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ABSTRACT

Stereoscopic image and video technology is being used increasingly in many
applications. This technology provides the viewer with the feeling of “being present
in the scene”, however, stereoscopic image and video sequences require considerable
storage capacity and transmission bandwidth. In order to minimize the signals of these
sequences, therefore, effective acquisition systems and compression techniques are
essential. In this dissertation, an effective acquisition system for generating the stereo-
scopic image and video sequences by using an active/passive optical adapter is
proposed. This adapter, which is based on a field-sequential standard for stereoscopic
image and video, collaborates with a single CCD camera. The primary objectives of
this system are to decrease the geometrical complex'ities and streams of the stereo-
scopic image and video. The stereoscopic camera geometry is a principal issue that is
investigated to substitute dual camera geometry with single camera geometry collabo-
rating with the proposed adapter. In this way, not only does the system perform in real
time, but it also reduces the geometrical complexities and signal streams of the
stereoscopic image and video, when compared with the dual camera technique.

Although the proposed acquisition system can reduce the stereoscopic image
and video sequences to be half of the whole, these sequences still have considerable
information. For this reason, the mutual fractal coding based on variance is proposed.
This approach is a combination of the advantages of mutual fractal coding and varian-
ce-based fractal coding. The main objective of the proposed method is to compromise
the following factors: image quality, encoding time, decoding time and coding bit
rate. The variance-based scheme is a simple and effective approach to improve fast
encoding time and achieve good image quality, but the decoding time and coding bit

rate are still no worse than the conventional fractal coding. On the other hand,

111



although the mutual fractal-coding can provide both less decoding time and lower bit
rate, the encoding time still has to speed up. Therefore, in order to accomplish the
objective, mutual domain pools are designed and implemented for a variance-based
scheme. In this way, the experimental results show that the proposed method can

perform effectively.
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Chapter 1

Introduction

1.1 Significant Problems

The technology of three-dimensional (3-D) images and videos is currently
becoming an important ingredient of multimedia applications [1], [2], [3], [4], [5], [6],
[7], [8]. This technology provides the viewer with the feeling of “being present in the
scene”. The field of 3-D images and videos can be categorized into two main classes:
stereoscopic image and video sequences and multiview image and video sequences
[9]. These image and video sequences can also be generated by computer-generated
[9], [10], [11] and real-imaging capture approaches. Here, oniy the field of the stereo-
scopic image and video sequences formed by real-imaging capture approach are
studied, since these sequences are made up of the imitation of the human-binocular
vision system, which is a challenge field of research [4], [5], [6], [7].

Stereoscopic image and video sequences require considerable storage capacity
and transmission bandwidth, therefore, in order to minimize the signals of the stereo-
scopic image and video sequences, effective acquisition systems and compression
techniques are essential. In this dissertation, two collaborating systems, acquisition
and compression, are investigated for reducing the redundancy of stereoscopic image
and video sequences. For the acquisition system, the stereoscopic image and video
format and camera configuration for encoding the stereoscopic image and video
sequences are very important. In case of format standards, there are at least five
principal methodologies by which stereoscopic image and video sequences can be
encoded into standard-video signals, such as field-sequential, side-fields, sub-fields,
separated channels, and anaglyph standards [12]. The field-sequential standard is one
of the most practical approaches for producing and displaying stereoscopic image and
video sequences on existing equipment, such as computer monitors and televisions
[2]. It can be also applied directly to other types of stereoscopic displays, such as
anaglyphic displays, polarized projected displays, half-silvered mirror displays and
some lenticular displays [13]. In the case of the camera, there are two types of
configurations, i.e., toed-in camera configuration and parallel camera configuration.

However, the former causes keystone distortion, while the latter does not exhibit this



distortion [13]. For this reason, this dissertation works with the field-sequential
standard and parallel camera configuration.

For a compression system, the field-sequential stereoscopic image and video
sequences are generally composed of left and right images acquired from two slightly
different viewpoints, thus making them similar and containing a lot of redundant
information. In order to remove this redundancy, an effective coding technique is
essential. With a characteristic of the field-sequential stereoscopic image and video
sequences containing a lot of self-similarity information, the suitable coding approach
for such information is fractal coding, based on the self-similarity property. This
technique has various advantages in terms of resolution independence, fast decoding
and high compression ratio, however, long encoding time is still a main drawback
[14]. In the case of a frame-based image coding of the field-sequential stereoscopic
video sequences, the conventional 2-D fractal coding technique makes the depth or
three-dimensional perception defective, since the high vertical-frequencies of a
stereoscopic image pair are suppressed [15]. Therefore, the proposed coding system
has to compromise the following factors: image quality (including depth perception),

encoding time, decoding time and coding bit rate.

1.2 Prior Researches

In this section, prior works related to the problems of stereoscopic video
acquisition and stereoscopic image coding are reviewed. The advantages and disad-

vantages of various techniques and methods are also presented as follows:

1.2.1 Stereoscopic Image and Video Acquisition
Prior works of stereoscopic video acquisition, in order to present a viewer with
stereoscopic images or videos, made use of various methods of image separation and
recombination, including dual camera configuration and single camera configuration.
The dual camera configuration usually makes the storage and bandwidth double,
therefore, in this dissertation, only a single camera configuration is considered and

reviewed.
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Figure 1.1  Stereoscopic image acquisition with a single camera tube and

optical system.

The 1950 U.S. Pat. No. to R. D. Kell, 2,508,920 [16] discloses that a television
system can encode stereoscopic images to a standard television transmission in a
field-sequential mode. The camera configuration is schematically depicted in Figure
1.1. The optical system comprises a lens for focusing the images to a light responsive
electrode surface. In the front of the lens, there is a half-silvered mirror and in the
front of this mirror, there is a reflecting surface. The reflecting surfaces are also
provided on the left and right hand side of the half-silvered mirror. In the front of
these reflecting surfaces, there is a vertical polarized lens placed on the left axis, while
a horizontal polarized lens placed on the right axis, respectively. In this alignment, the
camera configuration is very interesting, since the optical system makes use of fewer
optical elements. However, the heart of this system is a vertical and horizontal
polarized drum controlled by a motor for encoding the left and right images into the
field-sequential mode. The motor is a fluctuation mechanic and its size is ordinarily
larger. Furthermore, the use of a half-silvered mirror in the optical system leads to
more than 50% loss of light reaching the light responsive electrode surface [17].

These are the disadvantage of this optical system.
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Figure 1.3 Stereoscopic converter assembly.

The 1975 U.S. Pat. No. to Roese, 3,903,358 [18] discloses that a PLZT stereo-
scopic television system functions to present alternate left and right images to a single
video whose output is fed to a television monitor. The camera configuration is similar
to the one proposed by D. R. Kell, but Roese’s system concentrates on the improve-
ment of material by replacing the polarized lenses with ceramic light valves (lantha-
num modified lead zirconate-tinanate: PLZT).

The 1988 U.S. Pat. No. to J. F. Butterfield, 4,734,756 [17] discloses a stereo-

scopic acquisition system. In this system, schematically illustrated in Figure 1.2, a
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Figure 1.4 Alignment of optical devices for stereoscopic image acquisition.

stereo-optical device, attached to a lens of a three-tube color camera, is comprised of a
pair of inner mirrors and outer mirrors. A number of mirror arrangements are similar
to the one proposed by R. D. Kell. Nonetheless, one of inner mirrors is half-silvered.
This leads to light reduction. Furthermore, a beam-splitter, used for reflecting light
from the single lens to three tube color cameras (omitted in Figure 1.2), generates a
ghosting image due to the reflection from the second beam-splitter surface [19]. This
ghosting image can lead to headaches [5].

The 1990 U.S. Pat. No. to P. A. Femano, 4,943,852 [20] proposed a stereo-
scopic converter assembly. The optical-device alignment of the converter assembly is
illustrated in Figure 1.3. The significant advantages of this configuration are simple
geometry and fewer optical devices. On the other hand, the beam-splitter may
generate a ghosting image [19]

The 1991 U.S. Pat. No. to Sudo, 5,003,385 [21] discloses the alignment of
optical devices for acquiring stereoscopic images as shown in Figure 1.4. The optical
device configuration is close to the one proposed by P. A. Femano, but the principal
difference is that the prisms are exploited in this configuration. On the viewer side,

the monitor screen has to be covered by a polarization switch.



As preceding overviews of evolution of the stereoscopic image and video ac-
quisition system, almost principal opticdl-device alignments for an acquisition system
have no great difference, only the types of material are changed so as to improve the

quality of images and videos.

1.2.2 Stereoscopic Image Coding

Stereoscopic image sequences are acquired from two slightly different view-
points, thus making them similar and containing a lot of redundancy. Independent
coding of these stereoscopic image pairs may lead to be inefficient. Therefore, H.
Yamaguchi [22] investigated the statistical characteristics of stereoscopic image dis-
parity for removing the stereoscopic image redundancy. In 1992, the stereoscopic
image compression exploiting the correlation between stereoscopic images was
proposed by M.G. Perkins [3]. Since then, many researches have been proposed on
various techniques for coding stereoscopic image pairs as reported in literatures [1],
[23], [24], [25], [26]. The stereoscopic image coding based on the disparity compen-
sation (DC) is the most favored approach, especially, the disparity field of a stereo-
scopic image pair obtained by intensity-based method. This approach can be briefly
reviewed as follows. The left image is encoded independently (separated from the
right image) and transmitted to the receiver. Then the right image is divided into sub-
image non-overlapping blocks. The disparity of each sub-image block in the right
image is estimated and sent to the receiver. Finally, the residual image of each sub-
image block in the right image is predicted and also transmitted to the receiver. In this
method, the heart of coding is the disparity estimation process. This process is closely
related to motion estimation, widely used in the 2-D video codecs. However, there are
subtle differences between DC and MC as listed below [1], [3], [26]:

e The disparity d consists of two components: a horizontal and a vertical
component, d, and dy, respectively. When the stereoscopic camera configuration is
aligned in parallel axes geometry, d, is always zero and d, is positive, whereas in the
2-D video sequences, the object in an image can move on vertical and horizontal
displacements in both directions.

e In a stereoscopic image pair, every object in the left image is displaced in
the right image, while only a few objects change their locations from frame to frame

in a typical video sequence.



¢ In a video sequence, the intensities of corresponding in sequential frame
can be assumed to be equal. However, this assumption is often false in a stereoscopic
image pair, because of individual differences between the left and right cameras.

Many papers, [1], [3], [26] have concluded that one of the drawbacks of
stereoscopic image coding based on disparity compensated prediction is occluded
regions, which cannot be represented by the reference image (the left image) and
disparity vectors alone. At this point, it was found that the stereoscopic image coding

techniques have been constantly developing.

1.3 Objectives of Research

For the acquisition system, the primary objectives are to decrease the geome-
trical complexities and the streams of stereoscopic video and also show that the dual
camera stereoscopic system can be replaced with the propésed acquisition adapter.
Furthermore, the signal streams of stereoscopic video acquired by the proposed
approach are compatible with the field-sequential stereoscopic standard.

For the compression system, the significant purpose is to investigate a novel
concept of fractal coding for stereoscopic image pairs. In addition, the theoretical
model of this concept proves that it can be applied to stereoscopic image pairs in both
cases: frame-based and field-based images. The proposed coding system also has to
compromise the following factors: image quality, encoding time, decoding time and

coding bit rate.

1.4 Limitations

In this dissertation, there are two limitations for the research work;

(1) Intra-frame (including intra-field) is a key frame in a video sequence and
the overall coding efficiency depends on this frame, thus, the intra-frame coding is a
main issue of the research work.

(i1) A comparison of proposed schemes or methods and the other standards is

not a significant issue for this research.

1.5 Approach
In this section, the approaches to achieve the objectives set in Section 1.3 are
outlined. In the following subsections, the concepts of an acquisition adapter and

coding approach for stereoscopic images are presented.



1.5.1 Acquisition Adapter

In this dissertation, an acquisition adapter is created by the following
conditions. First, the adapter has to be compatible with a field-sequential standard,
which is the most practical approach for producing and displaying stereoscopic image
sequences on existing equipment. This standard can be also applied directly to other
types of stereoscopic displays. Second, this adapter has to be compatible with a
parallel camera configuration, which does not cause keystone distortion. Finally, the
signal streams of the stereoscopic video acquired by this adapter have to be
minimized, therefore an active/passive optical adapter has been created as described

in details in Chapter 2.

1.5.2 Proposed Coding Approach

In this subsection, we begin with analyzing a conventional scheme of trans-
form coding for stereoscopic image pairs. As presented in Subsection 1.2.2, the heart
of the transform coding scheme shown in Figure 1.5 is disparity estimation and
residual image coding. Most research focuses on these processes as reported in [3],
[23], [24], [25], [26], [27]. This is because motion estimation and discrete cosine
transform (DCT), which are widely used for typical videos and images, cannot be
applied directly to disparity estimation and residual image, respectively. The disparity
parameters and residual-image-transformed coefficients are side information that has
to be sent to receiver for recovering the right image. The main drawback of the
disparity estimation process is occluded regions; the portion of image appears in the
left image, but disappears in the right image and vice versa. In addition, the
shortcoming of residual image coding is that the existing transform coding does not
always achieve a good coding efficiency [26]. Thus, the residual image needs a
special design of transform coding scheme as proposed in [23], [24], [27].

In this dissertation, an alternative way is investigated so as to overcome these
problems by using fractal coding, especially, affine transformation (commonly used in

fractal image compression) defined by

x| |a b Ofx| |¢g
Flyl=le d;, 0} yl+|f; (1.1)
z
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Figure 1.5 Transform coding scheme for stereoscopic image pairs.

builds in geometry and intensity parts that can represent the disparity parameters and
residual-image-transformed coefficients, respectively. In general, Eq.(1.1) contains
eight parameters a, b, c, d, e, f, s and o, where the first six-parameters (a, b, c, d, e and
/) denote coefficients of geometry transform, while the others (o and s) represent
coefficients of intensity transform. In the disparity estimation process, a sub-block of
right image (target) is searched for the matching block in the left image (reference) by
means of mean absolute difference (MAD) or mean-square error (MSE) [28]. In this
phase, the positions of all corresponding blocks of the right image are retained as a
disparity vector field. The operations of this step are close to that of the domain-range
mapping procedure for encoding the fractal codes. In addition, in the case of dispari-
ty-compensated transform-domain predictive coding (DCTDP) proposed by M.G.
Perkins, the estimation of the transform of the right image sub-blocks from the trans-
form of the matching left image sub-block makes use of a linear predictor as defined
by

R=X®L+Y, (1.2)

where operator ® is the array multiplication; i.e., the (7,/)™ element of the first matrix
is multiplied by the (i,/)"" element of the second matrix. The matrices X and Y are
based on the statistics obtained from a training set, so that each coefficient is predict-
ed by a minimum variance predictor. In this case, o and s parameters in affine

transform provide similarly to the operation of the procedure that the DCTDP does.
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At this point, it is found that the appropriate design of fractal coding can per-
form the same way as the transform-coding scheme for stereoscopic image pairs. The
disparity estimation process is omitted and the occluded region is not an obstacle.
Consequently, the mutual fractal coding for stereoscopic image pairs is proposed. The
concept of mutual fractal coding is introduced in Chapter 3. Its extension is also
described in Chapter 4. Finally, the combination of mutual fractal coding and

variance-based approach is proposed in Chapter S.

1.6 Dissertation Overview

This dissertation is organized as follows. In Chapter 2, the proposal is for a
new approach for acquiring stereoscopic video by using an active/passive optical
adapter. This adapter, which is based on a field-sequential standard for encoding
stereoscopic-video format, collaborates with only a single CCD camera. The core of
this research is to substitute the dual camera geometry with single camera geometry
collaborating with the proposed adapter. In this way, not only does the system
perform in real time, but it also reduces the geometrical complexities and signal
streams of stereoscopic video, when compared with a dual camera technique.

In Chapter 3, the proposal is for the novel concept of fractal coding, i.c.,
mutual fractal coding. In this approach, there is a significant characteristic that differs
from the conventional fractal coding. That is the effective domain pool design; the
mutual domain pools based on the equivalent property of two complete metric spaces
are designed for speeding up the encoding and decoding time. For applications to
field-sequential stereoscopic image sequences, the remaining problem is that the high
vertical-frequencies of stereoscopic image pairs in frame-based images are suppress-
ed. This makes the depth perception defective. In this case, there are two simple tech-
niques for overcoming this problem. The former technique is mutual scanline fractal
coding (MSFC) for frame-based images. The latter is mutual 2-D fractal coding
(M2DFC) for field-based images. It is an extended concept from the MSFC approach
described in Chapter 4. The intended approaches can reduce both encoding and
decoding times when compared with the conventional fractal coding based on quad-
tree partition. The reconstructed image quality is also improved in terms of preserving

the high vertical-frequencies by using the MSFC for frame-based images.
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The mutual scanline fractal coding for frame-based images is successful not
only for reducing the encoding and decoding time, but also for preserving the high-
vertical frequencies, however, its coding efficiency is not satisfactory for very-low-
bit-rate situation. Therefore, in Chapter 4 a two-dimensional approach is proposed, so
that the coding efficiency in terms of bit rate is improved. In addition, the two-
dimensional approach also provides the generic structure of coding images.

In Chapter 5, the mutual fractal coding based on variance is proposed. This
approach is a combination of the advantages of the mutual fractal coding and
variance-based fractal coding. The main objective of the intended method is to
compromise the following factors: encoding time, decoding time, bit rate and image
quality. The state-of-the-art of the variance-based scheme is a simple and effective
approach to improve fast encoding time and to achieve good image quality, but the
decoding time and bit rate are still no worse than the conventional fractal coding. On
the other hand, although the mutual fractal coding introduced in Chapters 3 and 4 can
provide both less decoding time and lower bit rate, the encoding time still has to be
sped up. Therefore, in order to accomplish the objective, a mutual domain pool design
is implemented for the variance-based scheme.

Finally, the conclusions and suggestions are given in Chapter 6. In this
chapter, the advantages and disadvantages of acquisition and coding systems are

discussed. Feasible extensions of this research work are also introduced.



Chapter 2

Stereoscopic Video Acquisition System

2.1 Introduction

The camera geometry for encoding stereoscopic videos is one of the main
issues in the technologies of three-dimensional (3-D) acquisition systems, which have
been rapidly developed and applied to many applications, such as robot vision, virtual
machine, medical surgery, and teleconference. In general, stereoscopic images and
videos are generated from two cameras placed in slightly different positions in a
horizontal orientation. In this case, there are two types of camera configurations, i.e.,
toed-in camera configuration and parallel camera configuration. The former causes
keystone distortion, while the latter does not exhibit this distortion as reported in [13].
For this reason, the parallel camera configuration (or parallel axes geometry) is
investigated so as to design a stereoscopic video acquisition system. This configura-
tion requires the following properties: The left camera’s focal ray is parallel to the
right camera’s focal ray; the left camera’s image plane and the right camera’s image
plane are coplanar; and, the bottom edge of the left camera’s area and the bottom edge
of the right camera’s area are collinear [3]. These properties make the system difficult
to set up. In addition, the video streams acquired by two cameras are double. The
widening information is another obstacle, since it requires considerable storage space
and transmission bandwidth. The previous restrictions are important problems that
have been attempted to overcome. In this chapter, the principal objectives are not only
to overcome the widening information, but also to provide an inexpensive and
practical means for the viewers with true three-dimensional images and videos and
with little or no modification to exiting equipment. Consequently, we concentrate on
the issue of replacing dual camera geometry with single camera geometry,
collaborating with an active/passive optical adapter (APOA).

The rest of this chapter is organized as follows: In Section 2.2, we introduce
dual camera geometry and also propose an APOA adapter cooperating with a single
camera. Then we analyze the geometry of the APOA adapter and test it, so as to

verify the compatibility with the dual camera geometry. In Section 2.3, we describe
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the method of encoding stereoscopic video sequences. Section 2.4 illustrates the

experimental results and Section 2.5 is the conclusion.

2.2 Design of Stereoscopic Video Acquisition

In Chapter 1, some prior works related with acquisition systems are presented.
The disadvantages of these systems are considered. Therefore, the main study in this
section is the issue of replacing dual camera geometry with single camera geometry
collaborating with the APOA adapter. This section comprises three subsections:
geometry of dual cameras, geometry of active/passive optical adapter and analysis of

stereoscopic camera geometry.

2.2.1 Geometry of Dual Cameras

In this subsection, we begin with describing the geometry of stereoscopic
images and videos. Essentially, the construction is founded from two cameras as
depicted in Figure 2.1. Each camera is composed of a simple lens and an image
sensor. The left and right cameras are placed in two slightly different positions in a
horizontal orientation. The distance B between left and right optical axes is called the
baseline. This baseline is usually approximate to human inter-pupillary distance. The
focus fis the distance between camera’s lens and camera’s image sensor. Based on
parallel axes geometry, the geometrical configurations require the following proper-
ties: (i) The left and right optical axes must be parallel, (ii) the bottom edges of left
and right images are collinear, (iii) the left and right image sensors are coplanar, and
(iv) the left and right cameras must be identical. In practice, these properties are

difficulties for setting up the system [3].

2.2.2 Geometry of Active/Passive Optical Adapter

According to the restrictions of dual camera geometry depending on parallel
axes geometry, a single camera geometry is considered to substitute for the double
camera geometry. However, only a single camera cannot generate and encode stereo-
scopic images and videos. The APOA adapter for collaborating with a single camera
is necessary. The simple structure of the APOA’s geometry depicted in Figure 2.2
consists of four important passive optical devices: a left prism, right prism, reflecting
prism and right-angled prism [30], two active optical devices: left and right LC

shutters and a CCD camera containing a simple lens and an image sensor. The
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Figure 2.1 Top view of dual camera geometry.

parameters B and f are still similar to the dual camera geometry, but the left and right
image sensors of the dual camera geometry are replaced with the left prism and the
right prism, respectively. The main function of these prisms is to deviate or displace
the optical axes illustrated it with dash lines in Figure 2.2. Thus, the left and right
images entering to the left and right prisms are refracted by 90 degrees from the left to
the right-angle prism and from the right to the reflecting prism, respectively. Finally,
both images are projected to the CCD’s image sensor by the right-angle prism and
reflecting prisms. At this time, the CCD camera can grab and encode the image
sequences coming from two slightly different perspectives into the stereoscopic-video
signals described in details in Subsection 2.3.

In summary, the intended adapter not only eliminates the difficulty of setting
up the system and reduces the signal streams, but also provides identical system
parameters, such as blurring, lens distortion, focal length, spectral response, gain,

offset, pixel size, etc [31].
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2.2.3 Analysis of Stereoscopic Camera Geometry

From subsection 2.2.1 and 2.2.2, the components of dual camera geometry and
single camera geometry collaborating with the APOA are formed and depicted in
Figures 1 and 2, respectively. In this subsection, the camera geometry is analyzed and
shows that the dual camera geometry can be completely replaced with the single
camera geometry collaborating with the APOA. A ranging equation [32] is used to
prove the compatibility of the dual camera geometry and the APOA with the single
CCD. The equations of parallel axes geometry derived from Figure 2.1 are

-X X X
L 2L . x, =2t(f-Z 2.1
g u=T-2) 2.1)
X -X X
d —_— R;XR='—-R —'Z , 2.2
an rRaY f(f ) 2.2)

which are determined by using similar triangles. In this case, y; and yg are equal. The
minus sign of x; in Eq. (2.1) indicates that the image point, W, is actually inverted
when the origin of coordinate system is set to the center of the image sensor of the left
camera, O;. The minus sign appears in the front of Xz in Eq. (2.2). To simplify the
Egs. (2.1) and (2.2), the relationship of X; and Xz is assigned to Xz + X; = B. Then, we

can obtain the classic ranging equation as follow

zzf(l_ A k 03

Xp =Xy X, —Xg

In the case of single camera geometry collaborating with the APOA, if the
passive optical devices perfectly refract the point image Ws, which is equal to ¥, both
left and right optical axes of prisms can be translated to the optical axis of CCD’s

lens. Hence, x;;and xj; can be written as:

, B B

X=X+ —3 X g =X 5+= (2.4)
2 2
B B
and x;?S—__xRS—E;X;!S:XRS_E . (2.5)

After translation, the ratio of similar triangles can be obtained by

— X5 _ X s+BI2 x5 _X;s+B/2

a, Z-a, a a-2 °

(2.6)
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17

M’"’i
ﬁffﬂmﬂunﬂmﬂmsﬁamﬂﬁ'mmnszﬁ’a

Xks _ —(Xas =B12) x5 _Xps—=BI/2
a, Z-a, " a a~-2

and 2.7

From Egs. (2.6) and (2.7), to simplify them, the relationship of X and X is set to

X} = Xps - Then, we have the final result as

B
z=al(1——7—3;,J=a,(1+ﬁ—j (2.8)
Xps ~XLs Xis ~Xrs
where xj =—-ﬁxzs and xi =—ﬁx;S.

Eq. (2.8) shows that the ranging equation obtained from single camera

geometry collaborating with the APOA is equivalent to Eq. (2.3), where f,x, ,and x,
are similar to a,,x;,and x,;, respectively. Hence, the single camera geometry

collaborating with the APOA is also comparable with the double camera geometry.

2.3 Implementation of Adapter for Encoding Stereoscopic Videos

Before discussing details of encoding stereoscopic videos, the background
related to stereoscopic video standards is reviewed. There are at least five principal
methodologies by which stereoscopic image sequences can be encoded into standard-
video signals, such as field-sequential, side-fields, sub-fields, separated channels and
anaglyph standards [12], but the most appropriate technique for this research is the
field-sequential standard. This section only discusses the field-sequential stereoscopic

video standard and its implementation.

2.3.1 Field-Sequential Stereoscopic Video Standard
Standards for implementing stereoscopic videos have many methods. The
primary reason why the field-sequential method is widely exploited in stereoscopic
videos is to handle worldwide televisions and video recorders without modifying any
equipment. It can be also applied directly to other types of stereoscopic displays such
as anaglyphic displays, polarized projected displays, half-silvered mirror displays and
some lenticular displays [13]. The construction of a field-sequential stereoscopic

standard is illustrated in Figure 2.3. This structure is compatible with the standard

46637
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scanning of television systems, for which every frame is made up of two fields, even
and odd. The number of times for repainting the screen in one second is called the
field rate. This field rate is customarily related to a vertical synchronous frequency,
60 Hz for a NTSC system. With this field rate, it is expeditious that the human eye
cannot identify the alternation between even and odd fields. Thus, the field-sequential
method is a pertinent technique for occupying the left and right images in one frame,
consisting of an even field for the left image and an odd field for the right image and

for displaying on standard televisions or computer monitors.

2.3.2 Implementation of Stereoscopic Video Acquisition System

Implementation is the final procedure for this chapter. In Figure 2.4, the
diagram of encoding stereoscopic videos by using a single camera collaborating with
the APOA is manifested. The system is composed of a set of passive optical devices,
a pair of LC shutters, a vertical synchronous separator, a shuttering controller and a
CCD camera. The important part for encoding the left and right images into the even
and odd fields of standard-video signals is a pair of LC shutters. The LC shutter is
capable of transmitting and blocking light by controlling the voltage applied to the
liquid crystal and has a sufficiently fast response to the field scanning frequency of
the CCD camera. It also has other advantages of longer life and easier handling [33].

For encoding the left image, the manipulation of the proposed scheme com-
mences from a light ray passing through the left LC shutter when it is turned on; it is
transparent, while the right LC shutter is turned off; it is opaque, and then striking to
the image sensor. At this time, the image sensor grabs the left image and encodes it
into the even field of video signals. For encoding the right image, the operation is the
same as mentioned previously. The dispatch rate of a pair of LC shutters is equal to
field rate of vertical synchronous frequency. In this way the standard-video signals
become stereoscopic-video signals.

The concept of observing stereoscopic videos encoded into a field-sequential
standard is to separate the left-eye viewing for left image and the right-eye viewing
for right image independently for producing depth (three-dimensional) perception
[29], [33]. In the case of exhibiting stereoscopic videos on standard televisions or
computer monitors, the viewers must wear a pair of LC shuttering glasses for
watching depth information. These glasses aid them to be able to watch the left image

by the left eye and the right image by the right eye separately. The function of LC
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shuttering glasses is as follows: When the even field keeping the left image is
presented on the screen, the left side of the LC shuttering glasses is transparent and
the opposite side is opaque. Similarly, whén the odd field holding the right image
appears, the right side of the LC shuttering glasses is transparent and the opposite side
is opaque. Then the left and right images are processed with the human brain and the

depth perceptions are created for the viewers’ eyes.

2.4 Experimental Results

Figure 2.5 illustrates the experimental results, a set of stereoscopic image pairs
generated from the prototype system and a single camera collaborating with the
APOA. For this experiment, the parameter B is set to 50 mm. Figure 2.5 also shows
that the frame holds both left image in an even field and right image in an odd field.
When viewers see this picture with the naked eye on a screen, television or computer
monitor operating on interlaced-scanning system, the left and right images appeared
in the condition of transparent overlap, as if they were displayed at the same time. In
fact, they are alternately exhibited field-by-field. On the other hand, if the viewers
look through a pair of LC shuttering glasses synchronized to field rate of vertical

synchronous frequency for each eye, they can observe the depth perspective video.

2.5 Conclusion

The acquisition adapter for encoding stereoscopic videos utilizing single
camera was introduced and also demonstrated the outcome from a prototype system.
By this approach, not only can the system perform in real time, but it can reduce the
number of cameras, the number of video streams and the camera geometrical
complexities as well. In the case of transmitting stereoscopic video into communica-
tion channels, the stereoscopic video stream generated by the single camera collabo-
rating with the APOA is less than by dual cameras two times. Although the objective
was achieved, a few limitations still remain. For instance, the system cannot magnify
image sequences when taking objects that are far away and the resolution of images is
cut down by half, because of the characteristics of the field-sequential standard. In
case of stereoscopic video quality, it is dependent on the performance of the CCD
camera. In next chapter, the redundancy of field-sequential stereoscopic video

sequences is reduced by means of an effective coding.
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Figure 3.2 Representation of (a) the horizontal image scanline in row 51° and (b)
vertical image scanline in column 120™ of the original stereoscopic image
pairs in Fig. 3.1 (a).

3.2.2 Characteristics of Field-Sequential Stereoscopic Image Pairs

Fundamentally, an image can be viewed as a two-dimensional signal com-
posed of horizontal and vertical axes that denote horizontal and vertical frequencies,
respectively. For a field-sequential stereoscopic image, both horizontal and vertical
frequencies have a great difference as illustrated in Figure 3.2, but for a typical image,
they have no great difference as graphically depicted in Figure 3.3. At this point, it is
summarized that the field-sequential stereoscopic video sequence differs from the
typical video sequence, in that it contains a large amount of high frequencies in the
vertical direction of each frame. These high frequencies are substantial for depth
perception. This characteristic of the field-sequential stereoscopic video sequence is
very important for designing a coding scheme described in the following sections.
However, in order to preserve the high vertical-frequencies, the MSFC can be applied
to the frame-based image depicted in Figure 3.1(a) and the M2DFC introduced in
Chapter 4 to the field-based image shown in Figure 3.1(b). These approaches are

designed and implemented with the theoretical model described in the next section.



26

300 T T T T T

250

200

Intensity

2

100 ]

50 1 1. | 1 1
0 50 100 150 200 250

A scanline

(2)

300 T T T T

250

2

Intensity

150

100

50 i 1 L
0 50 100 150 200 250
A scanline

(b)

Figure 3.3 Representation of (a) the horizontal image scanline in row 51* and
(b) vertical image scanline in column 60" of the field-based image
in Fig. 3.1(b).

3.3 Theoretical Model

In this section, a theoretical model of mutual fractal coding is concisely
presented. This model is made up of the following principal theories: metric spaces,
affine transformations, contractive mapping fixed-point theorem and partitioned
iterated function system (PIFS). However, we describe only the relevant definitions
and theorems. Additional details of the above theories refer to [37]. In addition, only
the theory of a scanline model is described. For an extended (2-D) model, the concept

of design and implementation scheme is described and illustrated in Chapter 4.

3.3.1 Model of Mutual Fractal Codes
This subsection begins with describing the definition of elementary
mathematical model for the mutual scanline fractal coding, that is, complete metric
spaces of a stereoscopic image pair and their equivalent property. Typically, the

fractal image coding requires such metric spaces to be complete in order that they
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have no missing values. The equivalent property of two complete metric spaces is also
important for designing mutual domain pools. The significant condition of the two
equivalent metric spaces is that there is no extreme stretching or compression of the
spaces [37]. With this condition, the stereoscopic image pairs can be viewed as a
mutual deformation of images. That is, a left image of the stereoscopic image pair is a
deformation of a right image and vice versa. In practice, the deformation mechanisms
of a stereoscopic video acquisition system are the left and right prisms, as
schematically shown in Figure 2.4. For this reason, let (X,d) be a complete metric
space of the stereoscopic image pair. Then it can be decomposed into two complete
metric spaces (X;,dr) and (Xz,dr). The equivalence of two complete metric spaces is

defined as follows:

Definition 1: Let (X1,d;) and (Xr dr) be complete metric spaces of the left
and right discrete images of a stereoscopic image pair. Then these complete metric

spaces are equivalent if there is a function f . X;—Xg that is one-to-one and onto,

such that the metric d, on X, defined by

JL(X’J’)zdR(f(x)’f()’))’ Vx,ye X,

is equivalent to d;. ]

After introducing the definition of metric spaces with their necessary pro-
perties, the transformations of these metric spaces are addressed. In case of the mutual
scanline fractal coding, the transformations used to generate the mutual fractal codes
are a pair of affine transformations and are contractive mappings [37]. The condition
that makes these transformations contractive is defined as follows:

Definition 2:  Let (X1.d;) and (Xgdr) be complete metric spaces and let
f:X, >Xpand g: X, — X, be affine transformations. These transformations f

and g are called contractive mappings if there exist constants 0<sy, sp<1 such that

d(f(x) S OS5, -d,(x), Vx,p e X,
and d,(g(x)g()<sg-delx,y), Vx,ye X, .

Such constants s; and sg are called contractivity factors for f and g, respectively. []
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Theorem 1: From Definition 2, the contractivity factor of (f o g)x)= f (g(x)),

where f o g is the composition of fand g, is s, - sp.

Proof: By Definition 2, we have
dR(.f(x)’f(y))ssL 'dL(x’J’)’ Vx,ye X, G.1)
and d,(g(x) g(V) S5z dal,y) Vx,p € Xy, (3.2)

where s; and sp are contractivity factors for f and g, respectively. We begin with

inequality (3.2) and multiply both sides by contractivity factor s;. The result becomes
St 'dL(g(x)»g()’))SSL'SR 'dk(x:)’)- (3.3)
Howeyver, we also have

dR(f(g(x)),f(g(y)))S SL 'dL(g(x): g(y))SSL Sk ’dR(x’y) . (3.4)

By the definition of contractive mapping, s;-sg is contractivity of f o g. This proof is

now complete. ]

Definitions 1 and 2 provide the suitable complete metric spaces and con-
tractive transformations, respectively, for generating mutual fractal codes. Based on
these definitions, a pair of contractive transformations f and g is imposed to mutually
map between two complete metric spaces (X;,d;) and (X dgr). Theorem 1 also proves
that (f o g)(x) is contractive and its contractivity factor is szsz. However, in order to
solve the image encoding problem (or inverse problem) [14], [34], the fixed-point
theorem is very important. Based on Definitions 1 and 2, and Theorem 1, the
contractive mapping fixed-point theorem presented in [14], [34] can be extended to

the objective as Theorem 2.

Theorem 2:  Let (X, dr) and (Xr,dr) be equivalent complete metric spaces,

and let . X;—>Xgr and g : Xp—>X, be contractive mappings. Then fog possesses

exactly one fixed point x; €X, such that X=X VXp and X~ Xp=D. Furthermore, for

any point xeX, the sequence

{(fog)"(x):n=0,1,2,...}

converges to xp. That is, X, = (fo g)(x f)= ll_r’g(f og)"(x), for each xeX.
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Proof: Let X=X;UXz and X;"\Xz=J. Then, based on Definition 2, fand g
are contractive transformations that mutually transform between two equivalent com-

plete metric spaces (X1, d;) and (Xg,dg). To prove that the sequence

(fo8)" ()= 1 (el (el (x)-)) (3.5)

n times

converges to a fixed point. By Theorem 1, let s= s;-sz and let p>¢. Then for xe.X,

d(f o) (xh(rog)? (x))<s-d((f o2V w)(f o 2) ()
<s"-d(x,(fog) " (x)) . (3.6)
Using triangle inequality, the following is obtained
dlx,(f o 2V )< dle (1o gY@ dl(7 0 YO0 (10 £) )
<d(x,(f oY)+ d((f o 2)xh(f o 2)* ()
seeerd((f o270 2) )
(1454457 W (x, (f o g)Xx))
<——d(x,( ) (3.7

Substituting (3.7) to (3.6), the following is obtained

(7o) @ ()<l (rog)e) 69

From Eq.(3.8), if p and q are sufficiently large and s<1, the left hand side of Eq.(3.8)

is made as small as possible. This implies that the sequence

b, £ (g (e (r (g GD))-- 3

is a Cauchy sequence. Thus, the limit point

x, =lim(f o g)" (x) (3.9)
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is in X, such that X is complete. Since fo g is contractive as described in Theorem 1,

it is continuous, and hence
og)(xf og)(”lm(f g) (x) hm(f g)"(x)= X, (3.10)

Moreover, let x,, and x,, be two fixed points of f o g. Then
x=(fogkxn)xp = (Fogkxy)
and dlx %, )=d{(f o glxp ) (F o))
<sd(x,,x,,)

(l—s)d(xf,,xﬂ)so, (3.11)
which implies d (x 10X ) )= 0, hence x ;, = x,. The proof is now complete. ]

Theorem 2 proves that fog still possesses exactly one fixed point, even
though it performs on two equivalent complete metric spaces. In practice, this
provides an effective design of mutual domain pools in Subsection 3.4.2. Now,
Theorem 2 is applied to a partitioned iteration function system (PIFS). In this chapter,
we also make use of divide-and-conquer technique to provide suitable conditions for
the PIFS. This technique involves solving a particular computational problem by
dividing it into more subproblems of smaller size and then merging the solutions of
the subproblems to produce a solution of the original problem. For scanline case, we
first divide an image into a number of pairs of scanlines. Then, each pair of scanlines
1s defined as follows: Dy and Dy denote the mutual domain pools of scanlines of left
and right images, respectively, whereas R; and Rr denote the scanlines of range

blocks. Finally, the following definition generates the mutual fractal codes.

Definition 3:  Let (X, d;) and (Xrdr) be complete metric spaces of the left
and right discrete images of a stereoscopic image pair, and let D;cX; and DrcXp.
Then a partitioned iteration function system (PIFS) is a collection of contractive
mappings:

Wy : Dry—>Rg foru=12,...N
and Wy : Dpoy=R, forv =12,.. .M,

where N and M are a number of domain blocks of Dy and D, respectively. ]
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Definition 3 makes fractal image encoding practical. Therefore, the mutual
fractal codes for a whole image can be generated by means of the following

definition.

Definition 4: By Definition 3, the mutual fractal codes W of an encoded

V(AR

where N and M are a number of range blocks of R, and Ry, respectively, and K is a

image can be obtained as

total scanline of a stereoscopic image pair. ]

Now, the theory can be made more practical for generating mutual fractal
codes based on the previous definitions and theorems. The following subsections

describe the principle of mutual scanline fractal encoding and decoding.

3.3.2 Mutual Scanline Fractal Encoding

Encoding is a step to encode the mutual fractal codes generated by Definitions
1 to 4 and Theorem 2. The heart of this phase is to determine the optimal values of
parameters of domain-range mappings. To account for manipulation of the mutual
scanline fractal encoding, there are two issues that are introduced. First, we assume
that there are mutual domain pools D; and Dg, which denote the scanlines of a
stereoscopic image pair, and their intersection (D N\Dz=Q) is empty. This implies that
the mutual domain pools are not unified in spatial coordinates. The mutual domain
pools satisfy Definition 1. Second, there is a pair of affine transformations f: D;— Rz
and g : Dp—>R;, where Rp and R, are the scanlines of range blocks and these trans-
formations satisfy Definition 2.

In practice, the process of generating mutual fractal codes based on Definition
3 requires two types of data blocks, namely, domain and range blocks. Usually the
size of the domain block is greater than that of the range block. For establishing range
blocks, each scanline of the original image is partitioned into a set of non-overlapping
blocks. For setting up mutual domain pools, where the domain blocks belong, each

scanline of the original image is partitioned into a set of overlapping blocks, thus, the
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Figure 3.4  (a) Encoding and (b) decoding steps of mutual fractal codes.
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mutual domain pools are a collection of overlapping blocks. After providing the
appropriate domain and range blocks, domain-range-mapping process is reached. In
this process, there are two main steps for mutually obtaining the best matching
between the domain and range blocks. As depicted in Figure 3.4(a), the mutual
domain pools consist of D; and Dg. Each range block of R, and R mutually searches
for the best matching of a domain block in the mutual domain pools Dg and Dy,
respectively. That is, in the first step, each range block of the scanline Ry searches

for the best matching of the domain blocks in the domain pool Dg;) by means of

’ } (3.12)

M
U w, = min {“ g6 (DR(:))_ R
v=l

s=1,2,...,§

where S is a total possible domain block in the domain pool Dg, and g¢(.) denotes the
geometric transformation described in the end of this subsection. In the second step,
each range block Rg(,) searches for the best matching of a domain block in the domain

pool Dy by means of

: } (3.13)

N
HWM=={H {“fc L(:) Rpw)

where T is a total possible domain block in the domain pool D,, and f(.) denotes the
geometric transformation.

The tool used to measure the similarity of the domain and range blocks is
composed of geometric and massic transformations. In Egs.(1) and (2), geometric
transformations are g¢(.) and f¢(.) whereas massic transformations are implicit in the

form of least-square error (Subsection 3.4.4 describes more details in this issue.) The
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step of generating mutual fractal codes W is that the domain blocks are transformed
by using contractive affine (geometric) transformations. Then the root-mean-square
(rms) metric (massic transformation) is applied to measure the similarity of the
domain and range blocks. Finally, the mutual fractal codes generated by these trans-

formations are uniformly quantized so as to be compact forms.

3.3.3 Mutual Scanline Fractal Decoding

The concept of decoding mutual fractal codes is very simple. It involves the
obtaining of a fixed point of a contractive transformation. That is, the decoding
process is an iteration of the contractive transformation on any initial values until it
reaches an approximate fixed point. However, the mutual scanline fractal decoding
differs from the conventional one. In addition, the concept of decoding is based on the
fact that if the seed image is initialized close to the original image, then the
contractive transformation converges rapidly to a fixed point [38]. In order to describe
the manipulation of this decoding process, the left image scanline (LIS) and right
image scanline (RIS) are set up with zero-initial values, i.e., all pixels of the scanlines
are zeroes. The seed image scanlines are LIS and RIS. In each iteration, there are two
steps to decode the mutual fractal codes as depicted in Figure 3.4(b). In the first step,
all range blocks of the LIS are mapped with the appropriate domain-transformed
blocks from the RIS, such that R;wy=gm(gc(Dryy)), wWhere go(.) and gu(.) are
contractive (geometric) and massic transformations and D) is a domain block of the
RIS. In the second step, the outcome in the LIS, which is a domain-block scanline of
the RIS, is performed with the same process as the first step. Note that the LIS, a seed
image scanline of RIS, is not initialized with zero values, but holds the results from
the first step. This implies that the seed image scanline LIS is initialized close to the
original one. Thus, the transformation ga(fc(.)) converges rapidly to a fixed point.
This is an effective method for generating mutual fractal codes that can speed up

decoding time.

3.4 Design of Coding System
In the designing phase, there are five significant issues that have to be
considered and decided for a coding scheme. These issues are scanline partition,

mutual domain pool design, mutual scanline transformations, distortion measure and
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Figure 3.5 Illustration of adaptive-size partition by using dynamic range, which
refers to the extremes of intensity change of an image scanline in any
intervals.

bit allocation. All the issues described in this section can be extended easily to the 2-D

case described in Chapter 4.

3.4.1 Range Block Partition: Scanline Partition

Scanline partition is a procedure to divide the scanline of the original image
into non-overlapping one-dimensional (1-D) blocks. These blocks are called range
blocks. The size of the range block is an important factor that directly influences bit
rate. This means that the larger range blocks lead to a lower bit rate. On the other
hand, the smaller size captures more details of image scanlines.

There are two kinds of partitions: fixed- and adaptive-size partitions. For the
first kind of partition, each scanline is equally divided into a fixed size, such as 1x8,
1x16, or 1x32. This method is very simple, but not flexible for the bit rate. For the
second kind of partition, the binary-tree partition technique is used to divide the image
scanline. In this method, each scanline is equally divided into two subparts. Then the
dynamic range, which refers to the extremes of intensity change of an image scanline
in any interval as depicted in Figure 3.5, is used to decide splitting. If the dynamic
range value of each subpart exceeds the threshold, then that subpart is equally
divided, otherwise, it does nothing. This task is repeatedly processed in the previous
fashion until reaching the restricted block size. In Figure 3.5, the numbers in the circle
indicate the sequence of partition. Hence, the dynamic range threshold is an important
parameter to control a number of range blocks. For the lower bit rate and image

quality, the smallest and largest sizes of bounded range blocks are defined, i.e., 1x8
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and 1x64 are of the smallest size and the largest size, respectively. By this method, the

adaptive partition makes the bit rate flexible and also achieves better image quality.

3.4.2 Mutual Domain Pool Design: A One-dimensional Approach

A domain pool is a place in which the range block searches for the best
matching block. A good design of the domain pool leads to less encoding time of the
fractal coding [14]. In this chapter, a simple method is proposed for designing domain
pools by utilizing the equivalent property of two complete metric spaces, as described
by Definition 1 in Subsection 3.3.1. The coding scheme is designed with two domain
pools, D, and Dp. These domain pools are independent, but they are equivalent. In the
searching step, each range block on the space R, finds the best matching domain
block in the space Dg and vice versa. This technique makes the domain pool size

smaller, thus reducing the encoding time.

3.4.3 Geometric Affine Transformation: Mutual Scanline
Transformations

In this subsection, a pair of scanline transformations designed for our codec
(coder and decoder) is proposed. These transformations are 1-D affine transforms

defined as:

{fc(x,)zax,+b, Vx, e X, (3.14)

gG(x,)=cx,+d, Vx, € X,

where a and ¢ are geometrical contractivity factors (7], [11], [13] of the trans-
formations, b and d are translation factors, and x; and x, are range blocks on the
complete metric spaces (X;,d;) and (Xz,dr), respectively. In practice, a and c are set to
a constant value, usually equal to 0.5, and b and d are integers. fo(x;) and gg(x,) are
domain-transformed blocks on the complete metric spaces (X.,d;) and (Xg,dg),
respectively. The steps of generating mutual fractal codes are as follows. First, each
domain block whose size is greater than the range block in the metric space (X.,d,) is
transformed by f; in order to find the best matching of the range block in the metric
space (Xz,dr). At the same time, each domain block in the metric space (Xz,dg) is
transformed by g¢ in order to find the best matching of the range block in the metric
space (X.,dr). In this case, the tool for measuring the best matching block is root-

mean-square (rms) metric presented in the next subsection.
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3.4.4 Intensity Affine Transformation: Distortion Measure
Distortion measure is a tool to measure the similarity of two image scanlines.
In practice, the tool commonly used for measuring the distortion of domain-range
mapping is the root-mean-square (rms) metric. This metric is easy to compute the
optimal values of parameters s; and o;, where s; and o; denote contrast and brightness,
respectively, in Eq.(4) [39]. Let d; and r; be elements of 1-D domain and range blocks,
respectively, we can obtain the minimal value rms; that occurs when s; and o; are

optimized by means of

rmsj=|i2(sj-d,.+oj—r,.)zr, (3.15)

i

where i and j are pixel's order within a range block and the range block's order within
a scanline, respectively. To determine the optimal values of s; and o;, the method of
least squares is used. That is, the partial derivatives of square of Eq.(3.15) with
respect to s; and o; are calculated, respectively, and then are set to zero, so that the
optimal values s; and o; are computed by using two linear equations. As a result, the

optimal equations of parameters s; and o; are obtained as follows:
”z dir; - z d, z i
= i i i >
ny d? -(Z d,.]

S

(3.16)

J

and 0, =l(2r,.—sj2d,.j, (3.17)
n\ i

where 7 is a number of pixels in a range block. However, if the denominator of Eq.
(3.16) is zero, then we defines;=0and o, = %z r.. In practice, the contractivity fac-
tor s; of a massic class is sensitive to the convergence condition. To guarantee the con-

tractivity criterion, s; is limited by a maximum value, i.e., |sj| < Smax, Where Sy is a

maximum boundary of s;. The details of convergence condition can be found in [40].

3.4.5 Bit Allocation

Bit allocation is a process to appropriately define a number of bits for each

encoded parameter, so that the reconstructed image is close to the original one. In this
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chapter, the following parameters, domain-block location (D;), domain-block
orientation (D,), range-block size (R;), scaling (s), and offset (o), represent the mutual
fractal codes generated from a pair of contractive affine transformations and massic
transforrﬁations. These parameters can be classified into two classes: geometric and
massic classes according to their transformations [34], [41]. The geometric class is the
outcome from a scanline partition and transformation. Its bit allocation depends on the
geometrical characteristic of images, such as image size, range-block size and others,
therefore, it is almost restricted. On the other hand, the massic class is the result of
measuring imilarity or distortion of domain-range mapping by means of root-mean-
square metric. Its bit allocation is very flexible and affects directly to the image
quality, however, fewer bits for encoded parameters (massic class) trade with the
poorer image quality. For a suitable design, the bit requirement of mutual fractal
codes is allocated as follows: For geometric class, domain-block location (D)),
domain-block orientation (D,), and range-block size (R;) are required 8, 1, 2 bits,
respectively. For massic class, the scaling (s) and offset (o) parameters based on the
optimal values are presented in [39]. These parameters require 5 and 7 bits, respec-

tively. The total bit allocation for each range block can be obtained as follows:

Bysc=D,+D,+R, +s+0 (3.18)

Note that in case of fixed-size partition, the factor R; is disregarded, since all range-
block sizes are equal, therefore the bit allocation for each range block is reduced by

this factor.

3.4.6 Complexity Reduction of Mutual Scanline Domain Pools

In this subsection, the complexity of searching algorithms for domain-range
mapping is first analyzed. All algorithms implemented in this section are based on a
first-match searching technique. Here the domain pool size (length) is Np. If the first
target (domain block) in the list of a domain pool is matched, then the number of
comparisons is 1. This is the best time for a successful search. On the other hand, if
the last target in the list is matched, then the number of comparisons is Np. This is the
worst case for a successful search, therefore, in case of average successful search, the

algorithm complexity can be modeled as
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Nﬁz 1+243+---+ N, N +1

N ; (3.19)

1
N, G
At this point, It can be summarized that the complexity of the algorithm based on
first-match searching is O(Np) [42]. It is evident that the first-match searching algori-
thm has the same complexity as the exhaustive searching algorithm, whose complexi-
ty is also O(Np). These algorithms are difference in that the exhaustive search-ing
always reaches Np times of comparisons, whereas the first-match searching is
possibly less than Nj times of comparisons. Thus, the first-match searching ordinarily
runs faster than the exhaustive searching. In case of the domain pool design, the
domain pools of images are dependent on their characteristics. That is, the different
images yield different domain pools. This characteristic makes the domain pools
adaptable. For this reason, the binary searching techniqﬁe whose complexity is
O(log,n) [43] is not suitable for direct application to the domain-range mapping pro-
cedure, since the domain pools have to be sorted every time. In order to avoid these
obstacles, the reduction of the domain pool size is considered; the smaller domain
pool leads to lower complexity. In this case, to verify the efficiency of the domain
pool design between the conventional and mutual-scanline domain pools, the domain

pool sizes are ordinarily obtained by
N, =(M -2RXN -2R), (3.20)

where M and N represent horizontal and vertical image dimensions, respectively, and
R denotes the range block size. In the case of mutual scanline domain pools, the
vertical range-block dimension is set to 1 and the searching space satisfies Definition
3. The number of domain blocks Np is reduced to M-2R blocks. When compared to
the conventional one, the mutual scanline domain pool is N-2R times smaller. In the
worse case for a successful search, the comparison is M-2R times. This implies that
the domain-range-mapping procedure can speed up more than M-2R times. Table 3.1

shows the numerical comparison based on the 256x256 image size.
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Table 3.1 Comparison of domain pool sizes of the conventional and proposed

methods based on 256x256 image size.

Method Range block size (R) Domain pool sizes (Np)
1x4 248 (1x8)
Proposed method 1x8 240 (1x16)
1x16 224 (1x32)
4x4 61,504 (8x8)
Conventional method 8x8 57,600 (16x16)
16x16 50,176 (32x32)

3.5 Implementation and Application to Field-Sequential

Stereoscopic Image Pairs

In this section, we have introduced the mutual domain pool design one-
dimensional (scanline) implementation scheme of mutual fractal coding and its appli-
cation to field-sequential stereoscopic image sequences. The implementation scheme
of mutual scanline fractal coding is illustrated in Figure 3.6. First the manipulation of
the implementation scheme with the encoder section is described. In this scheme, a
divide-and-conquer technique is used. The reason for applying this technique is given
in Subsection 3.3. The dividing procedure is a preprocessing step that splits a whole
image into a number of pairs of scanlines, then, each pair of scanlines is divided by a
scanline partition. This scanline partition is an important procedure, since it defines
the range-block size that is a significant factor to control bit rate and image quality. In
the case of an adaptive-size partition of range blocks, the dynamic range threshold is a
parameter used to control a number of range blocks. In other words, we can also
control the bit rate of this scheme by using this threshold. The outcome of this
procedure is composed of two sets of non-overlapping range blocks, i.e., R, and Rg,
and two sets of overlapping domain blocks, i.e., D, and Dy. In this case, there are two
domain pools (D;- and Dg-domain pools) for keeping the sets of overlapping domain
blocks and these domain pools are called mutual domain pools. After that all range
blocks of R; and Ry search for the matching blocks in the domain pool Dr and D, by
two domain-range-mapping algorithms f : D;—Rp and
g : Dp—o R, respectively. The domain-range-mapping algorithm consists of three com-

ponents — geometric transformation, massic transformation and bit allocation — for
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performing and generating mutual fractal codes. For a clear explanation, the relation-

ship of geometric and massic transformations is constructed. That is,

{f = (fu o fo %)= fiu (o (%))

g =(gu 2 8o Xx)=gu(gs(*)) G321

where subscripts M and G denote the massic and geometric transformations, respec-
tively. From Eq.(3.19), f; and g¢ are 1-D affine transformations as described in Sub-
section 3.4.1. To obtain the best matching of domain-range mapping, all domain block
sizes are shrunk to range block sizes by pixel averaging, then each range block is
matched with the shrunken domain block. In this step, the massic transformation is
applied to measure the similarity of those domain and range blocks. In this case, the
root-mean-square metric (Eq.(3.15)) is used and its minimum value is decided as to
which pair is the best matching of the domain-range mapping, then, the scaling s and
offset o are retained as a part of the mutual fractal codes. However, since s and o
computed by Eqs.(3.16)-(3.17) are real and are infinite numbers, they are quantized to
be finite numbers. In this chapter, the uniform quantization is applied and a suitable
resolution is defined as given in Subsection 3.4.5. Finally, the merging procedure
integrates the mutual fractal codes w, and w, from both domain-range-mapping
algorithms and tabulates them as W=(D,, D,, R;, s, 0), where these symbols denote
domain-block location, domain-block orientation, range-block size, scaling and offset,
respectively.

For the decoder section, the operation of each block inside the decoder can be
described by Figure 3.4. After decoding mutual fractal codes with a few iterations, as

depicted in Figure 3.6, the reconstructed image appears.

3.6 Experimental Results

In this experiment, the performance of the intended codec is tested and
evaluated in following issues: (i) encoding and decoding time and (ii) image quality.
The condition of comparisons of the codec performance is based on the fractal coding
on a spatial domain. The mutual scanline fractal coding (MSFC) and conventional
fractal coding algorithms are implemented and simulated by using MATLAB pro-
gramming. The machine for performing the simulation program is the desktop PC
with PENTIUM 4 processor and the clock speed is 2.4 GHz.
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where xand X¥ are the original and reconstructed images, respectively, and M and N
are image dimensions. For coding efficiency, we evaluate it in the form of bit rate B

that can be calculated by the following equation:

_ Total size in bits of encoder output

(3.23)

* " Total sizein pixels of encoder input

In case of the MSFC, the total size in bits of encoder output is the product of the total
range blocks and their bit allocation. Hence, the bit allocation for cach range block
can be obtained by means of Eq.(3.18) for the MSFC.

Prior to experiment, the complexity of the test images is analyzed and summa-
rized in Figure 3.8. In this case, we use the variance (dynamic range threshold) of
images to classify the complexity regions into three levels, 4x4-, 8x8-, and 16x16-
blocks, respectively. These different square blocks, which imply that smaller blocks,
mean more complicated regions. On the other hand, larger blocks mean more smooth
regions. In Figure 3.8, we can summarize that the “cactus” image is the highest
complexity image, since it contains smaller square blocks (4x4 blocks) when com-
pared to the other two images. The “book” and “chopstick” images are the median
and low complexity images, respectively.

In the first experiment, we have evaluated the performance in the form of
frame-based coding of the MSFC codec compared with the conventional fractal
coding (CFC) and the JPEG standard coding codecs. In this experiment, the
specifications of the MSFC and CFC codecs are set as follows. For the MSFC codec,
the scanline technique is utilized to partition the range blocks with three-block-size
adaptive partition (1x8, 1x16, and 1x32 block sizes). The first-match searching
technique for domain-range mapping is selected. The bit requirement for each mutual
fractal code is totally 23 bits as defined in Subsection 3.4.5. For the CFC codec, the
basic and classical approach [9] with quadtree (three-level block sizes: 4x4, 8x8, and
16x16-blocks) partition is used. The image itself is assigned to be a domain pool. The
searching technique is the same as the one that the MSFC is utilized. The bit
allocation requires 33 bits for each fractal code. Then, the MSFC and CFC are applied
to a set of test images, which are frame-based images. The fractal codes generated

from both codecs are encoded by Huffman coding for the reduction of their
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redundancies and for the faimess of comparison with JPEG standard. The
experimental results graphically illustrated in Figure 3.9 indicate that in case of high
and median complex images, i.e., “Cactus” and “Book” images, the MSFC codec is
superior to both CFC and JPEG-standard codecs. For low complex image, the MSFC
outperforms the JPEG for the bit rate greater than 0.45 bpp (See Figure 3.9(c)). This is
because discrete cosine transform (DCT) carries out the better energy compaction for
low complex images. In this case, for very low bit rate, only the DC coefficient is
kept, thus reducing more bit rate. Simultaneously, this easily leads to the evident
image crosstalk. However, in case of encoding and decoding time, the MSFC is
greatly improved when compared with the CFC codec as shown in Figure 3.10 (See
also Table 3.2).
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Figure 3.9 Comparison of the frame-based reconstructed images of JPEG, CFC
with10 iterations, and MSFC with 5 iterations.
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Comparison of Encoding Time
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Figure 3.10 Comparison of encoding time of CFC and MSFC in frame-based

coding.

Table 3.2 Comparison of average encoding time of MSFC and CFC.

Test image MSEFC (s) CFC (s) Improved Ratio
Cactus 290.50 58,523.76 201
Book 139.82 17,388.55 124

Chopstick 74.94 9,552.05 127

3.7 Conclusion

In this chapter, we have proposed the effective domain pool design, which is
an important phase to speed up the encoding and decoding time of fractal coding. This
design is called mutual domain pool design based on the equivalent property of two
complete metric spaces. The mutual domain pool design leads to the effective coding
system which can be summarized as follows: (i) The domain-pool size is reduced,

thus decreasing the encoding time. (ii) Saving the number of bits for storing the
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domain-block position, only the column coordinate of domain-pool position is kept,
whereas the row coordinate is omitted, since it implicitly is with the range-block
position. (iii) The mutual fractal codes generated from the mutual domain-range
mapping provide faster decoding of the reconstructed images. Furthermore, to
evidently evaluate the performance of the mutual domain pools without any bias, all
schemes, including CFC codec, use the simple searching strategy, i.e., the first-match
searching technique, for domain-range mapping. The experimental results show that
in case of frame-based images the MSFC is superior to the JPEG-standard and CFC
codecs in terms of image quality as illustrated in Figure 3.9. This is because the
MSFC makes use of the scanline technique to divide the range blocks. Therefore, the
high vertical-frequencies of the frame-based images are preserved. Furthermore, the
MSFC greatly achieves the encoding and decoding time when compared with the
CFC codec as demonstrated in Figure 3.10. We can summarize that the mutual
domain pool design leads to a trade-off between the acceptable degradation of
reconstructed image and the significant improvement of mutual fractal coding.
Although the mutual scanline fractal coding can greatly improve the encoding
and decoding time, some limitations have still remained. Especially, the bit rate is still
a little high. In addition, the structure of coding system is not generic. However, its
concept is a basis approach for extending to the generic structure of coding system.

This concept is introduced in Chapter 4.



Chapter 4

Mutual Fractal Coding:

A Two-dimensional Approach

4.1 Introduction

As introduced in Chapter 3, the mutual scanline fractal coding for frame-based
images is successful not only for reducing encoding and decoding time, but also for
preserving high-vertical frequencies, however its coding efficiency is not satisfied for
a very-low-bit-rate. In this chapter, the two-dimensional approach is proposed so that
coding efficiency in terms of bit rate is improved.

The rest of this chapter is organized in the following way: In Section 4.2, the
designing phase is introduced. The structure of MSFC is analyzed and is responsible
for the unsatisfactory performance. Then the two-dimensional approach of mutual
fractal coding is proposed. The implementation scheme is described in Section 4.3.
The experimental results are illustrated in Section 4.4. Finally, the conclusion is given

in Section 4.5.

4.2 Design of Coding System

All designing phases are almost the same as in the mutual scanline fractal
coding case described in Chapter 3, therefore in this section the limitation of mutual
scanline fractal coding approach is first analyzed, especially coding efficiency in
terms of bit rate. The construction of mutual 2D-fractal coding (M2DFC) is proposed

and the steps of design are described in the following subsections.

4.2.1 Analysis of Mutual Scanline Fractal Coding
This subsection begins with the simple analysis of mutual scanline fractal
coding. Suppose the original image with size 256x256 and 8 bpp is considered, the
smallest and largest range blocks fix the limits of the possible bit rate. As introduced
in Chapter 3, the smallest and largest suitable range blocks are 1x8 and 1x32,

respectively. For simple analysis the smallest range block is 1x8. In this case, its bit
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rate that computed by means of Eqs.(3.18) and (3.21) is 2.875 bpp (23 bits/8 pixels).
This is the upper boundary of the bit rate. For the lower boundary, the largest range
block is 1x32, so its bit rate is 0.719 bpp. At this point, it can be summarized that the
bit rate of the MSFC does not satisfy a very-low-bit-rate situation. This is because the
largest range block is not large enough. On the other hand, we consider the two-
dimensional (2-D) range block. The smallest range block is 4x4, hence its upper
bound bit rate is 1.9375 bpp (31 bits/16 pixels). In this case, the bit allocation for each
range block is based on the conventional fractal coding [39]. Similarly, if the largest
range block is 16116, then its lower bound bit rate is 0.1211 bpp (31 bits/256 pixels).
It is found that the two-dimensional coding achieves the very-low-bit-rate situation.
The two-dimensional range block is a generic structure for coding images and for this
reason, the mutual fractal coding is extended to the 2-D case. The following subsec-

tions introduce its encoder and decoder.

4.2.2 Encoder

In the encoder section, the structure of range and domain blocks is formed as
depicted in Figure 4.1. The frame image is decomposed into two field images, odd
and even fields, and with this structure, the range blocks are partitioned into non-
overlapping blocks. The consecutive non-overlapping blocks in row orientation are
called row-range blocks, as illustrated in Figure 4.1(a). The mutual domain pools are
set up in the same way. The odd-field image is extracted the overlapping domain
blocks for the range blocks in even-field image and vice versa (See Figure 4.1(b)).
Domain blocks partitioned in the same row-range blocks are selected for computing
domain-range mapping. In the encoding process, the row-range blocks are encoded
from top to bottom. Domain-range mapping, composed of two parts, geometry and

intensity parts, is defined by

{ 20 = Uiy o, Xo1:21)= fi, (U, (50,37 (4.1)

8 = (guw °86,, er’yr)= Eum,, (gG,D (xr’yr))

where subscript 2D denotes 2-D affine transformations. The geometry part is replaced
with Eq. (4.2) defined as follows:
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Rs@2p)), defined in Eq. (4.3), for each mutual fractal code. For M2DFC-II codec, the
bit allocation is 25 bits (2 bits for Ry2p)). The overall implementation scheme depicted
in Figure 4.3 is applied to a set of test images, “Cactus”, “Book” and “Chopstick”,
which are field-based images as shown in Figures 3.2(b) and 4.4, respectively. The
experimental results show that the quality of the reconstructed images of the M2DFC-
I, M2DFC-II and CFC codecs is comparable, as graphically exhibited in Figure 4.5.
For high complex image, the average degradation of reconstructed image quality of
the M2DFC-I is lower than 0.15 dB at 0.92 bpp when compared with the CFC codec,
as illustrated in Figure 4.5(a). For the median complex image, it yields almost the
same reconstructed images as the CFC codec. For the low complex image, it outper-
forms the CFC codec for a bit rate greater than 0.47 bpp. In the case of M2DFC-II, the
average degradation is lower than 0.35 dB at 0.85 bpp for the high complex image
and 0.15 dB at 0.49 bpp for the median complex image and 1.30 dB at 0.19 bpp for
the low complex image, respectively, when compared with the CFC codec. Neverthe-
less, the encoding time of the M2DFC-I and M2DFC-II is greatly improved, as shown
in Figure 4.6. The mutual fractal encoding time is faster than the conventional fractal
coding, as summarized in Tables 4.1 and 4.2. In the case of decoding time, the
experimental results illustrate that the M2DFC-I codec takes fewer iterations than the
CFC codec when both codecs are encoded with the same scaling value (s=1). In
Figure 4.7, the M2DFC-I codec outperforms the CFC in terms of taking fewer
iterations; the M2DFC-I codec converges within about 3 to 4 iterations while the CFC
needs more than 5 iterations to decode the reconstructed images. This implies that the
intended codec is faster than the conventional one by approximately 2 times. This is a
trade-off between the acceptable degradation of reconstructed images and the great

improvement of mutual fractal encoding and decoding time.

4.5 Conclusion

In this chapter, the extended concept of mutual domain pool design from a
one-dimensional approach to a two-dimensional approach has been proposed. The
objectives of this extended concept are to reduce the coding bit rate and to provide the
coding structure to be a generic form. In order to achieve these objectives, the
structure of domain and range blocks is formed under the following conditions. (i)

The consecutive range blocks in the row orientation are grouped into a row-range



56

block. In the same way, the mutual domain pools are the collections of overlapping
blocks. The consecutive domain blocks in the row direction are also formed into a
row-domain block. (ii) Only the range and domain blocks, which are in the same row
coordinate, are mapped and encoded with fractal codes in the encoding phase. These
codes are also called mutual fractal codes. In this way, it is found that the coding bit
rate is comparable with the conventional one. This is because the size of range blocks
is larger while the D, coefficient of affine transformation is omitted. Image quality is
an acceptable degradation when compared with the CFC codec, but encoding and
decoding time is greatly improved.

This satisfaction is not the end of developing mutual fractal coding. Chapter 5

introduces the combination method for improving its efficiency.
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Table 4.1 Comparison of average encoding time of M2DFC-I and CFC.

Test image M2DFC-I (s) CFC (s) Improved Ratio
Cactus 457.97 17,251.07 38
Book 337.54 11,676.23 35
Chopstick 231.01 5,137.30 22

Table 4.2 Comparison of average encoding time of M2DFC-II and CFC.

Test image M2DFC-II (s) CFC (s) Improved Ratio
Cactus 417.86 17,251.07 41
Book 254.22 11,676.23 " 46
Chopstick 139.79 5,137.30 37




Chapter 5

Mutual Fractal Coding Based on Variance

5.1 Introduction

In this chapter, mutual fractal coding based on variance is proposed. This
approach is a combination of the advantages of mutual fractal coding and variance-
based fractal coding. The main objective of the intended method is to compromise the
following factors: image quality, encoding time, decoding time and coding bit rate.
The variance-based scheme proposed by [44], [45] is a simple and effective approach
to improve fast encoding time and to achieve good image quality, but the decoding
time and coding bit rate are still no worse than the conventional fractal coding. On the
other hand, although the mutual fractal coding introduced in Chapters 3 and 4 can
provide for both less decoding time and lower coding bit rate, the encoding time still
has to speed up. In order to accomplish the objective, therefore, the mutual domain
pool design is implemented for variance-based scheme.

The rest of this paper is organized as follows: Section 5.2 reviews the
variance-based approach for speeding up the fractal image encoding. In Section 5.3,
the mutual domain pool design is also addressed, then mutual fractal image coding
based on variance is proposed in Section 5.4. The experimental results are illustrated

in Section 5.5. Finally, the conclusion is given in Section 5.6.

5.2 Variance-based Fractal Coding

The variance-based approach is one of the most recent techniques used to
speed up the fractal image encoding process. The main idea of this approach is based
on the fact that two equal-sizes of image blocks cannot be closely matched unless
their means and variances are closely matched [44]. Using this idea, it can concisely
describe the practical procedure as follows. First, the original image is partitioned into
non-overlapping range blocks, then domain blocks are extracted from the original
image with twice size of range blocks. A collection of domain blocks is called a
domain pool. Next, each domain block in the domain pool is contracted to the range

block size by pixel averaging and its variance is calculated. All the variances of the
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Figure 5.1 Symmetrical searching window size and its operation.

domain blocks are sorted. The domain pool whose variances are sorted is called a
sorted domain pool. After providing the range blocks and sorted domain pools, it
reaches to the phase of obtaining fractal code or fractal image encoding. In this phase,
each range block searches for the candidate of a matching domain block in the sorted
domain pool. If the variances of range and domain blocks are closely matched, then
the location of that domain block is marked to be a center or reference point of the
searching window. The closest matching variance between range and domain blocks
usually does not imply that they are matched in intensity affine transformation
(massic transformation). For this reason the sorted neighboring variances are also
included to calculate the optimal coefficients of intensity affine transformation by
means of symmetrical searching windows, as illustrated in Figure 5.1. Finally, all the
coefficients of transformation are stored in the form of fractal codes.

Recently, an improved variance-based scheme was proposed by C. He et al
[45]. The main objectives of this scheme are to accelerate the encoding time and to
improve the reconstructed image quality to be better than the original one. C. He
introduced the improved scheme by appending a simple classification and a reduced
domain pool criterion to the preprocessing procedure. In the classification phase, the
range blocks are grouped into shaded and non-shaded blocks by the use of variance

defined as
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Var(R)< & (5.1)
where ¢ and R denote variance threshold and range block, respectively. If the
variance of each range block is lower than a predefined threshold &, then it is
regarded as a shaded block, otherwise it is a non-shade block. Then all shaded blocks
are encoded with their intensity means, whereas all non-shaded blocks are encoded
with an intensity affine transformation. In addition, the domain pool reduces its size

by means of the following criterion defined as

Q, ={DeQ|Var(D)2 6?} (5.2)

where Q,Q,,D,and § represent.a domain pool, reduced-domain pool, domain block

and reduced-domain-pool threshold, respectively. In this case, only the relatively

* large variances in the sorted domain pool are considered in order to obtain a smaller

contrast factor s in intensity affine transformation. This makes the encoding time
shorter and the reconstructed image improved, when compared with the variance-

based scheme proposed in [44].

5.3 Mutual Domain Pool Design

Domain pool design for fractal image compression is an important phase to
reduce the computational encoding time, therefore in this section, the mutual domain
pool design is proposed to achieve not only less encoding time, but also fewer
iterations of decoding time and coefficients of geometric affine transformation. This is
a principal concept, which differs from the variance-based and conventional

approaches. The designing phases are described in the following subsections.

5.3.1 Analysis of Conventional Fractal Coding

This subsection begins with the simple analysis of conventional fractal image
compression. The affine transformation, which is composed of geometric and
intensity parts, is widely used for fractal image compression. In fractal encoding
process, the original image has to be partitioned into two types of subimage blocks,
namely, range and domain blocks, then the affine transformation is applied to obtain
the optimal coefficients of domain-range mapping. These coefficients are called
fractal codes. The fractal codes are also composed of geometric and intensity

coefficients. The original image with size 256x256 and 8 is considered here. The
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Figure 5.2 Mutual domain pool structure with minimizing the y-coordinate of
domain blocks.

equal-size image partition is used for simple analysis. Bit requirements for this image
can be classified as follows. In the geometric part, the coefficients are composed of x-
and y-coordinates, D; and D,, of domain blocks, including isometric parameter
(rotation and flip) /. In the intensity part, the coefficients consist of offset o
(brightness) and scaling s (contrast). The bit allocations of these coefficients are 19
bits for geometric coefficients (16 (8+8) bits for domain block position and 3 bits for
rotation and flip operations) and 12 bits for intensity coefficients (7 bits for brightness
and 5 bits for contrast). Each range block needs 31 bits, i.e., the fractal code is
tabulated as (Dx, D,, 1, 0, s) = (8, 8, 3, 7, 5). At this point, it is can be summarized that
only the coefficients of domain block position take more than 50% of the amount of
bit allocations for encoding each range block. In addition, the larger images need
more bit requirements for encoding the coordinate coefficients. It is evident therefore,
that the appropriate structure of the domain pool design can provide less encoding

time and lower coding bit rate.

5.3.2 Modified Structure of Mutual Domain Pools
The main objectives of this designing phase are to reduce the bit requirement
of coefficients of geometric affine transformation and the domain pool size. In order
to accomplish these objectives, the mutual domain pool design is proposed. In this
method, the original image is firstly de-interleaved into odd and even fields, so that
the similarity characteristic of images still remains. Now the even and odd fields can
be viewed as two equivalent complete metric spaces that the contractive mapping

fixed point still holds [37]. This means that the domain pool of the original image is
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also decomposed into two-parts. The geometric of domain pools can be formed as
illustrated in Figure 5.2. In this case, the structure of the range blocks is considered.
The consecutive range blocks in row direction of the image are formed and called
row-range blocks. Each range block of the row-range block is encoded in order from
left to right and from top to bottom, respectively. Therefore, R, and R,, which denote
the range-block position, can be omitted, but the image size and range-block size are
sent to the decoder by file’s header for recovering the range block position. In a like
manner, a collection of consecutive domain blocks extracted from the mutual domain
pools is called a row-domain pool. This structure differs from the conventional fractal
coding in that the domain pool for row-range blocks in the odd-field image is
extracted from the even-field image and vice versa. This directly influences the
number of iterations of decoding process explained clearly in the Subsection 4.2.3. In
order to reduce the bit requirement of the coefficients of geometric affine transforma-

tion, we replace the y-coordinate of the domain pool with two parameters, A, and p.

A, is defined as a step size increment of the row-domain-pool location in the y-

coordinate direction. Although this parameter is not a part of fractal codes, it is
important for decoding the domain block position, so it is attached to the file’s header.
p is a binary code to represent the number of row-domain pools. As exhibited in

Figure 5.2, the domain pool size can be obtained by

P __np+l
Ds=2 M-2P"R
A

X

(5.3)

where p, M, R, and A represent a number of row-domain pools, column image

dimension, range block size, and horizontal step size increment, respectively. By this
structure, only the x-coordinate of the domain block is kept, whereas the y-coordinate
is replaced with Ry+p A, since it is implicitly within the range block position. This

makes the number of bits for storing the domain-block position saving. The domain
pool size is also reduced, thus speeding up the encoding time.

In this way, it is clear that the mutual-domain-pool design makes the coding
system effective by the following reasons. First, the domain-pool size is reduced by
parameter p, thus speeding up the searching time, while maintaining the image quality
as well as possible. Second, the number of bits for coefficients of the mutual fractal

codes is reduced by D, coefficient. This leads to a lower coding bit rate.



__________________________________________________________________________________

A4

Range-block
setting up
procedure

Shaded blocks

Non-shaded blocks

A4

Domain-block

Sorted domain

Domain-range

' i
' i
) ]
) ]
1 )
! |
: :
[}
E !
' '
]
' Odd-field | 1 settingup | pool mapping '
i image '
: procedure (For even field) procedure '
' 7 i
: T Y A :
' i
)
v Original De-interleaved . Mutual fractal code 4
'l image ) procedure Mutual domain pools combination E
: l -
v A '
' J' '
1 ]
' Domain-block Sorted domain Domain-range '
E E ";f:;ﬁzld > setting up —> pool mapping !
! 8 procedure (For odd field) procedure '
; 5 ;
] )
! Non-shaded blocks 4
' Range-block !
E > setting up !
ENCODER procedure Shaded blocks
g O S S S pE ¥ A
Storage/Channel

TS A 1
w w w w :
' Y y A 4 A 4 '

]
Reconstructed : on o2 ol Decoding shaded |

< €~ -~ -~ — —]

image H (f °g (f ° g) (f °g block first E

)
) ]
) )
! DECODER E

R L T N e TR T
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5.3.3 Complexity Reduction of Modified Mutual Domain Pools

As described in Subsection 5.3.2, the objective of the modified structure is to

extend the feasibility of self-similarity area to the vertical direction. This modified

structure is able to improve the quality of reconstructed images, however the exten-

sion of self-similarity area leads to the enlargement of the mutual domain pool size. In

order to limit the self-similarity area for an appropriate situation, i.e., compromise

between complexity and reconstructed image quality, the following parameters, p and

A_,in Eq. 5.3 have to be controlled. The extension of the self-similarity area is p,

whereas the limitation of mutual domain pool size is A, . In this case, the complexity
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of this structure is analyzed by setting p and A_to 3-bit and 2-step increment,

respectively. The mutual row-domain pools are entirely equal to 4(M-2R), which is

four times greater than the original mutual-domain-pool size.

5.4 Proposed Approach

The overall implementation is schematically illustrated in Figure 5.3. The
operation of this scheme can be described as follows: beginning with the encoder
section, first, the original image is de-interleaved into odd- and even-field images,
then each field image is partitioned into non-overlapping range blocks by a range-
block setting up procedure. This procedure provides consecutive range blocks in the
same row of the original image grouped into a row-range block. In addition, the
elements of each row-range block are classified into two types of blocks, shaded and
non-shaded blocks, as introduced in Section 5.2. All of shaded blocks are encoded by
their intensity-mean values, while all of non-shaded blocks are encoded with coeffi-
~cients of intensity affine transformation. The mutual domain pools are setup by a
domain-block setting up procedure. In this procedure, the domain blocks are extracted
from the odd- and even-field images, respectively. The number of domain blocks is
limited by Eq.(5.3). The important factor in this case is the parameter 2°, which
represents a number of row-domain-block levels as depicted in Figure 5.2. This
implies that the more bits for parameter p, the more levels of mutual row-domain pool
are included, then all domain blocks obtain their variances. Only the relatively high
variances are possessed and sorted to provide for domain-range mapping procedure.
At this point, it can be imagined that the domain pool size is reduced by two factors.
The first is a mutual-domain-pool structure minimizing with parameter 2° and the
second is a variance parameter; only high variance domain blocks are considered, so
the low variance domain blocks are ignored. After providing the row-range blocks of
each field images and sorted mutual domain pools, the mutual fractal codes are
generated by domain-range mapping procedures. Finally, The outcomes from these
procedures are combined together.

For the decoder section, the shaded blocks encoded by intensity-mean values
are firstly decoded, then the mutual fractal codes are decoded by an iterative system

function (fo g), as illustrated in Figure 5.3. Finally, after a few iterations, the

reconstructed image appears.



68

5.5 Experimental Results

In this experiment, the performance of the intended codec is tested and
evaluated in following issues: (i) image quality, (ii) encoding time, (iii) decoding time
and (iv) coding bit rate. The condition of comparisons of the codec performance is
based on the fractal coding on a spatial domain. The mutual-2D-fractal coding
(M2DFC), variance-based fractal coding (VBFC) [45], conventional fractal coding
(CFC) [39], and proposed method (MFCBV-I, -II, and -III) algorithms are
implemented and simulated by using MATLAB programming. The machine for
performing the simulation program is the desktop PC with PENTIUM 4 processor and
the clock speed is 2.4 GHz.

In order to test and evaluate the performance of the intended codec compared
with conventlonal codec, mutual-2D-fractal codec and the state-of-the-art of variance-
~“based codec a set of stereoscopic test images have been prepared _1p field-based
format, i.e., “Cactus”, “Book” and “Chopstick” images, as shown Ir; Flgures 3.1(b),
4.4(a) and 4.4(b), respectively. The image quality is evaluated by means of peak
signal-to-noise ratio (PSNR), as defined in Eq.(3.20). For coding efficiency, evalua-
tion is in the form of bit rate Bg, that can be calculated by Eq:«(3.21).

For the first experiment, the following conditions are set for the fairness of

comparison. In the case of the CFC and M2DFC-I codecs, the specifications are not

chatiged from the first experiment in Chapter 3 and Chapter 4, respectively. In case of

. 'the VBFC and MFCBV-I codecs, the bit requirement for each fractal code is allocated

in Table 5 1 These codecs also need a special parameter for identifying the range
block classification, i.e., shaded- and non-shaded blocks. That parameter is C,
requiring only 1 bit. The additional codec parameters are also predefined as shown in
Table 5.2. The parameter p in Eq.(5.3) is set to zero so as to minimize the mutual do-
main pool as small as possible. Searching window sizes of the VBFC and MFCBV-I
codecs are set to 5% of entire domain pool and 50% of row-domain pool, respec-
tively, then the overall implementation scheme depicted in Figure 5.3 is applied to a
set of test images. The experimental results show that the quality of reconstructed
images of the CFC, M2DFC-I, VBFC and MFCBV-I codecs is comparable as
graphically exhibited in Figure 5.4. For the high complex image, the proposed and
CFC codecs are almost the same quality of reconstructed image and outperforms both

the M2DFC-1 and VBFC codecs. For the median complex image, the reconstructed
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image quality of the proposed codec is superior to that of both M2DFC-I and VBFC
codecs, but there is a little degradation when compared with the CFC codec. For the
low complex image, MFCBV-I codec outperforms the VBFC codec for a bit rate
greater than 0.85 bpp, whereas the average degradation is lower than 0.30 dB at 0.50
bpp when compared with the CFC codec. At this point, it can be summarized that the
proposed method respdrids well in terms of efficiency of reconstructed image quality.

In addition, the experimental results illustrate that the MFCBYV codec greatly
improves the encoding time when compared with the CFC codec and compromises
between the M2DFC-I and VBFC codecs, as graphically shown in Figure 5.5. (See
also Tables 5.1 and 5.2)

In case of decoding time, the experimental results illustrate that the mutual
fractal coding approach (M2DFC-I and MFCBV-I codecs) takes fewer iterations than
the CFC and VBFC codecs when all of the codecs is encoded with the same scaling
value (s=1). In Figure 5.6, the M2DFC-I codec outperforms the CFC codec in terms
of taking fewer iterations; the MFCBV-I codec converges within about 3 to 4 itera-
tions, while the VBFC codec needs at least more than 5 to 6 iterations to decode the
reconstructed images. This implies that the proposed codec is faster than the CFC and
VBFC codecs by approximately 2 t.imes. )

For the second experiment, .the .modiﬁed structure of the mutual domain pool
designed in Figure 52 is implem'ented for the MFCBV-II and -III. The codec
parameter values are set as Table 5.3. The searching window size of MFCBV-II and -
III codecs is assigned as 5% and 10%, respectively. For the “Cactus” image, the
experimental results show' tilat the MFCBV-III codec is almost identical to the CFC
codec and is superior to the other codecs in terms of reconstructed image quality (see
Figure 5.6(a)). For the “Book” image, the quality of the reconstructed image is
slightly degradable when compared with the CFC, M2DFC-I and MFCBV-], but is
better than the VBFC codec. For the “Chopstick” image, the MFCBV-III codec
outperforms all of the codecs. On the other hand, the MFCBV-II codec gets the lowest
ranking order in terms of reconstructed image quality for all test images. In case of
encoding time, both the MFCBV-II and -III codecs are comparable to the VBFC

codec and are superior to the others for all test images.
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At this point, it can be summarized that the modified structure of the mutual
domain pool can provide good efficiency for both reconstructed image quality and

encoding time, when suitable values are set for codec parameters, i.e., p, A, ,and A .

Table 5.1 Specifications of experimental codecs.

Bit allocation for encoding parameters Total bit
Codec allocation
D, D, I 0 s R Ce
CFC (3-level) 8 7 3 7 5 2 - 32
M2DFC-I 8 - 3 7 5 1 - 24
VBFC 8 7 3 7 5 1 1 32
MFCBV-I* 8 - 3 7 5 1 1 25

* Note: Domain pool design is based on the approach described in Chapter 4.

Table 5.2 Setting up predefined thresholds for VBFC, MFCBV-], -II and -III codec
parameters.

Codec parameters Predefined thresholds

Variance threshold for classification (£) | < 10 ; for non-shaded block

Variance threshold for domain pool reduction (5 ) > 10 ; for domain pool reduction

Variance threshold for matching block (17) < 10 ; for domain-range matching

Table 5.3 Setting up parameter values for MFCBV-I and -II codecs.

Codec parameters Parameter values
p-parameter 8-level (3 bits)

A, 4-step increment

A, 2-step increment
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Figure 5.4 Comparison of the reconstructed field-based images of CFC, M2DFC-],
VBFC and MFCBV-I codecs.
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Table 5.4 Comparison of average encoding time of VBFC and CFC.
Test image VBEFC (s) CFC (s) Improved Ratio
Cactus 163.22 17,251.07 105
Book 83.00 11,676.23 140
Chopstick 60.03 5,137.30 85
Table 5.5 Comparison of average encoding time of MFCBYV and CFC.
Test image MEFCBV (s) CFC (s) Improved Ratio
Cactus 386.86 17,251.07 44
Book 232.32 11,676.23 50
Chopstick 195.53 5,137.30 26
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Figure 5.7 Comparison of the reconstructed field-based images of CFC, M2DFC-I,
VBFC, MFCBV-I, MFCBV-II and MFCBV-III codecs.
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Table 5.6 Comparison of average encoding time of MFCBV-II and CFC.

Test image MFCBV-II (s) CFC (s) Improved Ratio
Cactus 105.70 17,251.07 163
Book 62.47 11,676.23 187

Chopstick 39.01 5,137.30 132

Table 5.7 Comparison of average encoding time of MFCBV-III and CFC.

Test image MFCBV-III (s) CFC (s) Improved Ratio
Cactus 181.79 17,251.07 95
Book 98.58 11,676.23 . 118
Chopstick 58.27 5,137.30 88

5.6 Conclusion

In this chapter, a novel fractal coding approach called mutual fractal coding
based on variance is proposed. In this approach, the advantages of mutual fractal
coding and state-of-the-art of variance-based fractal coding are combined together so
that the reconstructed image quality, encoding time, decoding time and coding bit rate
are improved. The mutual domain pool design is still the heart of the coding system,
because it provides the following satisfactory conditions: (i) The mutual domain pools
still preserved the similarity characteristic of images, retaining quality of reconstruct-
ed image as much as possible. (i1) The mutual domain pool size is smaller, thus
decreasing the encoding time. (iii) The mutual fractal codes generated from the
mutual domain-range mapping provide faster decoding. (iv) The mutual fractal codes
require fewer bits, thereby reducing the coding bit rate. On the other hand, the
variance-based approach is a simple and effective way to speed up the fractal
encoding process, therefore in order to reach the objectives, the mutual domain pools
are implemented for a variance-based scheme. The experimental results illustrate that
overall efficiency of the proposed method can be summarized as follows. (i) The
image quality of the proposed scheme is comparable with the CFC codec. (ii) The

encoding time is greatly improved when compared with the CFC codec, but it is



80

slower than the VBFC by approximately two times. (iii) The decoding process
converges in fewer iterations to decode the reconstructed image when compared with
the CFC and VBFC codecs. It is approximately two times better. (iv) The coding bit
rate is also reduced. Although successful effectiveness of the proposed coding system
has been achieved, the computing of sorted mutual domain pools has been traded off.
For this reason, the proposed method has still been comparable to the VBFC
approach.

Finally, it is believed that the mutual domain pool design is just a beginning

and it can be developed for improving the efficiency of the fractal coding.



Chapter 6

Conclusions and Suggestions

In this dissertation, two collaborating systems, acquisition and compression,
have been investigated for reducing the redundancy of stereoscopic image and video
sequences. The research work has been summarized as follows. In Chapter 2, an
effective stereoscopic image and video acquisition system is proposed. This chapter
first introduces the limitations of the conventional stereoscopic video acquisition
system using double camera geometry, then its problems are formulated. These
problems are (i) the difficulties of setting up the stereoscopic acquisition system and
(ii) the widening image and video signals of a dual camera system. The proposed
adapter for generating stereoscopic video is then analyzed and it is shown that the
dual camera geometry and the intended geometry are comparable. Hence, the dual
camera system can be completely replaced with the intended system. Finally, an
archetype acquisition system was invented and experimented on to capture stereo-
scopic scenes. These scenes have come to be a set of stereoscopic test images. In this
system, two controlling factors have been satisfied. The former is the elimination of
complexity of stereoscopic acquisition system and the latter is the reduction of video
signals.

Although a novel stereoscopic acquisition system has successfully invented
and has satisfied the objectives, some limitations still remain. For instance, the system
cannot be used to magnify image sequences when taking objects that are far away and
the resolution of images is cut down by half, because of the characteristics of the
field-sequential standard. In the case of stereoscopic video quality, it is dependent on
the performance of the CCD camera. Finally, it is believed that the intended stereo-
scopic acquisition geometry can be replaced with high quality devices for improving
the efficiency of system.

The rest of the chapters are concerned with coding systems. In Chapters 3 and
4, the novel concept of fractal coding is proposed to compromise the following
objectives: (i) overwhelming the long encoding time, (ii) speeding up decoding time,
(iii) retaining quality image and (iv) reaching a very-low-bit-rate condition. In order

to achieve these objects, analyzing the construction and characteristics of field-
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sequential stereoscopic image sequences was done. The problem was then formulated.
In this phase, field-sequential stereoscopic video sequences differ from the typical
video sequences in that they contain large amounts of high-vertical frequencies. These
high frequencies are substantial for depth perception, therefore this characteristic is
very important for designing a coding scheme. In order to overwhelm this obstacle,
two fractal-coding approaches were proposed. The former is mutual scanline fractal
coding (MSFC) for frame-based images and the latter is mutual 2-D fractal coding
(M2DFC) for field-based images. The heart of these approaches is the mutual domain
pool design. The mutual domain pools based on equivalent property of two complete
metric spaces are designed for speeding up both encoding and decoding time. This
method provides smaller domain pools, thus reducing the encoding time. The mutual
fractal codes generated by this method also take fewer iterations for decoding the
reconstructed images. This implies that the decoding time is shorter. In Chapter 4, the
extended concept of mutual domain pool design to a two-dimensional approach is
proposed. This extension makes the mutual fractal coding effective in two cases. The
first is the reduction of coding bit rate and the other is the generic structure of the
coding image.

In Chapter 5, mutual fractal coding based on variance is proposed. This
method is a combination of the advantages of mutual fractal coding and variance-
based fractal coding. The variance-based scheme is a simple and effective approach to
improve fast encoding time and achieve good image quality, but the decoding time
and coding bit rate are still no worse than the conventional fractal coding. On the
other hand, although the mutual fractal coding can provide both less decoding time
and a lower bit rate, the encoding time still has to speed up, therefore the combination
of these approaches is an alternative way to improve the coding efficiency. Based on
the experimental results, the following factors have been satisfactorily compromised:
reconstructed image quality, encoding time, decoding time and coding bit rate.

Although the mutual domain pool design can greatly improve encoding and
decoding time, some limitations still remain. For example, in the case of a larger
image, the encoding and decoding time exponentially increases with the image size
when using a simple searching technique, i.e., first-match searching technique. In this
case, an extended version of the mutual domain pool design is being studied. This is
the multiple domain pool design. Finally, it is believed that the mutual domain pools

and their extended concepts are also able to collaborate with the other techniques—
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such as classifications [39], [46] feature vectors [46], frequency-like domains [47],
[48], and others—for noticeably improving the fractal encoding and decoding time
and image quality. In addition, hybrid approaches [49], [50] are also possible ways to

cooperate with the approach taken in this dissertation.
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Abstract Fractal coding is a recent compression technique based on self-similarity of images. This technique has vari-
ous advantages in terms of resolution independence, fast decoding, and high compression ratio. However, in the encod-
ing phase it takes a long computational time. In order to overcome this problem, we propose a novel coding approach,
i.e., mutual fractal coding. In this approach, there is a significant characteristic that differs from the conventional frac-
tal coding. That is the effective domain pool design; the mutual domain pools based on equivalent property of two com-
plete metric spaces are designed for speeding up the encoding and decoding time. For applications to field-sequential
stereoscopic video sequences, the remaining problem is that the high vertical-frequencies of stereoscopic image pair in
frame-based images are suppressed. This makes the depth perception-defective. In this case, there are two simple tech-
niques for overcoming this problem. The first technique is mutual scanline fractal coding (MSFC) for frame-based im-
ages. The other is mutual 2-D fractal coding (M2DFC) for field-based images. The experimental results illustrate that
the intended approaches can reduce both encoding and decoding times when compared with the conventional fractal
coding based on quadtree partition. Moreover, the reconstructed image quality is improved in terms of preserving the
high vertical-frequencies by using the MSFC for frame-based images and M2DFC for field-based images.

Keywords: fractal coding, mutual scanline fractal coding, mutual 2-D fractal coding, self-similarity, stereoscopic image pair,

stereoscopic video sequence

1. Introduction

Currently, stereoscopic video is becoming an important
ingredient of multimedia applications [1], [2]. Especially, the
field-sequential stereoscopic video is one of the most practi-
cal approaches for producing and displaying stereoscopic
image sequences on existing equipment [2]. Nevertheless, it
requires an effective coding to minimize its information for
storage spaces and transmission bandwidths. Thus, in this
paper the effective coding technique and the characteristics
of the field-sequential stereoscopic video are collaboratively
investigated.

In general, the field-sequential stereoscopic video se-
quences are composed of left and right images acquired from
two slightly different viewpoints, thus making them similar
and containing a lot of redundant information. In order to
remove this redundancy, an effective coding technique is
essential, With a characteristic of the field-sequential stereo-
scopic video sequences containing a lot of self-similarity
information, the suitable coding approach for such informa-
tion is fractal coding based on the self-similarity property.
Furthermore, this technique has various advantages in terms
of resolution independence, fast decoding, and high com-
pression ratio. However, its long encoding time is still a
main drawback. Moreover, in case of frame-based image
coding of the field-sequential stereoscopic video sequences,
the conventional 2-D fractal coding technique makes the
depth or three-dimensional perception defective, since the
high vertical-frequencies of a stereoscopic image pair are
suppressed.

In order to conquer these problems, a novel coding ap-
proach, mutual fractal coding, for coding the field-sequen-
tial stereoscopic video sequences is proposed. In this approa-
ch, there is a significant characteristic that differs from the
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design of the conventional fractal coding; that is the effective
domain pool design. It is one of the important phases for
speeding up the encoding time of fractal coding. A. Jacquin
[3] concluded his unsolved problems concerning with the
conception of fractal encoding. The domain pool is one of
his lists. Since then, much less paper [4] has been proposed
on the efficient domain pool design, but such paper has been
emphasized to the iteration-free for decoding process. B.
Wohlberg [5] discussed the survey literatures related to
domain pool design and concluded that the simplest way to
speed up the fractal encoding is domain pool reduction.
However, this method is a trade-off between domain pool
size and image quality; the smaller domain pool leads to the
poorer image quality. Therefore, the objectives of this paper
are to design the effective domain pool whose size is reduced
as small as possible and to retain the image quality as good
as feasible. For this reason, we have proposed a novel ap-
proach for designing the domain pool, i.e., mutual domain
pool design. The mutual domain pools based on equivalent
property of two complete metric spaces are designed for
speeding up the encoding and decoding time. This method
provides the smaller domain pools, thus reducing the search-
ing time of domain-range mapping. The codes generated by
these mutual domain pools are called mutual fractal codes.
The remaining problem is that the high vertical-frequen-
cies of the stereoscopic image pair are suppressed. In this
case, there are two methods to avoid this problem. The form-
er is mutual scanline fractal coding for frame-based images.
In this method, the scanline technique is used to partition the
range block of images. It is a simple and practical technique
to preserve the high vertical-frequencies of the stereoscopic
image pairs. Furthermore, it also avoids the image-crosstalk
problem caused by blending the left and right images [6]-
The latter is mutual 2-D fractal coding (M2DFC) for field-

165



based images. In this approach, the de-interleaved technique
is utilized for eliminating the high vertical-frequencies of the
stereoscopic image pairs. This technique is employed in the
preprocessing step of the M2DFC.

The rest of this paper is organized as follows: Section 2
reviews the construction of a field-sequential stereoscopic
video sequence and its characteristics. The high vertical-fre-
quencies of stereoscopic image pairs are also addressed. In
Section 3, the theoretical model of mutual fractal coding is
formed. Then, we propose the design of coding system in
Section 4, In Section 5, the implementations and applications
of the intended approach performed in both cases: frame-
and field-based coding are described. The experimental
results are illustrated in Section 6. Finally, the <onclusions
are given in Section 7.

2. A Brief Review of Field-Sequential
Stereoscopic Video Sequences

In this section, we concisely describe the construction of
a field-sequential stereoscopic video sequence and its cha-
racteristics.

2.1 Construction of field-sequential stereoscopic video
sequences

Generally, the field-sequential stereoscopic video is made
up of a sequence of stereoscopic image pairs. Fig. | shows
its construction. This construction is compatible with the
typical scanning of television systems for which every frame
consists of two fields: even and odd fields. The number of
times for repainting the screen in one second is called field
rate. This field rate is customarily related to a vertical syn-
chronous frequency, 60 Hz for NTSC system, for instance.
Hence, with this field rate, it is so expeditious that the hu-
man eyes cannot identify the alternation between the even
and odd fields. Thus, the field-sequential scanning is an ap-
propriate technique for occupying the left and right images
in one frame, consisting of the even field for the left image
and the odd field for the right image, and for displaying on
standard televisions and computer monitors. A model of the
field-sequential stereoscopic video acquisition system pro-
posed in [7] is illustrated in Fig. 2. Fig. 3(a) shows an exam-
ple of a stereoscopic image pair acquired by this model.

2.2 Characteristics of field-sequential stereoscopic
image pairs

Fundamentally, an image can be viewed as a two-dimen-
sional signal composed of horizontal and vertical axes that
denote horizontal and vertical frequencies, respectively. For
a field-sequential stereoscopic image, both horizontal and

vertical frequencies have great difference as illustrated in Fig.

4, but for a typical image, they have no great difference as
graphically depicted in Fig. 5. At this point, it is summa-
rized that the field-sequential stereoscopic video sequence
differs from the typical video sequence in that it contains a
large amount of high frequencies in vertical direction of each
frame. These high frequencies are substantial for depth per-
ception. Hence, this characteristic of the field-sequential
stereoscopic video sequence is very important for designing

166

91

Stereoscopic image pair
(One frame)

0Odd field

Field-sequential stereoscopic video sequence

Fig. 1  Construction of field-sequential stereoscopic video
Active/passive Optical axi
optical mechanism _,/«/ \
‘@1 Reflcot @ |
: | T 7 | [
: ' 4 12 :
Refl. coat —v— I i 0
P! lo Pl E2
: ! ! Refl. coat | 8
5 —N Pl2¢
: 3| P (@S
@ Left prism 3_ ________________ ]___"_____’_____E
@ Right prism | K
@ Reflecting prism c‘b\
@ Right-angle prism CCD’s lens
® Left LC shutter _ o Image sensor
® Right LC shutter —
¢ Composite 5| Vert sync.
To computer/video signals separator
recorder

Fig. 2 Model of stereoscopic video acquisition system using
active/passive optical mechanism

a coding scheme described in the following sections. How-
ever, in order to preserve the high vertical-frequencies, we
can apply the MSFC to the frame-based image depicted in
Fig. 3(a) and the M2DFC to the field-based image shown in
Fig. 3(b). These approaches are designed and implemented
with the theoretical model described in the next section.

3. Theoretical Model

In this section, theoretical model of mutual fractal coding
is concisely presented. This model is made of the following
principal theories: metric spaces, affine transformations, con-
tractive mapping fixed-point theorem, and partitioned iterat-
ed function system (PIFS). However, only the relevant defi-
nitions and theorems are described for lack of space. For
additional details of above theories, the reader should refer to
[8]. In addition, we describe solely the theory of scanline
model. For the extended (2-D) model, the implementation
scheme is illustrated in Subsection 5.2.

3.1 Model of mutual fractal codes

We begin with describing the definition of elementary
mathematical model for the mutual scanline fractal coding,
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Fig.4 The representation of (a) the horizontal image scanline
in row 51% and (b) vertical image scanline in column
120" of the original stereoscopic image pair in Fig. 3(a)

Theorem 2 proves that fo g still possesses exactly one
fixed point, even though it performs on two equivalent com-
plete metric spaces. In practice, this provides us an effective
design of mutual domain pools in Subsection 4.2. Now,
Theorem 2 is promptly applied to a partitioned iteration
function system (PIFS). Nevertheless, in this paper, we also
make use of divide-and-conquer technique to provide suit-
able conditions for PIFS. This technique involves solving a
particular computational problem by dividing it into more
subproblems of smaller size, and then merging the solutions
of subproblems to produce a solution of the original pro-
blem. Therefore, for scanline case, we firstly divide an image
into a number of pairs of scanlines. Then, each pair of scan-
lines is defined as follows: D, and Dy denote the mutual do-
main pools of scanlines of left and right images, respective-
ly, whereas R, and Ry denote the scanlines of range blocks.
Finally, the following definition generates the mutual fractal
codes.

Definition 3:  Let (Xpd;) and (Xz.dg) be complete me-
tric spaces of the left and right discrete images of a stereo-
scopic image pair, and let DX, and DrcXz. Then a parti-
tioned iteration function system (PIFS) is a collection of
contractive mappings:

wy : Dy Rg foru=12,...N
and w, : Dgy—oR forv=12,...M
where N and M are a number of domain blocks of D, and Dy,
respectively. []

Definition 3 makes fractal image encoding practical.
Therefore, the mutual fractal codes for a whole image can be
generated by means of the following definition.

Definition 4: By Definition 3, the mutual fractal co-
des W of an encoded image can be obtained as

(g M0e)
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Fig. 5 The representation of (a) the horizontal image scanline in
row 51% and (b) vertical image scanline in column 60"
of the field-based image in Fig. 3(b)

where N and M are a number of range blocks of R, and Ry,
respectively, and K is a total scanline of a stereoscopic

image pair. O

Now, we can make the theory more practical for gen-
erating the mutual fractal codes based on the previous defi-
nitions and theorems. The following subsections describe the
principle of mutual scanline fractal encoding and decoding.

3.2 Mutual scanline fractal encoding

Encoding is a step to encode the mutual fractal codes
generated by Definitions 1 to 4 and Theorem 2. The heart of
this phase is to determine the optimal values of parameters
of domain-range mappings. To account for manipulation of
the mutual scanline fractal encoding, there are two issues
that are introduced. Firstly, we assume that there are mutual
do-main pools D; and Dg, which denote the scanlines of a
stereoscopic image pair, and their intersection (D NDz=)
is empty. This implies that the mutual domain pools are not
unified in spatial coordinates. Moreover, the mutual domain
pools satisfy Definition 1. Secondly, there is a pair of affine
transformations f: D;—Ry and g : Dg—R,, where Rg and R,
are the scanlines of range blocks, and these transformations
satisfy Definition 2.

In practice, the process of generating the mutual fractal
codes based on Definition 3 requires two types of data
blocks, namely, domain and range blocks. Usually, the size
of the domain blocks is greater than that of the range blocks.
For establishing the range blocks, each scanline of original
image is partitioned into a set of nonoverlapping blocks.
Sequentially, in order to form mutual domain pools, where
the domain blocks belong, each scanline of original image is
partitioned into a set of overlapping blocks. Thus, the mutual
domain pools are a collection of overlapping blocks. After
providing the appropriate domain and range blocks, it reach-
es domain-range mapping process. In this process, there are
two main steps for mutually obtaining the best matching bet-
ween domain and range blocks. As depicted in Fig. 6(a), the
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mutual domain pools consist of D, and Dy. Each range block
of R, and R mutually searches for the best matching of a
domain block in mutual domain pools Dy and Dy, respective-
ly. That is, in the first step, each range block of the scanline
Ry, searches for the best matching of the domain blocks in

the domain pool Dg, by means of

M

) (1)

where S is a total possible domain block in the domain pool
Dy, and gg(.) denotes the geometric transformation described
in the end of this subsection. Then, in the second step, each
range block Rz, searches for the best matching of a domain
block in the domain pool D, by means of

N

(.-
[

um| =

where T is a total possible domain block in the domain pool
Dy, and f5(.) denotes the geometric transformation.

The tool used to measure the similarity of the domain and
range blocks is composed of geometric and massic transfor-
mations. [n Eqs.(1) and (2), geometric transformations are
g6(.) and f5(.) whereas massic transformations are implicit in
the form of least-square error (Subsection 4.4 describes more
details in this issue.) The step of generating mutual fractal
codes W is that the domain blocks are transformed by using
contractive affine (geometric) transformations. Then, the
root-mean-square (rms) metric (massic transformation) is ap-
plied to measure the similarity of the domain and range
blocks. Finally, the mutual fractal codes generated by these
transformations are uniformly quantized so as to be the com-
pact forms.

< w, = Jﬁr&iﬂs{“ b:4e (DR(J))— RL(v)

(2)

3.3 Mutual scanline fractal decoding

The concept of decoding the mutual fractal codes is very
simple. It involves the obtaining of a fixed point of a con-
tractive transformation. That is, the decoding process is an
iteration of the contractive transformation on any initial va-
lues till reaching an approximate fixed point. However, the
mutual scanline fractal decoding differs from the conven-
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(a) Encoding and (b) decoding steps of mutual fractal codes

tional one. In addition, the concept of decoding is based on
the fact that if the seed image is initialized close to the origi-
nal image, then the contractive transformation converges
rapidly to a fixed point [10]. Therefore, in order to describe
the manipulation of this decoding process, the left image
scanline (LIS) and right image scanline (RIS) are set up with
zero-initial values, i.e., all pixels of the scanlines are zeroes.
Here, the seed image scanlines are LIS and RIS. At each iter-
ation, there are two steps to decode the mutual fractal codes
as depicted in Fig. 6(b). In the first step, all range blocks of
the LIS are mapped with the appropriate domain-transformed
blocks from the RIS, such that Rp.,/=gi{g8c(Dzrw)), where
gc(.) and gy(.) are contractive (geometric) and massic trans-
formations, and Dgy,, is a domain block of the RIS. Then, in
the second step, the outcome in the LIS, which is a domain-
block scanline of the RIS, is performed with the same pro-
cess as the first steps handle. Note that the LIS, a seed image
scanline of RIS, is not initialized with zero values, but holds
the results from the first step. This implies that the seed
image scanline LIS is initialized close to the original one.
Thus, the transformation ga{fc{.)) converges rapidly to the
fixed point. This is an effective method for generating the
mutual fractal codes that can speed up the decoding time.

4. Design of Coding System

In designing phase, there are five significant issues that
have to be considered and decided for a coding scheme.
These issues are scanline partition, mutual domain pool de-
sign, mutual scanline transformations, distortion measure,
and bit allocation. In addition, all issues described in this
section can be extended easily to 2-D case.

4.1 Scanline partition

Scanline partition is a procedure to divide the scanline of
the original image into nonoverlapping one-dimensional
(1-D) blocks. These blocks are called range blocks. The size
of range block is an important factor that influences directly
to bit rate. This means that the larger range blocks lead to the
lower bit rate. On the other hand, the smaller size captures
the more details of image scanlines.
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Fig. 7 lllustration of adaptive-size partition by using dynamic range, which refers to the extremes of intensity change of an image

scanline in any intervals

In this paper, we propose two kinds of partitions: fixed-
and adaptive-size partitions. For the former, each scanline is
equally divided into a fixed size, such as 1x8, 1x16, or 1x32.
This method is very simple, but not flexible for the bit rate.
For the latter, the binary-tree partition technique is used to
divide the image scanline. In this method, each scanline is
equally divided into two subparts. Then, the dynamic range,
which refers to the extremes of intensity change of an image
scanline in any interval as depicted in Fig. 7, is used to de-
cide splitting. If the dynamic range value of each subpart
exceeds the threshold, then that subpart is equally divided.
Otherwise, do nothing. This task is repeatedly processed in
the previous fashion till reaching the restricted block size. In
Fig. 7, the numbers in circle are indicated the sequence of
partition. Hence, the dynamic range threshold is an
important parameter to control a number of range blocks.
For the lower bit rate and image quality, the smallest and
largest sizes of bounded range blocks are defined, i.e., 1x8
and 1x64 are of the smallest size and the largest size,
respectively. By this method, the adaptive partition makes
the bit rate flexible, and also achieves better image quality.

4.2 Mutual domain pool design

A domain pool is a place where the range block searches
for the best matching block. The good design of domain pool
leads to the less encoding time of fractal coding [5]. In this
paper, we propose a simple method for designing domain
pools by utilizing the equivalent property of two complete
metric spaces as described by Definition 1 in Subsection 3.1.
That is, the coding scheme is designed with two domain
pools, D; and Dj. These domain pools are independent, but
they are equivalent. In the searching step, each range block
on the space R; finds the best matching domain block in the
space Dg, and vice versa. This technique makes the domain
pool size smaller, thus reducing the encoding time.

4.3 Mutual scanline transformations

In this subsection, we propose a pair of scanline trans-
formations designed for our codec (coder and decoder).
These transformations are 1-D affine transforms defined as:

{fc(xl)=axl +b,

gG(x,)= cx, +d,

Vx, e X,

Vx, € X, 3)
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where a and ¢ are geometrical contractivity factors [3], [8],
[12] of the transformations, b and d are translation factors,
and x; and x, are range blocks on the complete metric spaces
(X.,dr) and (Xg,dz), respectively. In practice, a and ¢ are set
to a constant value, usually equal to 1/2, and b and d are
integers. fe(x;) and g¢(x,) are domain-transformed blocks on
the complete metric spaces (X;,d.) and (Xg,dg), respectively.
The steps of generating mutual fractal codes are as follows.
Firstly, each domain block whose size is greater than range
block in the metric space (X;,d;) is transformed by f; in
order to find the best matching of range block in the metric
space (Xz,dg). At the same time, each domain block in the
metric space (Xg,dg) is transformed by g¢ in order to find the
best matching of range block in the metric space (X.,d.). In
this case, the tool for measuring the best matching block is
root-mean-square (rms) metric presented in the next sub-
section.

4.4 Distortion measure

Distortion measure is a tool to measure the similarity of
two image scanlines. In practice, the tool commonly used for
measuring the distortion of domain-range mapping is the
root-mean-square (rms) metric. This metric is easy to com-
pute the optimal values of parameters s; and o), where s5; and
o; denote contrast and brightness, respectively, in Eq.(4) [9].
Let d; and r; be elements of 1-D domain and range blocks,
respectively, we can obtain the minimal value rms; occurred
when s; and o; are optimized by means of

nns,=[2(s,-d,+o,—r,f]§

i

4

where i and J are pixel's order within a range block and the
range block's order within a scanline, respectively. To deter-
mine the optimal values of s; and o;, the method of least
squares is used. That is, the partial derivatives of square of
Eq.(4) with respect to s; and o, are calculated, respectively,
and then are set to zero so that the optimal values s; and o;
are computed by using two linear equations. As the results,
we obtain the optimal equations of parameters s; and o; as

follows:
nz dr, - Z d, z r
= i i i
2
ny.d} -(Z d,)
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where n is a number of pixels in a range block. However, if
the denominator of Eq.(5) is zero, then we define 5; = 0 and
r;. In practice, contractivity factor s; of massic
class is sensitive to convergence condition. Hence, to gua-
rantee the contractivity criterion, s; is limited by a maximum
value, i.e., Is] < Spar, Where S, is @ maximum boundary of
s;- The details of convergence condition can be found in [11].

=4
0;=4

4.5 Bit allocation

Bit allocation is a process to appropriately define a num-
ber of bits for each encoded parameter so that the recon-
structed image is close to the original one. In this paper, the
following parameters, domain-block location (D)), domain-
block orientation (D,), range-block size (R;), scaling (s), and
offset (o), represent the mutual fractal codes generated from
a pair of contractive affine transformations and massic trans-
formations. These parameters can be classified into two

‘classes: geometric and massic classes according to their
transformations [3], [12]). The geometric class is the out-
“comes from scanline partition and transformation and its bit
allocation depends on geometrical characteristic of images,
such as image size, range-block size, and others. Therefore,
it is almost restricted. On the other hand, the massic class is
the results of measuring similarity or distortion of domain-
range mapping by means of root-mean-square metric. Thus,
its bit allocation is very flexible and affects directly to the
image quality. However, the fewer bits for encoded parame-
ters (massic class) trade with the poorer image quality. For
the suitable design, the bit requirement of mutual fractal
codes is allocated as follows: For geometric class, domain-
block location (D;), domain-block orientation (D,), and
range-block size (R,) are required 8, 1, 2 bits, respectively.
For massic class, the scaling (s) and offset (o) parameters
based on the optimal values are presented in [9]. These para-
meters require 5 and 7 bits, respectively. Hence, the total bit
allocation for each range block can be obtained as follows:

Bysrc =D, +D, +R, +s+o0 @)

Note that in case of fixed-size partition, the factor R, is disre-
garded, since all range-block sizes are equal. Therefore, the
bit allocation for each range block is reduced by this factor.

5. Implementation and Application to Field-
Sequential Stereoscopic Video

In this section, we have introduced the mutual-domain-
pool design for both cases: one-dimensional (scanline) and
two-dimensional implementation schemes of mutual fractal
coding, and their application to field-sequential stereoscopic
image sequences.

5.1 One-dimensional implementation scheme

The implementation scheme of mutual scanline fractal
coding is illustrated in Fig. 8(a). We firstly describe the ma-
nipulation of the implementation scheme with the encoder
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section. In this scheme, the divide-and-conquer technique is
used. The reason for applying this technique is given in
Section 3. Thus, the dividing procedure is a preprocessing
step that splits a whole image into a number of pairs of
scanlines. Then, each pair of scanlines is divided by scanline
partition. This scanline partition is an important procedure,
since it defines the range-block size that is a significant
factor to control bit rate and image quality. Therefore, in
case of adaptive-size partition of the range blocks, the

. dynamic range threshold is a parameter used to control a

number of range blocks. In other words, we can also control
the bit rate of this scheme by using this threshold. The
outcomes of this procedure are composed’ of two sets of
nonoverlapping range blocks, i.e., R, and Rg, and two sets of
overlapping domain blocks, i.e., D, and Dg. In this case,
there are two domain pools (D;- and Dg-domain pools) for
keeping the sets of overlapping domain blocks and these
domain pools are called mutual domain pools. After that all
range blocks of R, and Rg search for the matching blocks in
the domain pool D and D, by two domain-range-mapping
algorithms f : D;—Rg and g : Dg—R;, respectively. The
domain-range-mapping algorithm consists of three compo-
nents—geometric transformation, massic transformation,
and bit allocation—for performing and generating mutual
fractal codes. For clear explanation, the relationship of
geometric and massic transformations is constructed. That s,

{f=(fu °fGXx)=fM(fG(x))
g=(gy°8:Xx)=gulgs(x) (8)

where subscripts M and G denote the massic and geometric
transformations, respectively. From Eq.(8), f; and gg are 1-D
affine transformations as described in Subsection 4.1. To ob-
tain the best matching of domain-range mapping, all domain
blocks are shrunken their sizes to the range block sizes by
pixel averaging. Then, each range block is matched with the
shrunken domain block. In this step, the massic transforma-
tion is applied to measure the similarity of those domain and
range blocks. In this case, the root-mean-square metric
(Eq.(4)) is used and its minimum value is decided that which
pair is the best matching of the domain-range mapping. Then,
the scaling s and offset o are retained as a part of the mutual
fractal codes. However, since s and o computed by Eqs.(5)-
(6) are real and are infinite numbers, thus, they are quantized
to be finite numbers. In this paper, the uniform quantization
is applied and the suitable resolution is defined as given in
Subsection 4.5. Finally, the merging procedure integrates the
mutual fractal codes w, and w, from both domain-range-
mapping algorithms into W={D,, D,, R;, s, o}, where these
symbols denote domain-block location, domain-block
orientation, range-block size, scaling, and offset, respectively.

For decoder section, the operation.of each block inside
the decoder can be described by Fig. 6(b). After decoding
mutual fractal codes with a few iterations as depicted in
Fig. 8(a), the reconstructed image appears.

5.2 Two-dimensional implementation scheme

The implementation scheme of mutual 2-D fractal coding
(M2DFC) is depicted in Fig. 8(b). The main structure is
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Fig. 12 Comparison of the frame-based reconstructed images
of JPEG, CFC with10 iterations, and MSFC with §
iterations

In addition, the bit requirement for mutual fractal codes
of the M2DFC can be obtained as follows:

Byzorc = Diapy + Dogany + Roapy + 520 + 03 amn

where D[()D), Da(ZD)v Rs(ZD)v S(2D)» and 0(2p) denote domain-
block location, domain-block orientation, range-block struc-
ture, scaling, and offset, respectively. In this case, it totally
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Fig. 13 Comparison of the field-based reconstructed images
of CFC with 10 iterations, M2DFC-I, and M2DFC-II
with 5 iterations

needs 27 bits (4 bits for range-block structure (three-level
quadtree partition: 4x4, 8x8, and 16x16), 8 bits for domain-
block location (column coordinate only), 3 bits for domain-
block orientation, 7 bits for offset, and 5 bits for scaling,
respectively) for each self-transformation, i.e. mutual fractal
code. In this way, it is clear that this mutual-domain-pool
design makes the coding system effective by the following
reasons. (i) The domain-pool size is reduced, thus speeding
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Fig. 14 Comparison of encoding time of CFC and MSFC in
frame-based coding

up the searching time while maintaining the image quality as
good as possible. (ii) Saving the number of bits for storing
the domain-block position, only the column coordinate is
kept, whereas the row coordinate is omitted, since it implicit-
ly is with the range block position. (iii) The mutual fractal
codes generated from the mutual domain-range mapping
algorithms provide the faster decoding of the reconstructed
images for the reason in the Subsection 3.3.

6. Experimental Results

In this experiment, we testify and evaluate the perfor-
mance of the intended codec in following issues: (i) encod-
ing and decoding times and (ii) image quality. The condition
of comparisons of the codec performance is based on fractal
coding on spatial domain. The mutual scanline fractal coding
(MSFC) and mutual 2-D fractal coding (M2DFC) algorithms
are implemented and simulated by using MATLAB pro-
gramming. The machine for performing the simulation pro-
gram is the desktop PC with PENTIUM 4 processor and the
clock speed is 2.4 GHz.

In order to testify and evaluate the performance of the
intended and conventional codecs, we have prepared a set of
test images, i.e., “cactus”, “book”, and “chopstick” images.
The image quality is evaluated by means of peak signal-to-
noise ratio (PSNR) defined as

255

where x and % are the original and reconstructed images,
respectively, and M and N are image dimensions. For cod-
ing efficiency, we evaluate it in the form of bit rate B, that
can be calculated by the following equation:

_ Total size in bits of encoder output
Total size in pixels of encoder input

(13)

R

In case of the MSFC and M2DFC, the total size in bits of
encoder output is the product of the total range blocks and
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Fig. 15 Comparison of encoding time of CFC, M2DFC-I, and
M2DFC-1l in field-based coding

their bit allocation. Hence, the bit allocation for each range
block can be obtained by means of Eq.(7) for the MSFC and
Eq.(11) for M2DFC.

Prior to experiment, the complexity of the test images is
analyzed and summarized in Fig. 1. In this case, we use the
variance (variant threshold = 0.3) of images to classify the
complexity regions into three levels, 4x4-, 8x8-, and 16x16-
blocks, respectively. These different square blocks, which
imply that smaller blocks, mean more complicated regions.
On the other hand, larger blocks mean more smooth regions.
In Fig. 11, we can summarize that the *“cactus” image is the
highest complexity image, since it contains smaller square
blocks (4x4 blocks) when compared to the other two images.
The “book” and “chopstick” images are the median and low
complexity images, respectively.

In the first experiment, we have evaluated the performan-
ce in the form of frame-based coding of the MSFC codec
compared with the conventional fractal coding (CFC) and
the JPEG standard coding codecs. In this experiment, the
specifications of the MSFC and CFC codecs are set as fol-
lows. For the MSFC codec, the scanline technique is utilized
to partition the range blocks with three-block-size adaptive
partition (1x8, 1x16, and 1x32 block sizes). The first-match
searching technique for domain-range mapping is selected.
The bit requirement for each mutual fractal code is totally 23
bits as defined in Subsection 4.5. For the CFC codec, the
basic and classical approach [9] with quadtree (three-level
block sizes: 4x4, 8x8, and 16x16-blocks) partition is used.
The image itself is assigned to be a domain pool. The search-
ing technique is the same as the one that the MSFC is utiliz-
ed. The bit allocation requires 33 bits for each fractal code.
Then, the MSFC and CFC are applied to a set of test images,
which are frame-based images. The fractal codes generated
from both codecs are encoded by Huffman coding for the
reduction of their redundancies and for the fairness of com-
parison with JPEG standard. The experimental results gra-
phically illustrated in Fig. 12 indicate that in case of high
and median complex images, i.e, *“cactus” and “book”
images, the MSFC codec is superior to both CFC and JPEG-
standard codecs. For low complex image, the MSFC
outperforms the JPEG for the bit rate greater than 0.45 bpp
(See Fig. 12(c)). This is because discrete cosine transform
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(DCT) carries out the better energy compaction for low
complex images. In this case, for very low bit rate, only the
DC coefficient is kept, thus reducing more bit rate.
Simultaneously, this easily leads to the evident image
crosstalk. However, in case of en-coding and decoding time,
the MSFC is greatly improved when compared with the CFC
codec as shown in Fig. 14 (see also Table 1).

Moreover, in order to evaluate the effectiveness of mu-
tual domain pool design in 2-D case, the M2DFC codec is
proposed and compared with the CFC codec. Prior to experi-
ment, the following conditions are set for the fairmess of
comparison. In case of the CFC codec, the specifications are
not changed from the first experiment. In case of the
M2DFC, there are two versions of range block partition,
M2DFC-I for two-level quadtree partition (4x4 and 8x8
range-block sizes) and M2DFC-II for three-level quadtree
partition (4x4, 8x8, and 16x16 range-block sizes), respec-
tively. For M2DFC-I codec, the bit requirement is 26 bits (3
bits for Rypy), defined in subsection 5.2, for each mutual
fractal code. For M2DFC-11 codec, the bit allocation is 27
bits (4 bits for Rypy). Then, the overall implementation sche-
me depicted in Fig. 8 (b) is applied to a set of test images,
which are field-based images. The experimental results show
that the quality of reconstructed images of the M2DFC-I,
M2DFC-11, and CFC codecs is comparable as graphically
exhibited in Fig. 13. For high complex image, the average
degradation of reconstructed image quality of the M2DFC-I
is lower than 0.15 dB at 0.92 bpp when compared with the
CFC codec as illustrated in Fig. 13(a). For median complex
image, it yields almost the same reconstructed images as the
CFC codec. For low complex image, it outperforms the CFC
codec for the bit rate greater than 0.47 bpp. In case of
M2DFC-1], the average degradation is lower than 0.35 dB at
0.85 bpp for high complex image and 0.15 dB at 0.49 bpp
for median complex image, and 1.30 dB at 0.19 bpp for low
complex image, respectively, when compared with the CFC
codec. Nevertheless, the encoding and decoding time of the
M2DFC-I and M2DFC-II is greatly improved as shown in
Fig. 15. Approximately, the mutual fractal coding is faster
than the conventional fractal coding as summarized in
Tables 2 and 3. This is a trade-off between the acceptable
degrada-tion of reconstructed images and the significant
improve-ment of mutual fractal coding.

7. Conclusions

In this paper, we have proposed the effective domain
pool design, which is an important phase to speed up the
encoding and decoding time of fractal coding. This design is
called mutual domain pool design based on the equivalent
property of two complete metric spaces. The mutual domain
pool design leads to the effective coding system which can
be summarized as follows: (i) The domain-pool size is re-
duced, thus decreasing the encoding time. (ii) Saving the
number of bits for storing the domain-block position, only
the column coordinate of domain-pool position is kept,
whereas the row coordinate is omitted, since it implicitly is
with the range-block position. (iii) The mutual fractal codes
generated from the mutual domain-range mapping provide
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Table 1 Comparisons of encoding time of MSFC and CFC

Test image MSFC (s) CFC (s) Improved Ratio
Cactus 290.50 58,523.76 201
Book 139.82 | 17,38855 124

Chopstick 74.94 9,552.05 127

Table 2 Comparisons of encoding time of M2DFC-I and CFC

Test image | M2DFC-1(s) CFC (s) Improved Ratio
Cactus 451.97 17,251.07 38
Book 337.54 11,676.23 35
Chopstick 231.01 5,137.30 22

Table 3 Comparisons of encoding time of M2DFC-II and CFC

Test image | M2DFC-1I (s) CFC (s) Improved Ratio
Cactus 417.86 17,251.07 41
Book 254.22 11,676.23 46
Chopstick 139.79 5,137.30 37

faster decoding of the reconstructed images. Furthermore,
we have implemented the mutual domain pools for fractal
coding in both 1-D and 2-D cases, i.e., MSFC and M2DFC
schemes. To evidently evaluate the performance of the mu-
tual domain pools without any bias, all schemes, including
CFC codec, use the simple searching strategy, i.e., first-
match searching technique, for domain-range mapping. The
experimental results show that in case of frame-based images
the MSFC is superior to the JPEG-standard and CFC codecs
in terms of image quality as illustrated in Fig. 12. This is
because the MSFC makes use of the scanline technique to
divide the range blocks. Therefore, the high vertical-frequen-
cies of the frame-based images are preserved. Furthermore,
the MSFC greatly achieves the encoding and decoding time
when compared with the CFC as demonstrated in Fig. 14. In
case of field-based images, the quality of reconstructed
images of M2DFC is acceptable degradation when compared
with the CFC codec (see Fig. 13). In addition, the encoding
and decoding time of the M2DFC is significantly improved
as exhibited in Fig. 15 and Tables 2 and 3. We can summa-
rize that the mutual domain pool design leads to a trade-off
between the acceptable degradation of reconstructed image
and the significant improvement of mutual fractal coding.
Although the mutual domain pool design can greatly im-
prove the encoding and decoding time, some limitations still
remained. For example, in case of a large image, the encod-
ing and decoding time exponentially increases with the
image size when using the simple searching technique, i.e.,
first-match searching technique. In this case, we are current-
ly studying the extended version of the mutual domain pool
design. That is the multiple domain pool design. Finally, we
believe that the mutual domain pools and their extended
concept are also able to collaborate with the other tech-
niques—such as classifications [9], [13] feature vectors [13],
frequency-like domains (14), [15], and others—for extreme-
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ly improving the fractal encoding and decoding time and
image quality. This study will be reported in a future work.

Appendix
This appendix proves Theorems 1 and 2.

Proof of Theorem 1: By Definition 2, we have

(A-1)
(A-2)

dk(f(-")vf()’))ssL 'dL(x1Y)' Vx,y€ X,
and  d,(glx) gb)) <5, -dilx,y), Vx,ve X,

where s; and s are contractivity factors for f and g, res-
pectively. We begin with inequality (A-2) and multiply both
sides by contractivity factor s;. The result becomes

sy di(g(x) gW)) S 5, 54 dy(x, ) (A-3)

However, we also have

do(f(g(x)) g <5, -d,(g(x) g(¥) < 5,54 - dp(x, y)
(A-4)

By the definition of contractive mapping, s;'sz is contrac-
tivity of £o g This proof is now complete. O

Proof of Theorem 2: Let X=X;UX; and X, NXz=O.
Then, based on Definition 2, f and g are contractive trans-
formations that mutually transform between two equivalent
complete metric spaces (X;.d;) and (Xpdg). We want to
prove that the sequence

(£og)"(x)= Ae(Agl-(x)--))
%_._J

n times
converges to a fixed point. By Theorem 1, let s= 5,55 and let
p>q. Then for xe X,

(A-5)

d((feg) (2 rog) " (x)<s-dl(fo gV N (x(f o) x))
<s%dx,(fog)*(x)  (A6)
Using triangle inequality, we obtain
i (ro @) dx(ro g ()
d( £o g (), (£ &) ()
< d{x(ro g x)+ o £o gXx)(Fo &) ()
ot d(Fo g () (Fo £
S+ steet s )d(x( Fo gYx))

sﬁd(x.uogx)c» (A7)

Substituting (A-7) to (A-6), we obtain

dl(f o) (D og) (W< dlnlrogka)  (AB)
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From Eq.(A-8), if p and g are sufficiently large and s<1, the
left hand side of Eq.(A-8) is made as small as possible. This
implies that the sequence

{x Aex) As( Al }

is a Cauchy sequence. Thus, the limit point

x, = lim(£o £7°(x) (a9)

is in X, such that X is complete. Since fo gis contractive as
described in Theorem 1, it is continuous, and hence

(o &), )=(f = im(s o g)" (x))=lim( o g} (x)=x,
(A-10)

Moreover, let x,, and x,, be two fixed points of fo g
Then

Xr =(f°g)(x/,).x/2 =(f°g)(x/1)
and d(xfl’xfl).:d((f°gxx/l)'(f°g)(xfz))
Ssd(x/,,xﬂ)

(l—-s)d(x/,,xﬂ)so

which implies d(x/, ,xn):O, hencex, =x,,. The proof is
now complete. O

(A-11)
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