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Nowadays, many computer applications involve the use of facial surfaces. Computer
generated facial surfaces in movies, commercials and electronic games are examples.
So, reconstruction of facial surfaces can easily find its application. However, either
special equipment is used or a generic facial model is involved in many of the
previous approaches to facial surface reconstruction. To get rid of the special
equipment, my research was aimed to build a three-dimensional facial model only
from the correspondence information between images. The whole research can be
roughly divided into two parts: image correspondence and surface reconstruction.

For the image correspondence part, the inputs are the images with background. Facial
regions are extracted from the images, followed by the extraction and matching of
facial features. A new matching criteria function is derived to compute the matching
score between the features. The matching criteria used include the color value, the
gradient value as well as the Laplacian value. The weighting of each criterion for
matching a point depends on the uniqueness of the criterion of that point. Besides the
matching process, the accuracy and speed-up issues are also considered.

For the surface reconstruction part, a new approach to reconstructing a facial surface
using gridlines is proposed. Grid points, horizontal and vertical gridlines are defined
in the frontal view image. From the correspondence information between images, the
x, y coordinates of these grid points in other views are observed. Two values,
horizontal and vertical point proportions, are defined at each grid point.
From the relationships between the point proportions and the gridline parameters, the
z-values of all the grid points are determined. Finally, after triangulation, a facial
surface can be obtained.

One advantage of this reconstruction approach is that only simple computation is
involved. Furthermore, the only inputs of this reconstruction approach are three
images (one of them is the frontal image) and the correspondence information
between the images. However, when some grid points do not appear in the frontal
image, they will not appear in the reconstructed model. In addition, one free parameter
needs to be set interactively to obtain the final surface produced by this approach.
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Chapter 1.Introduction

1.1 Project Objective

In this project, the objective is to reconstruct a facial surface using the correspondence
information between the images taken by a digital camera or a DV. It should be an
economic way for facial modeling that does not involve the use of expensive laser
range finders. Moreover, a generic face model that will restrict the shape of the
reconstructed model will not be used.

1.2 Problem definition

The problem can be divided into two subproblems as shown in Figure 1-1.

Input: images
Subprobler 1 ,L

Establish the corespeondence
information between images

" Images with correspondence

Subproblem 2 information

Reconstiuct o facial surface with he
use of comrespondence information
‘# Qutput: A facial surface

Figure I-1: Subproblem 1 & Subproblem 2

1.2.1 Subproblem 1

The first subproblem is to obtain the correspondence information between images. For
this subproblem, both the accuracy and the performance issues of the matching
process are considered.

1.2.2 Subproblem 2
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The second subproblem is to reconstruct the three-dimensional facial surface from the
correspondence information between the images. The main essence of the proposed
approach is to obtain the depth information from the positions of the defined grid
points using the images from different views.

1.3 Thesis Organization

In this thesis, after this ‘Introduction’ chapter, there follows the ‘Related Work’
chapter. In the ‘Related Work’ chapter, related previous techniques used throughout
the process of image matching are briefly mentioned. Also, different previous
approaches to modeling a facial surface are described.

Then, it comes the ‘Image Correspondence’ chapter. The process of establishing the
correspondence information is described in details. It includes:

Extraction of the facial region from an image
Extraction of feature points

The matching criteria function

Matching of feature points

Matching of non-feature points

Accuracy issues

Speed-up issues

Next, it is the ‘Surface Reconstruction from Image Correspondence’ chapter. A
proposed approach of reconstructing the facial surface is described. It includes:

Definition of grid points and gridlines
Depth hints from the side view images
Definition of point proportions
Relationship between point proportions
Practical simplification with assumptions
Result

Cons and Pros

After that, the ‘Conclusion’ chapter gives a conclusion for the whole project, the
‘Future Work’ chapter includes some of the possible future extensions and a list of
references is given in ‘Bibliography’.
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Figure 1-2 below shows the outline for the thesis:

i

( Ch.1 Introduction y

(Ch.2 Related Work y

Subproblem 1

L Ch.3 Image Correspondence
J/

vl’ Subproblem 2

Ch.4 surface Reconstruction
from Image Correspondence ~

( Ch.5 Conclusion y

v

( Ch. 6 Future Work y

Figure I-2: The thesis organization

Before the end of this chapter, I would like to give brief descriptions for the two
subproblems here.

Subproblem 1 — Image Correspondence

The first subproblem is about the establishment of the image correspondence between
images. The first step is to extract the face regions from the images and methods to
achieve this goal are described. Then, feature points in the images are extracted using
an algorithm from a literature. Next, the matching components used in the matching
criteria functions for computing the matching score between two points are mentioned.
Then, an approach of computing the weightings of different criteria in the matching
criteria function for each point is introduced. After that, procedures for matching
feature points and non-feature points are described.

Besides, both speedup and accuracy issues are addressed. Speedup issues include the
ways for reducing the searching space for the corresponding point and multiresolution
matching. Accuracy issues include the consideration of computing the color difference
using the values in a uniform color system. Moreover, matching error detection

methods, such as “double-direction checking”, “pixel order preserving” and “quad
preserving”, are discussed.
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Subproblem 2 — Surface Reconstruction from Image Correspondence

The second subproblem is about the reconstruction of a facial surface from image
correspondence between the images. An approach to reconstructing a facial surface
using the correspondence information is proposed. The minimum number of images
required for the reconstruction is three and one of them needs to be a frontal view. The
first step in the reconstruction process is to define grid points in a frontal view image.
Horizontal and vertical gridlines are formed by connecting the grid points along the
horizontal and vertical directions respectively. Then, two additional images are
required. With the use of the correspondence information, the positions of the grid
points in other two images are identified. From the positions of these grid points in
different views, two values called point proportions (will be defined in Chapter 4) are
obtained at each grid point. Equations are formed with these point proportions. Then,
the z-values at all the grid points can be obtained by solving these equations. Under an
assumption about the shape of the facial surface, the computations can be simplified.
Reconstructed facial surfaces are shown in Chapter 4. Also, the advantages and
limitations of this approach are discussed.
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Chapter 2. Related Work

In this chapter, the related previous work is described. Since the objective of this
project is to produce a facial surface, several approaches to modeling a human face
will be described. On the other hand, as stated in the "Problem definition" in the
"Introduction” chapter, the whole project is divided into two parts and the first part is
about how to establish correspondence information between two images. So, in
additional to different approaches to constructing a facial surface, the related work
about how to establish the correspondence information between images is also
included in this section.

2.1 Establishment of Image correspondence

In this section, related work about the process of establishing image correspondence
between images is mentioned.

2.1.1 Image Preprocessing

In this project, the input images come from a video sequence of a moving head.
However, the images cannot be used immediately due to the presence of noise. So,
images need to be processed using the techniques described in [h3, h9, h10, h12] so as
to minimize the influence of noise.

2.1.2 Facial Region Extraction

After the image has been processed to be free of noise, the facial region in the image
needs to be extracted from the image that includes the background. Techniques used
to detect and extract the face region in the images can be found in [al, a2, a5]. A range
of color values can be predefined as the face color. Alternatively, the face color can be
estimated from the color histograms of the image. After that, the face region can be
identified by locating the face color in the image. Another way to extract the face
region can make use of a face template [a3, bl]. The region that gives the best
matching result to that face template will be regarded as the face region.

2.1.3 Feature Extraction

Features need to be extracted from the image for the use in the image matching
process. Edges and points are two example types of features. For locating edges, a
gradient filter, a Laplacian filter or the Canny detector can be applied to the image and
then the resultant image will provide hints of the edges [h3, h6, h8, h9, h10, h12].
Another way to detect edges in the image is to perform minimization on energy
functions such as snakes [a6, f21]. For points (or sometimes called corners)
identification, intersections of edges may yield the results. Sometimes, corners can be
found at the points where the image edges have local maximum absolute curvatures
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there [a4]. Furthermore, edge directions and edge strengths at a point can give some
hints on whether the point is a special point or not [h12]. The process of obtaining
edge directions and strengths involves the computations of the gradient values along
both vertical and horizontal directions at each point. Besides detecting the features by
applying filters or carrying out computations on the gradient values, templates can be
used for feature extraction [a7]. In some cases, special points such as pupils can be
found using a tracker that is specially designed for that particular organ [al]. Indeed,
the performances of different feature extraction methods depend on the properties of
the images.

2.1.4 Feature Matching

Obviously, after the features have been extracted, the next step is the matching of the
features. There are many classical descriptions on the matching of images [h3, h9, h10,
h12]. Feature based methods, correlation based methods and template matching
methods [bl] are common approaches to carrying out feature matching. Techniques
such as singular value decomposition [b2] can also be applied in feature matching.

On the other hand, epipolar constraint holds when two images are taken for the same
object. An epipolar line passing through the epipole on the first image will match to
another line on the second image. This facilitates the process of feature matching [b3]
because the epipolar constraint reduces the problem to one-directional searches along
lines. In order to make use of the epipolar constraint, the camera parameters need to be
known or to be estimated from the images.

The performance of the matching process can be improved if some techniques are
applied. A multiresolution approach [c2, ¢S5, ¢6] is a common way to achieve that. In
multiresolution approaches, images need to have different levels of image
representations (which are of different resolutions). For examples, a Laplacian
pyramid is a multiresolution representation of an image in [c2] and the "min-max"
images are used in [c6]. Also, wavelets are good multi-level representations of images
[c3]. Basic knowledge of wavelets can be found in [c1, ¢4, ¢7, ¢8, ¢9, h11].

Indeed, an optimal image matching method is not easy to be found and the
performance of different matching methods can vary with different sets of inputs.

2.2 Face modeling

After describing the related work about the establishment of the feature

correspondence between images, different approaches of modeling a facial surface are
briefly mentioned in this section.

2.2.1 Use of a 3-D range scanner
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One of the most obvious approaches to construct facial surfaces involves the use of 3-
D range scanners [f10, f21]. With the use of it, both the color values and the range
data of the points can be obtained easily. A 3-D face model can be built by combining
the color values and the range information. The advantage of using a 3-D range
scanner is that the modeling process becomes trivial. But, the equipment itself is still
expensive for it to become popular for home uses.

2.2.2  Use of a generic face model

Another common approach to building a facial model is to make use of a generic face
model [f2, {3, {4, {6, 7, {8, {9, {23, f25]. Then, the generic face model is deformed by
the images of a person to become an individual face model. The advantage of using a
generic model is that the process becomes relative easy and only a deformation
process is required for constructing a new face model. But, the generic face model will
restrict the individual face model in terms of the shape and also the details. Moreover,
some people get face shapes that are very different from others. In these cases,
deformation to a generic model will not be able to yield acceptable individual face
models.

2.2.3 Use of camera information

The 3D coordinates of the points on the face model can be computed by solving the

projection equations provided that sufficient camera information is available. Relevant

information can be found in the literatures that involve pose estimation [d1, d2, d3, d4]
and stereo reconstruction [el, e2, e3, f1, f7, f11, f15, f19, h5].

2.2.4 Lighting Switch Photometry

‘Lighting Switch Photometry’ [f18] is a method of building 3-D faces that involves
the use of structured lightings. In this method, the lightings information (includes the
positions and intensities of the lights) is assumed to be known. If the reflection
properties of the surfaces are also assumed to be known, the normal vectors can be
computed by solving the lighting equations. After the normal vectors have been
obtained, 3-D surfaces can be fitted into the normal vectors to form a 3-D face model.
The shortcomings of this method are the involvement of the special lighting
equipment and the need of estimation for the reflection properties of the surfaces.

Indeed, the building of 3D face models can also involve the use of differential
properties [f11, f12, f13, f15], minimization of other energy functions [f12, f14], 2D
silhouettes [f6] or the use of singularities [f20]. Besides, more literatures or findings
about the reconstructions of 3-D models from shading, motion, etc. can be found in
[f1, £26, h1, h4, hS, h6, h7, h8, h10, h12].
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Since one of the common applications of facial models is in the field of computer
animations, some previous work [f3, {7, {9, f10, f21, f22, f25] has been done for
making face models that can be adapted to animations. Some of them added facial
tissues and muscle actuators in order to make the face models more realistic.

After briefly describing different approaches to modeling face models, I will state our
main considerations regarding the facial surface reconstruction part of this project. We
decided not to use a 3-D laser range finder, not to use a generic face model and not to
use special structured lights.

In the next two chapters, the process that has been gone through in the project is
described in details.
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Chapter 3.Image Correspondence

In this chapter, the process for establishing image correspondence between images is
described. This problem itself is a classical problem in the field of computer vision
and image processing. In this project, image correspondence is the first subproblem
that needs to be solved and the result is used in the reconstruction process described in
Chapter 4.

The first task is to locate and extract the face regions from the images and two ways to
achieve that are introduced. Then, feature points in the images are extracted using an
algorithm in [h12]. Next, a matching criteria function is derived for computing the
matching score between two points. The main idea is to adjust the weightings of
different matching criteria according to the uniqueness of those criteria on the
matching point. After that, the procedures of matching feature points and non-feature
points are described. Finally, both speedup and accuracy issues are addressed.
Speedup issues include the ways for reducing the searching area for a corresponding
point and multiresolution matching. Accuracy issues include the consideration of
computing color difference using values in a uniform color system. Also, matching
error detection methods, such as “double-direction checking”, “pixel order preserving”
and “quad preserving”, are discussed.

3.1 Facial Region Extraction

In this section, two approaches to extracting the face regions from the images are
described. The objective is to remove the background scene from the images. One
makes use of the gradient values and another makes use of the difference between
consecutive images.

3.1.1 Video-taking

In this project, the input images come from a video file consisting of head movements.
The set up is very simple. A DV is used to take the video. The person sits in front of
the DV (the position of the DV is fixed) and makes up-to-down and left-to-right head
movements. Figure 3-1 shows some images from a video file.

3.1.2 Video file manipulation

After taking a video, a video file consisting of up-to-down and left-to-right head
movements is obtained. The video file is of .mov extension. To extract individual
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images from the video file, several routines in a library called "Digital Media Library"
in the SGI machines are called.

Besides extracting the images from the video file, the gradient values and the
Laplacian values are computed. These values are used in the process of extracting the
face regions as well as the process of features matching. The methods for computing
the gradient and the Laplacian values by applying filters can be found in [h3, h6, h8,
h9, h10, h12].

Figure 3-1: Images from a video file
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In Figure 3-4, the edge points found along the specified scanlines are shown. In the
right image, the three scanlines are close to each other. However, the position of the
right edge point found along the scanline 2 is quite different from those of the right
edge points found along the scanlines 1 and 3. It is because there exists a point that
belongs to the background scene in the gradient image along the scanline 2. In this
case, the edge position of the right edge point on the scanline 2 is computed using the
edge positions on the scanlines 1 and 3.

After the edge points for each scanline are obtained, the points lie between the two
edge points are considered to be the points within the facial region. The points outside
the two edge points are considered to be the points on the background scene and can
be removed. Figure 3-5 below shows the images before and after the facial region
extraction.

Figure 3-5: Images before the removal of the background scene and after the removal of the background
scene

It can be observed that the assumption that edges come from the facial part is not
always valid. Indeed, some points on background objects that have the gradient values
greater than the preset threshold will lead to the presence of the false edges points.
This problem can be solved if other criteria (besides the gradient values) are used to
detect the edge point. One obvious choice is the color of the face. A range of color can
be set for the face region and then the edge points are identified along each scanline
according to the preset color. But, even if the facial color is used to locate the edge
points, there can still have some problems. Firstly, how can a color range be set for the
facial region? People of different races will have different colors. Moreover, if the
color value is the criterion, the background scene needs to avoid of that color range
corresponding to the facial region. Otherwise, false edge points will be detected
because a background point has a facial color.
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Approach 2 - Difference between consecutive images

The second approach to extracting the face region assumes that the input images come
from consecutive frames of a video file. It means that consecutive images are of very
little difference. Also, it is assumed that the background objects do not have any large
movement and only the head has movements between images. Due to the fact that
only small movements of the head exist between images, the difference between two
consecutive images will give roughly the face outline. So, by examining the difference
values between images along each scanline, the face regions in the image can be
identified. Figure 3-6 below shows the difference images between two pairs of
consecutive images from a video file.

Figure 3-6: Two sets of consecutive images (the two leftmost columns) and their difference images (the
rightmost column)

One limitation for this approach is that it works only if the images are the consecutive
frames of a video file.
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3.2 Features

In the last section, the facial regions are extracted from images. In this section,

features need to be identified in the image. An approach to selecting features is
described.

3.2.1 Why are feature points needed?

After images are extracted from the video file and the background objects are removed,
points in different images need to be matched so as to combine the information in
different images to reconstruct the three-dimensional model. But, before the points are
matched, it is necessary to determine which points are going to be matched first. It is
not a good idea to match all the points between images at one time. It is because some
points can find their corresponding points accurately with a higher probability. So, it
would be better to extract some feature points in each image first and then match the
feature points found. Then, after matching the feature points, non-feature points can be
matched with the use of the matching results of the feature points.

3.2.2 What are feature points?

When we talk about the features on the face, we will at the first glance think about the
eyes, ears, nose and mouth. Is it a good idea to use the corners of the eyes or the
comers of the mouth as features (see Figure 3-7) for two images to match between
each other? On the other hand, can we choose the points that have special local image
characteristics but not necessary being the tips of special organs?

Sometimes, image points that are not the extreme points of the major facial organs can
also be appropriate points for performing matching between two images. If the
lighting situations of two images do not differ for a large amount and there is no
moving highlight in the images, the features selected according to local image
characteristics from two images can contain more corresponding pairs than the
number of extreme points of the facial organs. So, we have decided to extract the
special points from the image according to local image characteristics.



Chapter 3. Image Correspondence 16

Figure 3-7: Red points are the extreme points of facial organs.

3.2.3 Feature points extraction

To extract the feature points (also called corners) according to the local image
characteristics, we used an algorithm appeared on [h12, p.82].

The first step of the algorithm is to compute the gradient values along the x-axis and
the y-axis at each point. The image color is denoted by E and the gradient value along
the horizontal and the vertical direction are denoted by Ey and E, respectively, where

_9E
0x

_3E

E: -
dy

and Ey

For each point in the image, its neighboring points (e.g. 5x5 pixels) are considered. A
2x2 matrix C is then formed using the gradient values of the points along the
horizontal and the vertical directions within the neighborhood region.

2
e YE* Y EE
SEE Y E
After a rotation of the coordinates axes, the matrix C can be transformed to a new

matrix C'. Denote the eigenvalues associated with the matrix C' by A; and A;. Then,
for each eigenvalue A, there is a corresponding eigenvector X satisfies the relation:

C'X =AX,

C'= ai @ ,whereAd;,A22>0,A12> A2
0 A
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The two eigenvalues represent the strengths of the edges in the directions of the two
eigenvectors. For a comer in the image, there should exist two edges (with edge
strengths greater than a preset threshold) joining together. In other words, the
eigenvalue A, should be large enough at the corner. Thus, after the computations of
the two eigenvalues for all the points in the image, the points are ranked according to
Az2. The points that have greater A, are chosen.

One thing that needs to be taken care is that if a point has already been selected to be a
corner, then its neighboring points should not be selected again. Figure 3-8 below
shows the flow of the algorithm.

i Compute the gradient
values dlong the hotizontal
and verfical directions ‘

/ For eqch paint, form a
mairix C, consisting the
gradient values in the
neighboring region

@scgononze fre matixC

Find the two eigenvalues
of the matix C

» Choose the points with

the ‘smaiier sigenvalue’
larger than a threshold
vaiue

Rank the points chosen
according fo the 'smalier
eigenvaiue’

' Delete the points that has
neighbors already been
Y chqsen

Figure 3-8: Steps for extracting feature points
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Laplacian values is that they are very sensitive to noise. So, the image needs to be pre-
processed to get rid of noise if the Laplacian value is a component in the matching
criteria function. Otherwise, false matching will be the consequence.

3.3.6 Laplacian of Neighbor points

Similar to the cases of the color value and gradient value, the fact that many points
having more or less the same Laplacian values will lead to false matching. So, two
blocks of the Laplacian values are matched instead of two Laplacian values. The
benefit for doing this is just the same as that for the color value and the gradient value.

3.3.7 Size of neighboring region

Up to now, three components (the color value, the gradient value and the Laplacian
value) are in the matching criteria function. It is also known that matching a block of
color or gradient values can reduce the chance of having false matching. The next
problem is to select a suitable neighborhood size. If the neighborhood size is too small
the effect of matching the color block or the gradient block wil] become insignificant.
However, if the neighborhood size is too large, the time needs for computing the
matching scores using the matching criteria function will be too long. Thus, the
neighborhood size can neither be too small nor too large. The selection of the
neighborhood size indeed requires experiments and experiences.

»

3.3.8 Combination of different matching components

From the previous subsections, it can be seen that the color value, the gradient value
and the Laplacian value all have their distinguishing powers. But, which one has the
best matching performance or what combination of these three kinds of values will
yield the best matching result? This is an important problem that needs to be solved in
order to have an accurate matching result. For some points, the matching of the color
value can provide very accurate results. At the same time, for other points, the
matching of the gradient value or the Laplacian value can locate their correspor;ding
points more accurately. So, which one or which combination of matching components
is the best depends on the points that are being matched. Furthermore, for 3 particular
pair of images, a particular matching component or combination of matchin
components can provide a very high matching accuracy. But, if the same matching
criteria function is applied to another pair of images, the matching accuracy may not
be as high as before. Thus, which one or which combination of matching components
is the best also depends on the property of the images that are being matched.

How to determine the weightings for different matching components?

If a point has a color value that many other points have, then the color value oby

; iously
cannot be the only matching criterion for this point. But, if a point has a col

or value
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that is very different from the colors of other points, then the color value is certainly a
suitable matching criterion for this point. Similarly, if a point has the gradient value
that is very different from most of the other points, then the gradient value will be an
obvious choice for the criterion used to match. Similarly, if a point has the Laplacian
value that is very different from most of the other points, then the Laplacian value
should take a large part in the matching criteria function. Hence, when performing
matching for an image, the matching criteria function can vary from point to point and
the matching criteria function at a point should depend on which matching component
has a greater differentiating power at that point. The matching component that has a
greater differentiating power at that point should have a greater weighting in the
matching criteria function.

3.3.9 Procedures for obtaining the matching criteria function

Firstly, for each point in the image, it is necessary to collect the information related to
the differentiating power for different matching components.

Assume that the point p is being matched.

The number of points having the color values that are different from p's color with an
amount smaller than a preset threshold is counted. (Denote this value by Nc.)

The number of points having the gradient values that are different from p's gradient
value with an amount smaller than a preset threshold is counted. (Denote this value by
Ng.) Similarly, the number of points having the Laplacian values that are different
from the p's Laplacian value with an amount smaller than a preset threshold is counted.
(Denote this value by NI.)

If Nc of a point is small, only a small number of points will be the candidates for its
corresponding point according to the color value. Then, the weighting factor for the
color component should be large because the color value has a greater differentiating
power. Similarly, if Ng or NI of a point is small, only a small number of points will be
the candidates for its corresponding point according to the gradient or the Laplacian
value. Then, the weighting factor for the gradient or the Laplacian component should
be large because the value has a greater differentiating power.

Then, denote the matching criteria function of the point p by Mp(x), where x is an
arbitrary point on the image. From the formulae of the matching criteria function, it
can be observed that the sum of the weightings of the three components is one.
Component that has greater weighting will have greater influence to the matching
score. For instances, if the point x has got a very unique color, then the weighting
factor for Diff_c(x) will be large and the weighting factors for Diff’_g(x) and Diff_I(x)
will be small. Then, the matching score will mainly be determined by the value

Diff_c(x).
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k k
= . o , K pi 1),
Mp(x) Ne(p) DIJT__C(X)+Ng(p) Diff _g(x)+ s iff _1(x)
where k = Ne(p)-Ng(p)-Ni(p)

Nec(p)- Ng(p)+ Ng(p)- NI(p)+ NI(p)- Ne(p)’

Diff_c is the difference in color value between the point p and the point x,
Diff_ g is the difference in gradient value between the point p and the point x,
Diff_lis the difference in Laplacian value between the point p and the point x.

After Nc, Ng and NI have been counted, the matching criteria function of the point p
can be formed. Then, the score for the point x on the other image can be computed.
Points yielding lower scores mean that they have greater possibilities to be the
corresponding points of the point p according to the computed matching criteria

function. Figure 3-15 shows the process of locating corresponding points using the
matching criteria function.

Fa each point in the fist imaoge,
LCOunT the values Ne, Ng, Nlj
" Form the matching criteria

function using the values
Nc, Ng. NI

Foy finding the caresponding paint of the odint o in
he fist imags,

. Foreach point in the
second image, the scores -
for the matching criteria
function defined at the
point © are computed

Points of lower secres have grealer prooauilities to
be the coresponding paint of p

Figure 3-15: The process of finding corresponding points using the matching criteria function

Speedup for the computation of the matching criteria function

In the process of forming a matching criteria function, the values Nc, Ng and NI need
to be counted. In other words, when counting the values Nc, Ng, NI for a particular
point p, the color values, the gradient values and the Laplacian values of all the other
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3.4 Matching of feature points

After the investigation of the matching criteria function in the previous section, the
matching process for the feature points is described in this section. Firstly, the feature
points in the two images are found following the algorithm described in the subsection
3.2.2. Then, the feature points in the two images are being matched. The matching
process makes use of the matching criteria function described in the previous section.

The matching process for a feature point begins with the computations of the
weightings of different components in the matching criteria function. Then, the scores
for the feature points in another image are computed using the matching criteria
function and the point that gives the lowest score is selected to be the corresponding
point.

Up to now, no positional information about the feature points is applied. In order to
make the matching results as accurate as possible, a relative large neighboring region
(10x10 pixels) is used. Figure 3-18 shows an example of the matching of the feature
points between two images.

Figure 3-18: The matching result for feature points
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However, no matter how large the neighboring region is considered, false matching is
inevitable if no positional information is included in the matching process. Figure 3-
19 shows the false matching due to the ignorance of the positional information.

Figure 3-19: The matching of the feature point 25’ is regarded to be wrong because the distances
between 25 and ‘35, ‘48’, ‘51’ have great differences in the two images.

Referring to Figure 3-19, the false matching of the point ‘25° can be avoided if it is
known the point ‘25" is on the left of the point ‘31 and thus the corresponding point
of the point ‘25’ should also be on the left of the corresponding point of the point g i i
Another observation is that the relative distances between the feature points in the first
image should be similar to the relative distances between the corresponding feature
points in the second image. In Figure 3-19, the relative distances between the point
25’ and ‘35°, ‘48’, ‘51” in the two images differ a lot. Thus, the matching of the point
‘25’ can be detected as a wrong matching.

So, checking is required after the feature points are matched using the matching
criteria function without considering the positional information. For each feature point,
its distances between other feature points are computed. Then, after the matching
process, the distances between its corresponding point and the corresponding points of
other features are also computed. If some of the distances are very different from the
original ones, the matching result for this point will have a high probability to be
wrong. This checking is performed for all the feature points to identify any false
matching. Figure 3-20 summarizes the steps for matching feature points.
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i

Match the points by using the
matching criteria function (with
the neighboting informartion)
(A brute-force appreach, fry to
match with alt feature points in
another image]

. Compute the disfances
between the features, and also
compute the distances
between the comesponding
points of the feafures, reject the
matched pairs with large
clifferences

Figure 3-20); The process of matching feature points

In this section, the process for matching the feature points is described. In the next
section, the steps for matching the non-feature points using the information of the
matched feature points will be covered.
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3.5 Matching of non-feature points

After the feature points are matched in the previous section, non-feature points are
matched in this section. When the feature points are being matched, no positional
information is considered. Checking is carried out after the matching to validate the
matching results. However, for the matching of non-feature points, the positional
information is considered in the matching process. The positional information comes
from the positions of the matched feature points.

3.5.1 General steps for matching non-feature points

For matching non-feature points, the searching area for a corresponding point should
not be the whole image. Instead, the searching area for a corresponding point should
be bounded by the corresponding points of feature points or matched non-feature
points. So, the first step for matching a non-feature point is to find its bounding points.
After the bounding points for a non-feature point are found, the expected position of
its corresponding point is estimated by simple computations.

Obviously, the estimated position of the corresponding point can hardly be an accurate
one. So, the position of the corresponding point needs to be adjusted after the
estimation. To achieve this, a local searching window centered at the estimated
position is set up. The scores of the matching criteria function for the points in this
local searching window are computed. (Note: The size of the local searching window
depends on the average distance between the point and its bounding points. If its
distances between the bounding points are greater, the size of the local searching
window will be larger.) If the minimum score for the matching criteria function is not
found at the center of the local searching window, it means that the estimated point is
not the correct one. Then, the point having the minimum score will become the new
estimated position. The process goes on until the point having the minimum score for
the matching criteria function is found at the center of the local searching window. At
that time, the estimated position will be the position of the corresponding point. Figure
3-21 summarizes the step for matching non-feature points.
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Figuire 3-23: Barycentric coordinates in a quad

Referring to Figure 3-23, for a point P inside a quad ABCD, if the corresponding
points for A, B, C, D are known to be A’, B, C' and D' respectively, then the expected
position of its corresponding point P' can be computed with the use of barycentric
coordinates.

First, the barycentric coordinates (7, sy, #;) of P with respect to AABC are computed.

., = S(APBC)
S(AABC)’

5 = S(APCA)
S(AABC)’

e S(APAB)
S(AABC)’

Then, the barycentric coordinates (rz, Sz, 1) of P with respect to AACD are also
computed.

e S(APCD)
S(AACD)’

., = S(APDA)
~ S(AACD)’

__ S(APAC)
"~ S(ACD)

It is known that a point is inside a triangle if all the three values of the barycentric
coordinates are greater than zero. So, if 77, s; and #; are all greater than zero, the point

P is inside AABC.

._ S(APBC) A S(APCA) B+ S(APAB) c.
P= S(AABC) S(AABC)  S(AABC)
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But, if r,, 57 and ¢, are all greater than zero, the point P is inside AACD.

o S(APCD) Ay S(APDA) C'+ S(APAC) D'
S(AACD) S(AACD) S(AACD)

But, if s/ and 2 equal to zero, it means that P lies on the line AC. In this case, the
expected position of P' can be computed using either AABC or AACD. Figure 3-24
shows the computations of the expected positions of the corresponding points using
the barycentric coordinates of the bounding points.

Figure 3-24: The computation of the expected position of the corresponding point of a non-feature point
by using the barycentric coordinates of the bounding points. The green quadrilaterals on the right images
are formed by the bounding points of the red points on the left images. The green crosses on the right images
are the computed expected positions of the corresponding points of the red points.

Accuracy of the expected position
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In this subsection and the previous subsection, the expected position of the
corresponding point of a non-feature point is computed using the bounding quad and
the bounding triangle respectively. It is obvious that if the bounding points are close to
the original point and all these points are roughly lying on the same plane, then the
computation of the expected position of the corresponding point will be more accurate.
Otherwise, the computation of the expected position of the corresponding point is not
accurate and further adjustment is needed. In the next subsection, the procedure for
updating the bounding points is discussed.

3.5.4 Update of Bounding Points

Recall that in the subsection 3.5.1, the first step in the procedure of matching a non-
feature point is to locate the bounding points. To do this, instead of searching all the
matched points for the bounding points, the bounding points of all the unmatched
points are updated (if necessary) whenever a new point has been matched.

Firstly, each point in the image is defined to have four bounding points, namely lower
left bounding point, lower right bounding point, upper left bounding point and upper
right bounding point. The bounding points of all the points in the image are initially
set to be the image corners. Figure 3-25 shows the bounding points of a point.

Upper Left Bounding point Upper Right Bounding point

Lower Left Bounding point

Lower Right Bounding point

Figure 3-25: The blue points are the bounding points of the red point.

Then, after the matching of either a feature point or a non-feature point, the bounding
points of the unmatched points are updated if necessary.

Figure 3-26: Update of bounding points
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In Figure 3-26, the red point is the point that has just been matched. The bounding
points of other unmatched points will be updated if necessary. For the points in the
region A, if the distance from the red point is smaller than that from the existing upper
right bounding point, then the red point will be the new upper right bounding point.
For the points in the region B, if the distance from the red point is smaller than that
from the existing upper left bounding point, then the red point will be the new upper
left bounding point. For the points in the region C, if the distance from the red point is
smaller than that from the existing lower left bounding point, then the red point will be
the new lower left bounding point. Similarly, for the points in the region D, if the
distance from the red point is smaller than that from the existing lower right bounding
point, then the red point will be the new lower right bounding point.

Figure 3-27: The orange points are the new matched points and the shaded blue quads are the new
reduced searching areas for the small red points

Figure 3-27 shows the examples for which the bounding points are updated when a
matched pair of points is newly added. The original bounding areas (which are drawn
by green lines) are reduced to the new bounding areas (the shaded blue areas) after a
pair of matched orange points is inserted.

In this subsection, the procedure for updating the bounding points is described. Then,
the matching order of the points will be investigated in the next subsection.

3.5.5 Matching order

In this subsection, the matching order of the points is investigated. Points in the image
can be matched one by one following the row-major order or the column-major order.
However, if the image is matched in row-major order or column-major order, the
matching of the points cannot take the best benefit from the matched points.

In order to understand the situation, Figure 3-28 is considered. Non-feature points of
the upper two images match with each other in the row-major order. On the other hand,
non-feature points of the lower two images match with each other in the order that
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points are matched sparsely and uniformly at the beginning. Then, the density of the
matched points will increase gradually and uniformly.
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Figure 3-28: The scenarios for the difference in the size of the search area for different matching order

Referring to Figure 3-28, the pixels in blue represent the matched feature points. The
pixels in gray represent the matched non-feature points. In both cases, 16 non-feature
points have already been matched. The pixel in red is the non-feature point that is
being matched at the current stage. The pixels in yellow are the ones that fall into the
search area for the corresponding point. It can be observed that the search area is
much smaller for the case that the points are matched from sparse to coarse uniformly.
Let’s call the matching method that follows this order be the ‘Matching Order
Method’.

In the next subsection, the ‘Matching Order Method’ and the multiresolution method
are compared.

3.5.6 Comparison of the Matching Order Method and the multiresolution method

In this subsection, the ‘Matching Order Method’ is compared with the multiresolution
method.

The ‘Matching Order Method’ is similar to the multiresolution method in the
following sense:

® The main objective of these two methods is to reduce the computation time of the
whole matching process by minimizing the searching area for a particular point.

* The matching results in the previous stages for these two methods need to be very
accurate. Otherwise, the latter matching results will be greatly influenced since the
searching areas for the latter points may have been modified wrongly.

Although the ‘Matching Order Method’ has some of the characteristics that the
multiresolution method has, these two methods do have differences. The
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multiresolution method relies on appropriate low-resolution image representations so
that the matching result of the original resolution can be obtained from the matching
results of the lower resolutions iteratively. For the ‘Match Ordering Method’, images
of original resolution are used to perform the matching. It is more reliable and it does
not depend on the existence of appropriate low-resolution image representations.

In this section, the issues about the matching of non-feature points are covered. In the
next section, speedup issues of the matching process will be discussed.
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3.6 Discussion - Speedup issues

In this section, techniques that are used for speeding up the matching process are
discussed. When an image is matched with another image, all the points in the first
image are trying to find their corresponding points in the second image. All the feature
points go through the same process, from forming the matching criteria function to
computing the matching scores for the points in another image. All the non-feature
points go through another process, from locating the bounding points to local search at
the computed expected position of the corresponding point. It is important to improve
the performance of the algorithm so that the matching process can be done within a
short time.

3.6.1 Consecutive Images from a video file

To improve the performance, a reasonable thinking direction is to reduce the search
area for each point. If the input images come from a video file, the difference between
consecutive image frames is small. Thus, the search area for a point in another image
can be set to a small value. When two close images are being matched, points outside
the small search area should not be selected as the corresponding points even if the
scores obtained from the matching criteria functions are small enough.

3.6.2 Feature Tracking

This method can mainly be used for the images extracted from a video file. When two
images that are not of consecutive pair from a video file are being matched, the
difference can be large. Then, the search area for finding corresponding point will
need to be large and also the matching result will be less reliable. To cope with this,
one way to match two images of large difference is to match all the consecutive image
pairs in-between the two original images. Then, the matching of the two original
images can be obtained by traversing the in-between image pairs. In doing this, the
number of matching performed will increase. But, for the matching of each individual
point, the searching area can be much smaller because all the in-between matching is
performed using two consecutive image frames. More importantly, the overall result
of the matching will be more reliable since the matching between the consecutive
frames is more reliable than the matching between two images of a large difference.
Therefore, if the in-between images are available and the accuracy of the matching is
the primary concern, this approach can be a suitable choice.

3.6.3 Pixel grouping
One way to speed up the matching process is to reduce the time for computing the

matching criteria functions. The matching criteria function depends on the color value,
the gradient value and the Laplacian value. For the points that have the same color
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value, the same gradient value and the same Laplacian value, they should have the
same matching criteria function and so this function needs to be computed once only.
So, in order to avoid the re-computations of the same matching criteria functions, the
pixels that have the same pixel characteristics should be grouped together. This pixel
grouping process can improve the performance of the matching. The difficulty in
applying this technique is that in real images, the pixels often have pixel
characteristics of tiny differences but seldom have the identical pixel characteristics.
This makes the pixel grouping not so practical.

3.6.4 Reduction of the searching area

Since after the computations of the matching criteria functions, the scores of the pixels
within the search area need to be calculated. So, it is important to reduce the search
area of a pixel as small as possible for speeding up the matching process.

There are two ways to reduce the searching area for a pixel.

One way to reduce the searching area for a pixel comes from an assumption that the
difference between two images should not be large. With this assumption, all the
corresponding points in the second image are not expected to be away from their
original positions in the first image by a small threshold. For instances, if it is known
that feature points and their corresponding points in another image differ at most by a
value A, the search area for a non-feature point can be set as 4 x A x A. Obviously, a
non-feature point will not be able to find its corresponding point correctly if its correct
corresponding point is outside the search area. To be secure, a larger search area may
still be needed but this will slow down the process. It needs a compromise.

The second way to reduce the searching area is to consider the positional relations
between the points in the original image. Referring to Figure 3-29, consider five
points in the first image. Denote these five points by P1, P2, P3, P4, P5. Pl is on the
left of PS5, P2 is on the right of P5, P3 is below P5 and P4 is above P5. Assume that
the corresponding points of P/, P2, P3 and P4 in the second image are already known
and denote them by QI, 02, Q3 and Q4 respectively. Also, denote the unknown
corresponding point of P5 by Q5. Since P1 is on the left of P5, QI should also be on
the left of Q5. Since P2 is on the right of PS5, Q2 should also be on the right of Q5.
Similar relations also hold for Q3, Q5 and Q4, Q5. Therefore, the searching area of P5
is bounded by the x-coordinates of Q1, Q2 and the y-coordinates of 03, Q4.

Image 1 Image 2

Figure 3-29: Locations of P1-5, Q1-5
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In general, as the corresponding points of more points are found, the searching areas
of oth@r points will be further reduced by the positions of the matched points. So, the
matching order of the points will affect the time needed for matching all the points (as

stated in the previous section). The search areas of the points are reduced in different
rates for different matching orders of the points.

Shortcomings

One shortcoming for applying this approach to reduce the searching areas is that
throughout the matching process, the matched pairs of points are assumed to be
correct and used to reduce the searching area of other points in latter stages. If some
errors exist in the matching, the searching area of other points will be modified
wrongly and the consequence can be the correct corresponding point of a particular
point has already been outside the search area. In other words, it is ‘error
accumulating’.

3.6.5 Multiresolution matching

Multiresolution matching is another method for speeding up the matching process.
The main essence of multiresolution matching is to match the images of original
resolution by first matching the images of lower resolutions.

How to form the coarse versions of the images?

Min-Max representation

This ‘min-max’ representation is used in [c6]. Four sub-images of lower resolution
will be formed from one image of higher resolution. Each point in the image of lower
resolution is formed from four points in the image of higher resolution.

Wavelets

Besides the "min-max" representation, the lower resolution images can also come
from the wavelet representations. Basic knowledge about wavelets can be found in [c1,

c4, 7, ¢8, ¢9, h11]. Figure 3-30 shows different resolutions of the image formed using
Daubechies wavelets.



Chapter 3. Image Correspondence 42

Figure 3-30: Different resolutions of the image formed using Daubechies wavelets
Multiresolution Matching Process

The matching process starts from images of low resolution. From the matching results
of the lower resolution images, the search areas of the points in the higher resolution
images are restricted. After matching images of all the lower resolutions, the images
of the original resolution will be matched based on the results of the lower resolution
images. Figure 3-31 shows the flow for multiresolution matching.
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{

Using wavelets ransform or other
filters, compute lower resoiution
representdtions of the original
images

Start from a low resolution
| representation, compute the
mafching between the images;
Update the searching area of
the points in the higher resolution
image:; repeat the steps until the |
images of the original resoiution
are matched

Figure 3-31: The flow diagram for multiresolution matching
Limitation

One of the disadvantage of the multiresolution matching is that if there are errors in
the matching for the lower resolution images, the search area for the points in the
higher resolution images will be wrongly set. Then, the corresponding points for the
high-resolution images will be wrongly decided. In other words, the matching errors
in the lower resolution will pass to the higher resolutions. Moreover, multiresolution
matching depends on appropriate multiresolution image representations, only
appropriate lower resolution image representations can provide accurate matching
results for higher resolution images.

Indeed, the multiresolution matching will only be suitable to match the images that do
not differ for a lot. It is because, if the images are of large difference, the low-
resolution images will differ a lot from each other, then the matching in the low-
resolution images will be unreliable. Consequently, the points in the high-resolution
images can hardly find their corresponding points accurately. Thus, despite for the fact
that the multiresolution matching can reduce the search areas of the points and hence
can reduce the matching time, the reliability of the matching results may be affected
by the quality of the lower resolution matching. It is again a tradeoff between the
performance and the accuracy.

In this section, speedup issues about the matching process have been discussed.
Besides speedup issues, accuracy issues are also important. Thus, accuracy issues
about the matching process will be addressed in the next section.
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3.7 Discussion - Accuracy Issues

In this section, several techniques are investigated for improving the accuracy of the
matching process.

3.7.1 Color Perception

When two points in two images are being compared in term of their color values, one
way is to compare the sum of the squared differences of their color components.
(Assume the color is represented by the R, G, B values, the color differences of the
two points will then be expressed in terms of their R, G, B values.) If the computed
value is large, the two points are very different in terms of their colors. If the
computed value is equal to zero or a very little value, the two points have a high
probability to be a corresponding point pair if only the factor of color difference is

considered. But, is it a fair approach to expressing the color differences in terms of the
R, G, B values?

Color Model

When the colors of two points are compated, the R, G, B components of their colors
are compared. Consider a situation, the color (Ra, Ga, Ba) of the point A in the first
image is compared with the colors (Rb, Gb, Bb) and (Rc, G, Bc) of the points B and C
in the second image. If the color difference values between the point A and the point B
and between the point A and the point C are DI and D2 respectively and DI equals D2,
then the color differences between the point A and the point B is equal to that between
the point A and the point C according to the computation based on the RGB values.
However, a human may easily point out which point looks more like to be the
corresponding point of the point A despite of the tie in the color difference
computations. It means that the same amount of the RGB difference may not account
for the same perceptual difference in the human eyes. It is due to the fact that the RGB
color space is not a uniform color space. If it is intended to relate the difference in the
color values to the perceptual difference in the human eyes, it is necessary to choose a
color space that provides uniformly spaced human visual perception.

Besides RGB color model, other color models that follow the CIE standard (CIE
stands for International Commission on lumination) exist. CIE color models are not
developed for displaying on any device and the main purpose is for measuring colors.
CIEXYZ is the most basic CIE color model, but it is not a uniform color model.
CIELAB and CIELUV are two uniform color CIE models. Thus, for computing the
color difference that is intended to relate the visual perception, the R, G, B values are
first converted to the X, ¥, Z values of the CIEXYZ color model, and then further
converted to the L, A, B values or the L, U, V values of the CIELAB color model and
the CIELUYV color model.

Literatures about color models and their uses can be found in [a5, gl, h2, h13]. In [a5],
a uniform color system is applied for face detection. For comparing the matching
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results of computing color difference using the RGB values and values in a uniform
color system, a program downloaded from http://www.sys.wakayama-
u.ac.jp/~chen/ucs.html has been used to convert the R, G, B values into the values of a
uniform color system. Figure 3-32 shows the matching results of using values in a
uniform color system to compute the color difference.

Points in blue on the right image are the points that the color differences (computed using values in a
uniform color system) smaller than a preset threshold when compared with the red point on the left
image.

Points in blue on the right image are the points that the color differences (computed using values in a
uniform color system) smaller than a preset threshold when compared with the red point on the left
image. (a neighboring block of 10x10 pixels considered)

Points in blue on the right image are the points that have the matching scores computed by the
matching criteria function below a predefined threshold (with the color difference computed using
values in a uniform color system).
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Figure 3-34: Pixel order preserving

Referring to Figure 3-34, if it is known that p2 lies between pl and p3, then their
corresponding points should also be in the same order (i.e. g2 should lie between g1
and ¢3). That means, if it is known that p2 lies between pI and p3, but g2 does not lie
between gl and g3, then there must be a matching error. Using this technique,
matching errors can be detected whenever there is an ordering error when a straight
line in the first image is matched on another straight line in the second image.

3.7.5 Quad preserving

The pixel order preserving described in the previous subsection only considers the
order of the pixels in one dimension. It is also possible to consider the pixel order in
two dimensions.

Referring to Figure 3-35, the four points (labeled P1, P2, P3, P4) in the first image are
arranged in an anti-clockwise order. Then, in the second image, their corresponding
points are labeled by Q1, 02, Q3 and Q4 respectively. If the matching of the points is
correct, 01, 02, 03 and Q4 should also be in an anti-clockwise order. Thus, if after
performing the matching process, the corresponding points @7, 02, O3 and Q4 are not
in an anti-clockwise order (e.g. the third image in Figure 3-35), there must be some
matching errors. So, by checking the "quad preserving" characteristic, the correctness
of the matching results can be checked.

P4 P3 Qb QW
® ® & @ Q4
i ng o
| B
a ST
e ———Y R ® .-
P2 ® .
P1 o0 [SE 32

Figure 3-35: The characteristics of "quad preserving". Points Qi are the corresponding points of points
Pi. The second image satisfies “quad preserving” while the third image does not.

Limitation

How can this checking be carried out? How to choose points to form quads in the
image? Of course, it is not necessary to form quads for all the possible combinations
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of four from all points and check the "quad preserving" characteristic. Instead, quads
are formed from the grid points on the image. The separation between grid points can
be set according to the time available for carrying out the test. If the grid points are
denser, more quads are formed and more time is used for carrying out the tests. This
again should be a tradeoff between accuracy and performance.

3.7.6 Quad area preserving

Besides the pixel order of the quads, the areas of the quads also provide some hints on
the correctness of the matching. Given images from two different view points, the
areas of the quads in the first image (formed by grid points) are clearly different from
the areas of the quads in the second image (formed by the corresponding points of the
grid points in the first image). But, the change of the areas of quads should not be very
different from that of all of its neighboring quads. Therefore, if the change of the area
of a quad is very different from that of its neighbors, there is a high possibility that
there is a matching error. This property again can be used to detect the matching errors.

In this section, accuracy issues about the matching process have been discussed. In the
next section, other issues will be addressed. These include discussions about the use of
epipolar constraint and the matching of regions. Then, in the final section of this
chapter, a summary will be given.
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3.8 Discussion - Other Issues

In this section, two issues about the matching process will be discussed. One is about
the use of epipolar constraint and another is about the matching of regions.

3.8.1 Use of epipolar constraint

The problem of image correspondence can also be solved with the help of the epipolar
geometry [b3]. According to the epipolar constraint that holds for a stereo setup, a
point lies on a line that passes through the epipole in the first image will lie on the
corresponding line in the second image. This reduces the search region for the
corresponding point from two dimensions to one dimension.

However, in some cases, the matching of the images cannot simply make use of the
epipolar geometry. It is because the movement of the object between two images may
be a non-rigid movement. For examples, consider the nodding action, the head may
move up and down, but the neck will stay around its original position. Then, when the
whole image is considered, the movement between images is not a rigid one. So, if the
epipolar constraint needs to be applied, it is necessary to determine which part of the
image follows a rigid movement and which part does not.

3.8.2 Matching of regions

When two images are being matched, points in the images can be grouped into regions
and then the regions can be matched instead of the individual points. Matching the
regions has an advantage over matching individual points that it is more efficient
because there are often fewer regions than individual points.

However, in the case of matching faces, the method of matching regions cannot get
much benefit since it is very difficult to group the points together to form regions due
to the fact that most of the points have a similar color (i.e. the face color) and it is not
easy to form distinctive regions of very different colors.

After describing the two issues in this section, a chapter summary will be given in the
next section.
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assumptions. In the next section, the assumptions made in the reconstruction approach
will be stated.

4.2 Assumptions

The assumptions made in the reconstruction approach includes:

* The camera information is not used throughout the reconstruction process.

* The input images are formed with parallel projections.

¢ At least three images are provided as input images. One of them must be a frontal
view image.

¢ The facial surface to be reconstructed is left-right symmetric.

In the next section, the grid points and gridlines used in the reconstruction part of the
project will be defined.

4.3 Grid points and Gridlines

4.3.1 Definition of the gridlines

What are grid points?

Grid points are the points on the images between which are separated by a constant
distance. This constant determines the density of the grid points. In our case, the grid
points are defined with respect to the frontal view image

What are grid lines?

Two kinds of gridlines, the vertical gridlines and the horizontal gridlines, are defined.
Vertical gridlines are formed by joining the grid points along the vertical direction on the
frontal image. Similarly, horizontal gridlines are formed by joining the grid points along
the horizontal direction on the frontal image. Figure 4-1 shows a frontal view image and
the horizontal and vertical gridlines defined.
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Figure 4-1: Gridlines in the frontal view

The grid points defined in the frontal view will be the point set for the reconstructed
model. If the grid points are denser, the reconstructed model will also be denser. The x, y
coordinates of points in the point set of the reconstructed model are set to the x, y
coordinates of the grid points in the frontal view image. So, the task of the reconstruction
is to find the z-coordinates of the points in the point set of the reconstructed model.

In the next section, the deformation of the gridlines from different views will be
investigated.
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4.4 Gridlines from different views

After defining the gridlines on the images in the last section, gridlines from different
views will be studied in this section.

Planes

Obviously, horizontal gridlines and vertical gridlines on planes are still straight lines from
different views (besides the frontal view). It implies that there is no change in the z-values
of the grid points along the horizontal and the vertical gridlines.

Sphere

After considering the gridlines on planes from different views, the gridlines on a sphere
are also studied. Figures 4-2 shows the horizontal gridlines and the vertical gridlines on a
sphere from different views.

Facial surface

After observing the gridlines on the sphere from different views, the gridlines on a facial
surface are studied. Figure 4-3 shows the horizontal gridlines and the vertical gridlines on
a facial surface from different views.
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Figure 4-2: Gridlines on the sphere from different views
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4.5 Depth Hints from the gridlines

In the last section, the grid points from different views are observed. Can any depth
information obtained from the positions of grid points? Let’s take a sphere as an example
(Figure 4-4). Considering a side-view image, it can be observed that the vertical gridlines
departs from straight lines. What can we talk about the depths of the point?

Tt
.
1

Figure 4-4: Grid points along the vertical gridlines

Referring to Figure 4-4, from the x-coordinates of the grid points, Py should have a
smaller z-value than Py, Pjy should have a smaller z-value than P,g, Py; should have a
smaller z-value than P;;, P;; should have a smaller z-value than P;;, etc.

However, since the image is not taken from exactly 90° from the side, the difference in x-
coordinates between two grid points is not equal to the difference in z-values between two
points. So, what obtained from x-coordinates of the grid points in a side-view image is the
z-order of the grid points along their vertical gridlines. However, the information about
the z-order of the grid points between different vertical gridlines or along horizontal
gridlines cannot be obtained from a side-view image. Therefore, another image from the
top front or the bottom front is required.
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Figure 4-5: Grid points along the horizontal gridlines

Figure 4-5 shows the positions of the grid points from a top front view. It can be observed
that Py should have a smaller z-value than Py;, Py; should have a smaller z-value than Py;,
P;o should have a smaller z-value than P;;, P;; should have a smaller z-value than P;;, etc.
But, since the image is not taken exactly from the ‘top’, the difference in y-coordinates
between two points is not equal to the difference in z-values between two points. So, what
obtained from the y-coordinates of the grid points in a top front view is the z-order of the
grid points along their horizontal gridlines.

Therefore, if a side view image as well as a top front view or a bottom front view image
are available, the z-order of the grid points along the vertical gridlines and the horizontal
gridlines can be obtained. So, the task is to obtain exact difference in the z-values from
the z-order of the points. In order to facilitate this, two values called “point-proportions”
are defined at each grid point in the next section.
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4.6 Point proportions

In.th.e previous section, the z-order of the grid points along the horizontal and the vertical
gridlines can be obtained from the side view image and the top front image. In this

sgction, two values called point proportions are defined at each point so as to facilitate the
discussions.

4.6.1 Definition of Point proportions

Instead of applying the x-coordinates of the grid points in the side view image or the y-
coordinates in the top front view image directly, two point proportions (horizontal point
proportion and vertical point proportion) are defined at each grid point.

What is point proportion? Referring to Figure 4-6 and let’s consider the diagram for the
vertical gridline. Assume (without loss of generality) that the side view is from the right.
Denote the rightmost point of the vertical gridline by V. Also, denote the leftmost point
of the vertical gridline by V. If a grid point P has a horizontal distance of V from Vpn,
then the point proportion of P along this vertical gridline is

V - Vmin
Vmwc - Vmin

The situation is similar for the case of a side image from the left.

Next, the diagram for top front view is considered. Denote the bottommost point of the
horizontal gridline by Hu. Also, denote the topmost point of the horizontal gridline by
Hipa. If 2 grid point P has a vertical distance of H from H,;, then the point proportion of
P along this horizontal gridline is

H - Hmin
Hmax - Hmin

The situation is similar for the case of a bottom front view image. It should be noted that
both vertical and horizontal point proportions fall into the range of 0-1.
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Figure 4-G: Point proportions

Since each visible grid point in the image lies on one vertical gridline and one horizontal
gridline, each point has one vertical point proportion and one horizontal point proportion.

4.6.2 Invariance information of different views

Since the images used for reconstruction are assumed to be formed with parallel
projection, the point proportions obtained from views of different view angles should be
the same and the difference between the point proportions should reflect the difference
between the z-values. In other words, the points should have the same horizontal and
vertical point proportions when the point proportions are computed using the z-values
instead of the pixel coordinates.

Despite of the fact that the point proportions are not affected by the view angle, the
number of visible grid points will be affected by the view angle. Point proportions can be
obtained only from the visible grid points. Besides, if the side view image used is too
close to the frontal view image, point proportions obtained will be unreliable. In extreme
situation, Viuge-Vmin may equal to I and V-V, of the points equal to either 0 or 1. Then,
the point proportions of these points will be unreliable and useless.
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Figure 4-7: A side view image with too small view angle

In Figure 4-7, since the angle that the side view image makes with the frontal image is too
small, the vertical point proportions obtained are not reliable and cannot used for
reconstructing a facial surface.

4.6.3 Left-Right Symmetric

In this project, the reconstructed facial surface is assumed to be left-right symmetric. (It is
reasonable since most of the real facial surfaces are approximately left-right symmetric.)
For processing convenience, either a side view from the left or a side view from the right
is used. Assume that a side view (Figure 4-8) of the object from the right is given.
Considering the vertical gridlines, only the ones from the right are usable because of the
occlusion due to the nose. Then, the point proportions of the invisible grid points are set
to be the same as their counterparts on the right.

Figure 4-8: Gridlines on the right hand side of the central vertical gridline are sufficient for reconstructing a
facial surface if the facial surface is assumed to be left-right symmetric

In this next section, the relationship between the point proportions is studied.
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4.7 Relationships between gridlines

In this section, relationship between gridlines is investigated. The point propoﬂions of
grid points on the vertical and horizontal gridlines are the information retrieved from the
input images

4.7.1 Relationships between the gridlines (part 1)

If there are N visible grid points appeared in the frontal image, the side view image and
also the top or bottom frontal image, then the reconstructed model will have N grid points.
The x, y coordinates of the points on the reconstructed model are equal to the x, y
coordinates of the grid points on the frontal view image. The z coordinates of these N grid
points are the values that need to be found.

Denote the point proportion of the grid point (j, i) along its vertical gridline by v(1,j).
Denote the point proportion of the grid point (j, i) along its horizontal gridline by A(i,j).
Denote the function of z-value along the j® vertical gridline by P;, and denote the z-value
of the i™ point on it by Py(i).

Denote the function of z-value along the i™ horizontal gridline by Q;, and denote the z-
value of the /™ point on it by Qy(j).

By equating the z-value at the grid point (j, i), Pj(i) equals to Qyj). Since the input images
are formed using parallel projection, the z-value of a grid point on a vertical gridline
should be equal to a constant plus the point proportion multiplied by another constant.
The idea is shown in Figure 4-9.

0
K1 |

0

Figure 4-9: Relationships between Py(i), k1, k2

Pyi) = kl; + k2;- V(i j) , where kI;and k2; are unknowns
Since the input images are formed using parallel projection, the z-value of a grid point on

a horizontal gridline should be equal to a constant plus the point proportion multiplied by
another constant.

Qij) =hl; + h2;- h(i, ) , where hl;and h2; are unknowns
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Since Pi(i) = Oj),

kIj +k2;- v(i,j)=hl; + h2;- h(i, j)

So, for each grid point (j, i), an equation of the same form can be formed as the one
appeared on the last line.

klo
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An equation is only formed if the grid point is visible in the images. So, if there are m
vertical gridlines and n horizontal gridlines, then the number of equations in the above
system should be less than m x n and the number of variables is less than or equal to 2 x
(m + n).

Then, the task of finding the z-values of the grid points becomes the task to solve the

system of equations to find the unknowns kly, k29, ..., hlgp, h2, .... If the unknowns &, k
can be found, the z-values of the grid points can be computed.

4.7.2 Relationships between the gridlines (part 2)

However, the variables kI, k2, hl, h2 in the previous system of equations are not
independent, there exists other relationship between them.

Consider four neighboring grid points at (j, i), (j+1, i), (j, i+1), (j+1, i+1) in Figure 4-10.

n+1, j) n(i+1, j+1)
B B
- -

nf, j) n(, j+1)
Figure 4-1(): Four neighboring grid points

th

Along the * horizontal gridline,

Qij+1) - Oj) = hl; + h2;+ h(i, j+1) - hl; -h2;- (L))
Q(j+1) - Qi) = h2;+ (h(i, j+1) - h(i, j))
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Similarly, along the i+I" horizontal gridline,

Qisi(j+1) - Qias(j) = hlins + h2is - h(i+1, j+1) - hlig - h2i1- B(i+1j)
Qie1(G+1) - Qins(j) = B2i1 - (W(i+1, j+1) - A(i+1, j))

Along the j™ vertical gridline,

Pi+1)- Pi)=kl; + k2;- w(i+1,j) - kI;- k2 W(i, j)
Pyi+1)- Pi(i) = k2;- (W(i+1, j) - v(3, j))

Similarly, along the j+1" vertical gridline,

Pioi(i+]) - Ppyy(i) = kljes + K241+ V(i+1, j+1) - kljer - K2pp - V00, j+1)
Piui(i+1) - Piyy(i) = k2pp - (W(i+1, j+1) - v(i, j+1))

Denote the z-value at the grid point (j, i) by n(3, j).
n(i, j) = P{i) = Qij)

Considering the grid points (j, i), (j+1, i+1),
n(i+1, j+1) - n(i, j) = n(i+1, j+1) - n(i+1, j) + n(i+1, j) - n(i, j) o
n(i+1, j+1) - nfi, j) = h2uy - (h(i+1, j+1) - h(i+1, j)) + k2 (W(i+1, j) - v(ij)

n(i+1, j+1) - n(i, j) = n(i+1, j+1) - n(i, j+1) + n(i, j+1) - n(1, j)
n(i+l1, j+1)-n(i, j) = k2j1- (V(i+1, j+1) - v(i, j+1)) + h2; - (h(i, j+1) - (i, j))

o B2up (Wi+D, 1) - h(i+1, ) + R2p (W(i+1, ) - V(i) = k2jr (W(i+1, j+1) - v(i, j+1))
+ 02 (Wi, j+1) - (i, j))

Now, considering the grid points (j+1, i), (j, i+1),
n(i, j+1) - n(i+1, j) = n(i, j+1) - n(i, j) + n(i, j) - n(i+1, j)
n(i, j+1) - n(i+1, j) = h2;- (h(i, j+1) - h(i, j)) - k2; - (V(i+1, j) - v(i, J))

n(i, j+1) - n(i+1, j) = n(i, j+1) - n(i+1, j+1) + n(i+1, j+1) - n(i+1, j)
n(i, j+1) - n(i+1, j) = -k2j.1 - (v(i+1, j+1) - v(i, j+1)) + h2ip- (Wi+1, j+1) - h(i+1, j))

o h2p (R, j+1) - h(i, §) - K2 (i1, ) - (i, ) = k2jer (Wi+], j+1) - Vi, j+1)) +
h2isr- (h(i+1, j+1) - B(i+1, j)

From the above two cases, it can be seen that an algebraic relationship holds between the
unknowns h2; and k2; for every four neighboring grid points.

After reordering, the algebraic relationship looks like this:
(i1, j) - (i, ) K25~ (V(i+1, j+1) = v(i, j+1)) R2jur—(h(i, j+1) b, ) h2; + ((i+],
JH1)=h(i+1, 7))+ h241=0

By listing out the algebraic relationships, a system of equations can be formed.
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k2) (0)

v(,0)-v(0,0) —v(ILD+v(01) ... —AO,D+A0,0) AL -k(10) 1o 0
1

Pl o

h2o 1
h2:

Therefore, besides the system of equations is formed by relating the unknowns k1, k2, k1,
h2, anew system of equations involving the unknowns k2, h2 can be obtained.

For obtaining the z-values of the grid points, the unknowns k1, &2, hl, h2 require to be
solved. The latter system of equations involving only k2, h2 can be solved first. Then, the
result can be substituted into the first system of equations to solve the unknowns &I, Al.

However, if some of the equations are wrongly formed, then the solution for the whole
system of equations will not be reliable. The quality of the reconstructed model will not
be good. Therefore, another approach that involving further assumption to tackling the
problem is proposed in the next section.
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4.8 Problem Simplification

In this section, a simplification under an assumption is proposed instead of solving the
systems of equations derived in the last section.

4.8.1 Further Assumption

Figure 4-11: Show the configuration

Referring to Figure 4-11, Ly ] is the central vertical gridline (central with respect to the
frontal view). Ly is another vertical gridline. L] is the horizontal gridline that cross Ly J
and L, at the point p and g respectively. Assume the scaling factor of Ly be Scalel.
Then, the objective in this section is to find scaling factors of other vertical gridlines in

terms of Scalel. Denote the minimum and the maximum z-value of the horizontal gridline
Lp] by a,,, and a,,,, respectively. Denote the minimum and the maximum z-value of the
vertical gridline Ly] by p,, and p,.. respectively. Denote the minimum and the
maximum z-value of the vertical gridline Ly2 by g,,;, and g,,,, respectively.

Although the point proportions are defined using the pixel coordinates in section 4.6, they
also apply to the z-values of the points since the input images are formed with parallel
projection. In the following equations which involve the point proportions, z-values are
used.
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Since p lies on the vertical gridline L, ],

p=v(p)-Scalel + pmin

Since p and g lie on the same horizontal gridline Lj, ],

Pz Qmin - h2(p),
Qmax — Qmin

.z — Qmin
— =h2(qg),
Amax — Amin

Pz Qmin _ h2(p)
4.z — Qmin h2(Q) ’

Pz hZ(q) — Amin - h2(q> ={q.- h2(p) ~ dmin h2(p),

g = L2 P+ (h2p) = h2Aq)) - amin.

4.1
h2(p) @b
Since g lies on the vertical gridline L2,
4.z~ {min - v2(q),
{max = {min
gz — gmin = VZ(Q) * gmax — V2(q> * {min,
2t v2 —1) - Gmin

v2(q)

Assumption

From above mathematical expressions, g., and gmax depends on the values dmin and gpmin. In
order to get rid of these two unknowns and make g.; and gmax Only depends on pmi (the
value associated with the central vertical gridline, an further assumption is made:

Pmin = Gmin = Qmin

This assumption means that the minimum points of the z-values for all the vertical
gridlines and horizontal gridlines are of the same value. If the surface to be reconstructed
is a cylinder, then this assumption is invalid because the vertical gridlines on the cylinder
will not have the same minimum z-value. However, if the surface to be reconstructed is a
cone or a sphere, then this assumption is valid since all minimum z-values for all the
vertical and horizontal gridlines are of the same value.

For the case of a human face, the assumption is roughly valid. It can be observed that
most of the vertical and horizontal gridlines have their minimum points near the boundary
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of the face and also points on the boundary of the face are roughly of the same z—Yalugs.
In other words, the facial surface to be reconstructed has roughly the shape of ellipsoid.
Thus, this assumption is taken to simplify the computation in the reconstruction process.
Since the reconstructed surface does not change with the transiation along the z-axis, Pmin
can be assumed to be an arbitrary value. In our implementation, pmi is set to be 5.00.
Based on the values Scalel and pmn, z-values of grid points along the central vertical
gridlines can be computed. -
For other vertical gridlines, one point g is chosen on the vertical gridline and then. pis
Jocated along the same horizontal gridline. (The condition for the points g and p will be
stated later.)

Using the assumption that g, equals to pumin, the equation 4.1 becomes

go=2% h2(q) + (h2(p) = h2(q)) - prin @3)
h2(p)

After g has been calculated and the assumption that g, equals tO pmin 18 used, the
equation 4.2 becomes

e = g..+(v2(q)—1) - pmin 4.4)
v2(q)

Then, the z-value of any grid point ¢, along the g’s vertical gridline can be computed.

Ga.z = (min + V2(Qa) . (Qmax - Qmin)

This process is repeated for every vertical gridline. Consequently, the z-values of all the
grid points are computed.

4.8.2 How to choose qand p?

Consider the equation 4.3, h2(p) cannot be equal to zero. So, p cannot be the minimum
point along its horizontal gridline.

Consider the equation 4.4, v2(g) cannot be equal to zero. So, g cannot be the minimum
point along its vertical gridline.

4.8.3 How to find the value ‘Scalel’?

Up to now, what has been obtained is a point set of the reconstructed model that the z-
coordinates are up to a scale. When the z-value of p is computed, there is an unknown
‘Scalel’ that has not been decided. This value is indeed the difference between the
minimum and the maximum z-values of the central vertical gridline. At this stage, this
value is changed interactively. It will be a challenging future work to obtain the value of
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‘Scalel’ vyithout any manual intervention. Figure 4-12 shows the flow of the
reconstruction process with the use of simplification.

For the central vertical gridline,

By setling the value of Scole? and
P the z-volues of all the grid points
can be computed using horlzontal
polnt proportions

For a vertical gridline (other than the central ohe),

&Choose one poinfg on it
v

Locate the point p on the centfral
verficot gridiine along q's horizontal
gridiine

/

Using p.z. horlzonial poinf proporfions
and the assumption that Gmn = Dmin,
compute g.z

Using q.z, verfical point proportions
and the assumption that Gmn = Prr
compute Qe

'

Using Grmin, Qmax and verfical point
proportions, the z-values of dll the grid
points along this vertical gridline can
be found

Figure 4-12: The flow of the reconstruction process with the use of simplification

4.8.4 Triangulation

After the z-values of all the grid points are computed, a 3D model is rendered followed by
triangulation. In the implementation, the triangulation is completed by using a library
downloaded from the Internet, called ‘ghull’. The URL for this library is
http://www.geom.umn.edu/software/ghull/.

In the next subsection, the result of the reconstruction is shown.
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4.9 Result

Figure 4-13 shows the facial surfaces reconstructed using different value of ‘Scalel”’.

Increasing
‘Scalel’

Figure 4-13: Facial surfaces reconstructed for different values of ‘Scalel’

It can be observed that the surface reconstructed looks like a plane surface if ‘Scalel’ is
too small. Also, if ‘Scalel’ is too large, the reconstructed surface does not look like a
human facial surface. So, the value of ‘Scalel’ needs to be set carefully.

o

Increasing
‘Scalel’
<5 N
<10 W
<15

>=15

Figure 4-14: Errors in facial surfaces reconstructed for different values of ‘Scalel’ (the z range of the
original model is about 500) (The one in the yellow dashed box has the minimum Hausdorff distance with the
original model)
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4.10 Pros and Cons

4.10.1 Advantages

The computation involved is simple.

e No special equipment is used in this reconstruction approach. Also, no generic model
is needed.

e Only the corresponding information between the images is used.

4.10.2 Limitations

e If some parts of the surface do not appear in the frontal view, those parts will not
appear in the final reconstructed model.

e The value ‘Scalel’ needs to be set interactively.
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4.11 Summary

Figure 4-17 shows the flow for the reconstruction process of a facial surface from images.

20 imaoges = &

t Define gidiines in the frontal view

v

- Observe the deformed gridlines from
a side view and a top front view
(Use the correspondence information)

S

C)bfcim‘he horizontal and vertical point

proportions at each grid points /

Fom equdtions dlong the gridines
using the point proportions

Solve the unknowns of the dbove
equations

. ‘ o 3D facldl
( -~ Tengulation } ™" sufoce

Figure 4-17: Steps for reconstructing a 3D surface from 2D images

In this chapter, an approach to reconstructing a facial surface has been described. The
changes of positions of the grid points from different views are observed since the image
correspondence between images is available. A facial surface can be reconstructed with
simple computations.
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Chapter 5.Conclusion

In this thesis, the steps that we have followed throughout the project are described.
This project is divided into two parts (the feature matching part and the reconstruction
part).

In the chapter for the ‘Related Work’, the previous related work about the feature
matching part is briefly described. Also, several approaches to modeling facial
surfaces are mentioned.

In the ‘Image Correspondence’ chapter, the process has been gone through in the
project is described. In the feature matching part, the thing that differs most from other
previous work is the formation of the matching criteria function. The weighting of a
component in the matching criteria function is determined by its uniqueness with
respect to the matching point. Moreover, speedup and accuracy issues have been
addressed in that chapter.

For the reconstruction part, we have decided not to use a laser range finder, not to use
a generic model and also not to estimate the camera parameters from the images.
Instead, only the correspondence information is used to reconstruct facial surfaces.
The changes of the positions of the grid points in different views are used to compute
z-values of the grid points. Although the quality of the output at this stage still has
much room for improvement, we believe that our reconstruction approach is a way
that can have much extension to reconstruct a facial surface only from the
correspondence information between images.
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Chapter 6. Future Work

There are still some aspects in this project that are worth to be future extensions.

For the image matching part, it is believed that the use of epipolar constraint should be
a method to improve the performance. The problem is that it works only when the
movement between two images is a rigid one. If the movement is a non-rigid one
(such as the movement of neck or some facial expressions), then the epipolar
constraint will not apply. But, there should be still some regions on the image that can
be assumed to be following a rigid movement and these regions should be able to
make use of the epipolar constraint. So, it is worth to investigate how to identify the
regions of an image that follow rigid movement and the regions of an image that does
not follow rigid movement.

For the reconstruction approach, the density of the gridlines used at this stage is the
same over all the parts of the model. It is obvious that more gridlines should be used
in the regions of greater geometric changes and fewer gridlines are required in the
regions of smaller geometric changes. So, one of the future investigations can be
focused on the adaptive use of the gridlines for reconstruction. Another possible
extension is to reconstruct a surface that can be used for computer animations. It
implies the need for an underlying structure for the face model instead of just a
collection of meshes or triangles. Furthermore, effort can be made on getting rid of
some of the assumptions made at the current stage.
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