutions of Table 3.1 satisfies the positive depth con-
straint, that is, the plane is;in front of the camera. We check the value of Njes (e5 =
[0 0 1]7). If Njes is positive, then the solution 4. 1s accepted, else rejected. The degree of
freedom for homography matrix is.8, so dees the decomposition results (rotation matrix
is 3, translation vector with distance is 3, normal direction is 2). The correctness of this
algorithm has been proven in [19]. After applying the processes above that we can obtain

the motion and structure parameters of homography matrix H.

3.2.2 Proposed Objective Function

The main idea for the proposed objective function is the correlation ratio (CR) [26]. It
is superior in accuracy, efficiency and robustness, and have been applied to multimodality
registration of medical images [29, 23, 9]. The keynote of CR is that it measures the
intensity dispersion for the voxels in target image which are corresponding to the points in
source image that belong to the same histogram bin (Figure 3.4).

In our application, the original CR can not perform robustly. Because the pixels of the

same histogram in target image are uncertain in the same histogram in source image due
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Figure 3.4: Explaining of Correlation Ratio (CR). CR measures the intensity dispersion
for the voxels Xj in target image which are corresponding to the points in source image
that belong to the same histogram bin B;.

to the lighting effect in the scene. Thus, instead of measuring the intensity dispersion of

histogram bins, we consider the region similarity using intensity or color information.

First, we segment the source image into several reégions using the method proposed
by Felzenszwalb et al. [5]. For each region, we compute the corresponding region in
target image using the initial homography and estimate the similarity within region (Fig-
ure 3.5). If the homography is precise for registration, the similarity within region should
be high. However, the only consideration is insufficient, we further think about the similar-
ity between regions. For each region, we also estimate the distances between all the other
regions. If the distance between two regions in source image is short, it can be excepted
that the distance between two corresponding regions in target image is also short. Thus, we

propose the objective functions as follows.

Z(Area((H@Rl))Var(I(H@RZ)))

.=
arg min
& (C]

3.22
Correlation(D,., D;) (3-22)
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where
C) = {R> ta N}
D, = (df1,1)7 dfl,z)v dfl,?,)’ T 7dfn7n)) (3-23)
Dt g (d€171)7 d€172), dé1’3)7 e ey d€n7n))

where

R; 1s the region segmented in source image.
HoR; is the corresponding region of R; in target image.

He is a homography consisted of © (= {R,t,N}) that transfers the region from source

image to target image.
Area(.) is a function that counts the size of region.
Var(.) is a variance calculation:function.
Correlation(., .) is a correlation.estimation function.
I(.) represents the intensity of region:

Dy is an ordered sequence of which d‘("’p » denotes the hue distance between R} and R in

source image.

D, is an ordered sequence of which df ».q) denotes the hue distance between Heo 3 (= R))

and He (= R}) in target image.

It is a nonlinear optimization problem to achieve the equation (3.22), we use simplex
method [24] to solve it. Once the iterative optimization process has done, we can obtain a
set of parameters O that can compose the optimal homography Hg which best describe the

geometrical relationship between source image and target image.
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Figure 3.5: Idea for proposed objective function. We segment the source image into
several regions using the method proposed by Felzenszwalb et al. [5]. For each region I,
we compute the corresponding region He R} (= Rfl) in target image.
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To evaluate and demonstrate the performance of the proposed method. In the first
section, we compare the results of image matching between SIFT and spiral descriptor. In
the second section, we evaluate the performance of proposed point refinement method for
points selected manually. In the third section, we evaluate the performance of the proposed
objective for homography optimization. In the last section, we demonstrate the results of

homography optimization.

4.1 Comparison between SIFT and Spiral Descriptor

Figure 4.2 shows an example of feature points found in different scale level of Gaussian
space. Figure 4.5, Figure 4.4 and Figure 4.3shows the matching results between SIFT and
spiral descriptor. Spiral descriptor:chas almost the same performance as SIFT. However,
SIFT have incorrect matchings in Figuré.4.4 -because the matchings labeled using dotted
lines have similar gradient histograms; and can not eliminate by the ratio of nearest neigh-
bor and second-nearest neighbor, that is the matching criteria of SIFT is weaker than spiral

descriptor in this case.

We also do rotation testing for both proposed spiral descriptor and SIFT, and the results
shown in Figure 4.7 and Figure 4.8. The matching results of SIFT is perfect, but some of
ours have incorrect matchings. Because SIFT finds the major orientation for each feature,
but we deal with the rotation problem using dynamic programming directly which just can
bear small rotations. We can also use the orientation information of features to overcome

large rotations in the future.

The weakness of proposed spiral descriptor is that images have small texture, and it is
easy to produce the same spiral profiles. We can choose DTW instead of DDTW for feature
matching to overcome this problem. SIFT is gradient based descriptor, and it is suitable for

images have lots of gradient information. (Figure 4.9)
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Figure 4.1: SIFT feature points of truck image. SIFT feature points are marked as
Ccrosses.

4.2 Results of Point Refinement

Figure 4.10, Figure 4.11, ,Figure 4.13 and Figure 4.12 shows the range of manual selec-
tion error which can refine by using the proposed point refinement method. Figure 4.10 and
Figure 4.10 are the easy cases, but the drawbacks of this method are shown in Figure 4.13
and Figure 4.12. Points can not réfine correctly when they have no “feature ” (Figure 4.13

right, center) or are similar to the others in its searching range.

4.3 Results of Objective Function

Figure 4.14 show that the proposed objective function is proper for the planar image
registration, because the curves slides toward the values estimated using manual selection
with high accuracy. Notice that the y-axis of the plots that have lots of local minimums (6.,

and Oy, ) are too small to affect the trend of proposed objective function.

4.4 Results of Planar Image Registration

Figure 4.15, Figure 4.17 and Figure 4.16 are the result images of proposed method for
planar image registration. Figure 4.15 is the case that the right down of initial image have
slight misalignment and proposed optimization process can fix it. Figure 4.17 shows that

the optimized image can not register perfectly due to the objective have larger weighting
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Figure 4.2: SIFT feature points of truck image in Gaussian spaces. SIFT feature points
found in different scale level of Gaussian space are marked as crosses.
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7th

6th

Figure 4.3: Matching results in truck images taken from difference view point using
SIFT and Spiral Descriptor. SIFT,8/10 corrects shown on the left. Spiral descriptor 8/10
corrects shown on the right. The dotted lines with ranking are the incorrect matchings.

for larger area, that is, the small areas may not régister well. Figure 4.16 shows that the
initial registration have some Blur effec*'rbﬁeause there are translation error between source

image and target image. The 6ptim1zed image 1S better than initial image.
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Figure 4.4: Matching results in building images taken from difference view point using
SIFT and Spiral Descriptor. The two image are taken by difference cameras. Upper
image is taken by mobile phone camera, and the lower one is taken by high resolution
digital camera. SIFT 7/10 corrects shown on the left. Spiral descriptor 10/10 corrects
shown on the right. The dotted lines with ranking are the incorrect matchings.
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SIFT Spiral

Figure 4.5: Matching results in office images taken from difference view point using
SIFT and Spiral Descriptor. SIFT 9/10 corrects shown on the left. Spiral descriptor 9/10
corrects shown on the right. The dotted lines with ranking are the incorrect matchings.
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SIFT

Spiral

Figure 4.6: Matching results in wall-patting images taken from difference view point
using SIFT and Spiral Descriptor. Both SIFT and spiral descriptor have 10/10 corrects.
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Figure 4.7: Rotation testing for proposed spiral descriptor in wall images. Two wall
images are matched using proposed spiral descriptor from 10° to 90°. The incorrect match-
ings are marked using dotted lines.
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Figure 4.8: Rotation testing for SIFT in wall images. Two wall images are matched using
SIFT from 10° to 90°.
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Figure 4.9: The weakness of proposed spiral descriptor. The weakness of proposed
spiral descriptor is that images have small texture (right up), and it is easy to produce the
same spiral profiles (right down). SIFT is gradient based descriptor, and it is suitable for

images have lots of gradient information (left up).
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Figure 4.10: Range of point refinement in grassland images using spiral descriptor.
Red points on the left image and the white circles on the right image are the correspon-
dences selected manually. The red regions are the points can be refined to the correspond-
ing white circle ina 19 x 19 searchmg range-wuhm 1 5 plxels error.

Figure 4.11: Range of point refinement in grassland images using spiral descriptor.
Red points on the left image and the white circles on the right image are the correspon-
dences selected manually. The red regions are the points can be refined to the correspond-
ing white circle in a 19 x 19 searching range within 1.5 pixels error.
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Figure 4.12: Range of point refinement in concourse images using spiral descriptor.
Red points on the left image and the white circles on the right image are the correspon-
dences selected manually. The red/blaek rf:glons are the points can/can’t be refined to the
corresponding white circle i in all 9 X }ﬁl searchi g range within 1.5 pixels error.

Figure 4.13: Range of point refinement in building images using spiral descriptor. Red
points on the left image and the white circles on the right image are the correspondences
selected manually. The red/black regions are the points can/can’t be refined to the corre-
sponding white circle in a 19 x 19 searching range within 1.5 pixels error.
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Figure 4.14: Performance evaluation for proposed objective function in grassland im-
age. The registered image shown on the right up is composed of the source and target
images shown on the middle and left up by the homography matrix ‘H,. The z-axis and
y-axis are the parameter values of 'Hg and the cost for the proposed objective function,
where 1t = (t,,1,,t,), R = (0x,0y,0,) and N = (0, ,0n;,). The values shown on the
bottom of the curves represents the parameters of ‘Hg estimated using manual selection

with high accuracy.
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initial

reference image

segmented reference image

Figure 4.15: Optimization for image registration of grassland images. The target image
is shown on the left up, and the source image and it segmented image are shown on the left
down. The initial homography estimated by correspondence points selected manually over-
lays the source image and target image shown on the right up. The optimized homography
produces the final result shown on the right down.
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Figure 4.16: Optimization for image registration of wall-patting images. The target
image is shown on the left up, and the source image and it segmented image are shown
on the middle up and middle down. The initial homography estimated by correspondence
points selected manually overlays the source image and target image shown on the right
up. The optimized homography produces the final result shown on the right down.
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target image reference image initial

segmented reference image optimal

Figure 4.17: Optimization for image registration of building images. The target image
is shown on the left up, and the source image and it segmented image are shown on the
middle up and middle down. The initial homography estimated by correspondence points
selected manually overlays the source image and target image shown on the right up. The
optimized homography produces the final result shown on the right down.
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In this thesis, we propose a novel image feature descriptor: spiral descriptor, a pla-
nar image registration and its optimization method. The planar images, target image and
source image are registered by estimating the transformation model: planar homography.
This image registration process involves two major techniques, image correspondence de-
tection/selection and homography matrix optimization.

For image correspondence, we propose a novel spiral descriptor based on SIFT feature
point extraction. This descriptor is invariant to scaling, rotation and translation. The feature
points are localized in scale space and the descriptors are built along spiral-shape profile,
which can achieve scaling and translation. The novel feature matching method is also
proposed. We use dynamic programming approach to align spiral descriptors and it is
suitable for rotation invariant.

For planar image registration, we propose a novel method to promote the registration
accuracy. First, we estimate the homography matrix by either detecting the image corre-
spondences automatically or selecting image corresponding points manually and refining
using proposed spiral descriptor. The initial homography matrix is decomposed into its
parameters and the optimization process adjusts-these parameters using iterative process.
Finally, the optimal homography can produce high registration accuracy for planar images.

The experiment results show that‘the proposed spiral descriptor can match images au-
tomatically and robust as SIFT in some cases. "For the cases failed, we select the corre-
spondences manually and refine the positions in a searching range. The proposed planar
image registration method not only promote the registration accuracy but also provides

convenience process for user doing image registration.
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