INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMI
films the text directly from the original or copy submitted. Thus, some
thesis and dissertation copies are in typewriter face, while others may be
from any type of computer printer.

The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality
illustrations and photographs, print bleedthrough, substandard margins,
and improper alignment can adversely affect reproduction.

In the unlikely event that the author did not send UMI a complete
manuscript and there are missing pages, these will be noted. Also, if
unauthorized copyright material had to be removed, a note will indicate
the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand comer and
continuing from left to right in equal sections with small overlaps. Each
original is also photographed in one exposure and is included in reduced
form at the back of the book.

Photographs included in the original manuscript have been reproduced
xerographically in this copy. Higher quality 6” x 9” black and white
photographic prints are available for any photographs or illustrations
appearing in this copy for an additional charge. Contact UMI directly to

order.

UMI
A Bell & Howell Information Company

300 North Zeeb Road, Ann Arbor MI 48106-1346 USA
313/761-4700 800/521-0600






Université d'Ottawa - University of Ottawa






Image and Video Scalability in the
Compressed Domain

Qingwen Hu

A thesis
submitted to the School of Graduate Studies and Research
in Partial Fulfillment of the Requirements
for the Degree of
Master of Applied Science
in

Electrical Engineering

Ottawa-Carleton Institute of Electrical Engineering
Department of Electrical Engineering
Faculty of Engineering
University of Ottawa
Ottawa, Ontario, K1N 6N5
November, 1996

© Qingwen Hu, 1996



i~l

National Library Bibliothéque nationale
of Canada du Canada
Acquisitions and Acquisitions et
Bibliographic Services services bibliographiques
395 Waellington Street 395, rue Wellington
Ottawa ON K1A ON4 Ottawa ON K1A ON4
Canada Canada
Your fie Votre niférence
Our Sig Notre reférence
The author has granted a non- L’auteur a accordé une licence non
exclusive licence allowing the exclusive permettant i la
National Library of Canada to Bibliothéque nationale du Canada de
reproduce, loan, distribute or sell reproduire, préter, distribuer ou
copies of his/her thesis by any means vendre des copies de sa thése de
and in any form or format, making quelque maniére et sous quelque
this thesis available to interested forme que ce soit pour mettre des
persons. exemplaires de cette thése d la

The author retains ownership of the
copyright in his/her thesis. Neither
the thesis nor substantial extracts
from it may be printed or otherwise

disposition des personnes intéressées.

L’auteur conserve la propriété du
droit d’auteur qui protége sa thése. Ni
la thése ni des extraits substantiels de
celle-ci ne doivent étre imprimés ou.

reproduced with the author’s autrement reproduits sans son
permission. autorisation.
0-612-20922-9

Canadi



To my parents,



Acknowledgéments

First, I would like to express my sincere gratitude to my supervisor. Dr. S. Panchanathan
for his constructive suggestions, valuable guidance and encouragement during my thesis
work. Also many thanks to him for his helpful advice, comments and corrections in the

progress of this thesis.

I would like to thank all the past and present members of the Visual Computing and
Communications Laboratory, especially M. K. Mandal, N. Gamaz and D. Wu for their

help and cooperation.

My special thanks are due to all the support staff members of Electrical Engineering for

their help, especially Lucette Lepage, Michele Roy, and Suzanne St-Michel.

I would also like to thank my husband and parents. Their affection and various supports

are always beside me in this whole period.

i



Abstract

Image and video compression is becoming increasingly popular with the advent of broadband
networks, high powered workstations, and compression standards. Visual data are therefore
expected to be stored in the compressed format for efficient transmission and storage. In advanced
visual services, further manipulations of the compressed visual information may be required.
Scaling of visual data in the compressed domain has many applications. For example, a
simultaneous display of four video sources in a video conferencing system requires down scaling of
each video source by half, translation on these video sources and generation of a composite video
sequence. Another example is the need for spatial scalable visual coding in a multi-user
environment, where the visual data is transmitted and displayed at different resolutions based on
the viewer’s request.

Compared to the traditional spatial domain techniques, the compressed domain techniques avoid
the unnecessary decompression and re-compression procedures, thus resulting in a reduced
computational complexity and storage requirements. In addition, significant processing speedup
may be gained because of the lower data rate in the compressed domain.

[n this thesis, we have proposed two novel techniques, namely format compatible (FC) DCT and
format modified (FM) DCT to implement image/video spatial scalability by operating directly on
the DCT compressed data. The FC-DCT technique can be used to manipulate the standard bit
streams, which maintains the formats of the processed bit streams. We have implemented the JPEG
DCT domain hierarchical mode encoder based on the FC-DCT technique. On the other hand, the
FM-DCT technique is simpler and has a significantly lower computational complexity. Hence, the
FC-DCT and FM-DCT techniques can be chosen based on the specific needs of the applications.
We note that the FC-DCT and FM-DCT techniques are not directly applicable for manipulations
of video data due to the requirement of motion estimation/compensation procedure in addition to
DCT coding. Hepce, we propose a macroblock type selective (MTS) encoder to implement scalable
MPEG video coding using a combined FC-DCT and modified DCT domain motion compensation
technique. The proposed encoder provides an elegant way to re-encode the scaled video while

maintaining a gopd video quality. In addition. it is compatible with the standard MPEG encoder.
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Chapter 1

Introduction

1.1 Image/Video Compression

The recent advances in digital signal processing, VLSI and high speed networking
techniques have made video services increasingly popular. Since visual communications
require transmission and storage of enormous visual information, it is necessary to use image
and video compression techniques to reduce the data rate while maintaining an acceptable
reconstructed image/video quality. Recently, the International Standards Organization (ISO)
and the International Telecommunications Union (ITU) have proposed standards such as JPEG,
MPEG and H.261 for image and video compression, respectively [1-5]. Applications include
video conferencing, HDTV, multimedia databases, interactive television, mobile multimedia
communications, etc.

Image/video compression is essentially a redundancy removal process. Efficient
compression can be achieved by exploiting psychovisual as well as statistical redundancies

such as spatial, temporal in the visual data. In a still image or a video frame, the spatial



redundancy is typically removed by emplo?ing intraframe coding techniques such as. predictive
coding (DPCM), transform coding (DCT), vector quantization, etc. In a video sequence, both
temporal and spatial redundancies exist. Typically, the temporal redundancy can bé greatly
reduced by using interframe coding techniques such as motion estimation/compensation, which
is followed by spatial redundancy removal techniques. Two most p0pulariy used motion
estimation techniques in the literature are pel-recursive [24, 45, 46] and block-matching [43].
respectively. In the pel-recursive algorithm, motion estimation is based on individual pixels,
which is a computationally intensive procedure. On the other hand, the block-matching
algorithm employs block based motion estimaiton/compensation procedure, which is
computationally efficient and is hence widely used. To perform motion estimation, the current
frame is divided into non-overlapping blocks, which are compared with the candidate blocks in
the reference frame within a search area in order to obtain the best match with respect to a pre-
specified error criterion. The relative displacement between the current block and the best
match is specified by a two-dimensional motion vector, which is then used for motion
compensation. For both image and video compression, the psychovisual redundancy existing in
the visual data can be further exploited based on the properties of the human visual system

[25].

1.2 Investigated Approaches for Manipulations of Visual Data in

Compressed Domain

The advent of the JPEG, MPEG and H.261 standards has resulted in visual data in various

applications being stored in the compressed format for efficient transmission and storage. In



advanced visual services, further manipulations of the compressed visual information mz;y be
required. For example, in a video conferencing system, scaling, translation (block-wise or
pixel-wise), overlapping (opaque or semi-transparent), linear filtering. etc.. of visual data are
required [18]. In addition, scalable encoding of visual data for a multi-user environment is
extremely important in applications including browsing visual databases, querying muitimedia
databases and interactive multimedia communications.

We note that most compression techniques such as JPEG, MPEG, H.261 are discrete cosine
transform (DCT) based. A straight forward method to manipulate the coded visual data bit
stream is to: (i) fully decompress the DCT data, (ii) reconstruct the visual data back to the
spatial domain, (iii) perform the manipulations on the reconstructed image, (iv) re-compress
the processed data. We refer to this technique as the spatial domain technique. This has several
disadvantages: (i) it entails decompression and re-compression of image/video which
correspond to a large computational complexity, (ii) it requires extra storage for the
decompressed data, and (iii) some precision will be lost since most encoder/decoders are lossy.
It is therefore desirable to manipulate the data directly in the compressed domain to avoid the
unnecessary decompression and re-compression procedures resulting in a reducerd
computational complexity and storage requirements. In addition, significant processing
speedup may be gained because of the lower data rate in the compressed domain. We refer to
this technique as the DCT domain technique.

There is an increasing interest in manipulating visual information directly in the
compressed domain [15-21]. In this thesis, we propose two novel techniques namely format
compatible (FC) DCT and format modified (FM) DCT to implement image/video spatial

scalability by operating directly on the DCT compressed data.



The FC-DCT technique can be used to manipulate the standard bit streams, such as JPEG.
MPEG. etc.; and generate the compatible scaled image and video bit streams without changing
the basic formats, i.e. the size of the DCT block. This technique is especially useful when re-
encoding of the processed data is required. The FM-DCT technique relies on the modification
of the basic DCT block size for different levels of spatial scalability, and is more suitable for
fast decoding. Since there is no need for maintaining the basic block size, it has a significantly
lower computational complexity than the FC-DCT technique. The FM-DCT technique can be
employed in a variety of applications which require fast processing, such as indexing, retrieval
and browsing through different resolutions of coded image/video. We note both techniques are
important and useful. The choice of the technique depends on the requirements of the specific
applications.

As mentioned above, the FC-DCT technique is used for manipulating the standard bit
streams. However, it is not directly applicable for video data, since motion
estimation/compensation is involved for temporal redundancy removal. For example, to scale
down MPEG video in the compressed domain, motion activity will change in the processed
video, and thus modifications to motion estimation/compensation are required. Hence, we
propose an approach to implement encoding of the scaled MPEG video using a combined FC-
DCT and modified DCT domain motion compensation technique. A key step in the encoder is
macroblock based motion estimation/compensation recalculation for the scaled frames. We
note a new macroblock in the scaled frame corresponds to four macroblocks in the original
frame. By analyzing the motion activity, we can either derive a new macroblock motion vector
from existing motion vectors of four adjacent (original) macroblocks, or disregard the motion

compensation and enforce a new macroblock to be intra-coded. We call this encoder as a



macroblock type selective (MTS) DCT domain encoder. which performs all of the operations
in the compressed domain. The MTS-encoder is also compatible with the standard MPEG
encoder. Hence it provides an elegant way to re-encéde the scaled video while maintaining a
good video quality. Furthermore. the proposed technique can be extended to multiple layers for

implementation of MPEG spatial scalability in the MPEG compressed domain.

1.3 Thesis Organization

The rest of this thesis is organized as follows: Chapter 2 presents a review of image/video
compression techniques, followed by the basic compression techniques defined in the JPEG
and MPEG standards. In chapter 3, scalable image/video compression techniques including
SNR scalability, spatial scalability and temporal scalability are described, and the scalable
compression schemes defined in the JPEG and MPEG standards are presented. The proposed
DCT domain techniques namely FC-DCT and FM-DCT for image/video spatial scalability are
detailed in chapter 4. In chapter 5, the proposed MTS-encoder for encoding scaled MPEG
video in the motion-compensated DCT domain is presented. This encoder is implemented
using a combined FC-DCT and modified DCT domain motion compensation technique.

Finally, the conclusions and suggestions for future research work are presented in chapter 6.

1.4 Main Contributions

The main contributions of this thesis are summarized as follows:
Investigate JPEG spatial scalable compression algorithms (hierarchical mode) for image

compression.



Propose a novel format compatible (FC) DCT technique t;a implement JPEG DCT domain
hierarchical mode algorithm, and evaluate its performance with respect to the
corresponding JPEG spatial domain hierarchical mode algorithm.

Propose a novel format t_nodiﬁed (FM) DCT technique for visual spatial scalable coding in
the compressed domain, and compare its performance with the spatial domain technique
and the FC-DCT technique.

Investigate the MPEG compression algorithm for video compression.

Propose a novel approach to implement scalable encoding of MPEG video in the
compressed domain using a combined FC-DCT and modified DCT domain motion

compensation technique.



Chapter 2

Review of Image/Video Compression

In this chapter, the concepts of entropy (lossless) coding, source (lossy) coding and hybrid
coding are presented. Several lossless data compression techniques are discussed in section 2.2.
In section 2.3, some intraframe coding techniques are presented, such as predictive coding.
transform coding, sub-band coding, vector quantization, fractal coding, object/model based
coding, etc. In section 2.4, we review the JPEG standard for still image compression, and
present the baseline sequential coding scheme. Some interframe coding techniques including
conditional replenishment, adaptive predictive coding with motion compensation and
intraframe hybrid coding are addressed in section 2.5. Fially, we present a review of video

compression standards with a particular emphasis on the MPEG standard in section 2.6.

2.1 Image/Video Data Compression

The large volumes of visual information for storage and transmission necessitate the use of

compression. Efficient compression can be achieved by exploiting spatial, temporal and



psychovisual redundancies. Spatial redundancy refers to the high correlation among
neighboring pixels in an image/video frame, which is typically removed by employing
intraframe coding techniques- such as predictive coding, transform coding, etc. Temporal
redundancy corresponds to the correlation between successive frames in a video sequence,
where the difference between frames are caused by objeci motion and/or camera motion,
panning, zooming, etc. Temporal redundancy can be greatly reduced by using interframe
coding techniques such as motion estimation/compensation. Psychovisual redundancy refers to
the feature that some information within a image/video frame can be removed without
sacrificing the subjective quality. Higher compression can be achieved by exploiting the
properties of the human visual system (HVS). For example, human eyes are more sensitive to
changes in brightness than to color changes, and less perception of distortion at higher spatial
frequencies. Therefore, in many visual compression techniques, sub-sampling of chrominance
information and weighted quantization of transform coefficients are used to reduce the data rate
while matching the sensitivity of HVS.

Visual compression techniques fit into three categories: entropy (lossless), source (lossy)
and hybrid coding [26]. Entropy coding is a “lossless" process. In this coding scheme, a data
stream is considered as a simple digital sequence and the semantics of the data are ignored.
Practical implementation of entropy coding includes run-length coding, Huffman coding,
arithmetic coding, etc. Since a high degree of correlation exists between neighboring pixels in
natural images, the statistical redundancy can be exploited without losing any information. In
other words, the entire coding process is reversible. Lossless compression techniques are
especially useful in applications which require very high fidelity reconstructed images.

According to Shannon's lossless coding theorem, the average encoding bit rate of an

)



information source is theoretically lower bounded by the information content or entropy H.
Therefore, the effectiveness of entropy coding can be evaluated by comparing the coding bit
rate and source entropy. For a source with L possible independent symbols with probabilities

p, (i=0,1,---, L—1), its entropy is defined by:

L-1 -
H= "Z p;log, p; (2.1

i=0
Entropy coding results in variable length code (VLC), where highly probable source symbols
are assigned to shorter code bits, and vice versa.

Source coding exploits the semantics of the data, where the compression efficiency is
content dependent. It is a lossy process, and results in higher compression ratios compared to
entropy coding. Examples include predictive coding, transform coding, sub-band coding and
vector quantization. The objective of lossy coding is to minimize the average distortion while
achieving high compression.

Hybrid coding is a combination of well known algorithms and transform coding. For
example, transform coding can be combined with entropy coding, predictive coding, etc. Most
image and video compression standards like JPEG, MPEG, H.261 employ hybrid coding

schemes.

2.2 Lossless Data Compression Techniques

We note several visual compression standards such as JPEG, MPEG. H.261, etc., use a
transform codec combined with lossless coding schemes to achieve higher compression ratios.
For example, the JPEG standard uses run-length coding technique to encode block DCT

coefficients. and the coded coefficients are further compressed using either arithmetic coding or



Huffman coding. Similarly, both the MPEG and H.261 standards employs run-length coding -
and Huffman coding on the block DCT coefficients. In this section, several lossless data

compression techniques are discussed.

2.2.1 Run-length Coding

In run-length coding (RLC), a sequence of consecutive pixels are encoded by sequentially
transmitting the pixel values followed by the number (run) of the identical values. RLC is
especially suitable for binary image compression such as text, graphics, weather maps, etc.,
where the long runs of white pixels in the images result in significant bit rate reduction. RLC is
not efficient for compressing images with high detail. However, RLC can be used to provide
high compression when combined with transform technique. In a transform codec, after
quantization of transform coefficients, many coefficients become zeros. Therefore, long runs of
zero valued coefficients are expected, and two-dimensional RLC followed by Huffman or

arithmetic coding is applied to efficiently compress the coefficients.

2.2.2 Huffman Coding

The most popular entropy coding techniques are Huffman coding and arithmetic coding.
Huffman coding is easier to implement compared to arithmetic coding. The Huffman code for a
source is formed by multiple stages. The coding procedure is summarized as follows: (i)
arrange the source symbols in the decreasing order of their probabilities with each symbol
considered as a node, (ii) in each stage, combine the two least probable symbols (nodes) into a
new node whose probability is the sum of the merged symbols, (iii) assign "0" and "1”

respectively to these two symbols, (iv) repeat this process until the source with only one node is



in the last stage [30]. The Huffman code for cach symbol of a source is iherefore generated by
passing sequentially from the root node to the leaf node (symbol). An exarﬁplc of Huffman
coding is illustrated in Fig. 2.1.

The design of Huffman code is source statistical dependent. Typically, Huffman coding
would pre-design a different codeword set for different input statistics. Since the same
codebook is stored in both the encoder and decoder, Huffman encoding and decoing can be

simply implemented as a table look-up procedure.

Symbol Probability] Probabilty | Probabilty | Probabilty | Probabilty | Huffman
(original) | (stage 1) (stage 2) (stage 3) (stage 4) code
So 05 » 0.5 —P» 05 » 0.5 > 1.0 0
Si 0.2 —» 0.2 ¥ 0.3 > 0.5 i -
S2 0.15 » 0.15 0.2 100
S3 0.1 ?» 0.1 1010
S+ 0.05 1111

Fig. 2.1. Huffman coding procedure

2.2.3 Arithmetic Coding

Arithmetic coding achieves a higher compression performance than Huffman coding.
However, arithmetic coding differs considerably from the more familiar Huffman coding, and
has a higher computational complexity.

Arithmetic coding encodes the data string by creating a code string which represents a
fractional value on the number line between 0 and 1 [27-29]. The coding algorithm is recursive,

i1.e. it operates upon one data symbol per recursion. On each recursion. the algorithm



successively partitions an interval of the number line between 0 and 1. and retains 0;'16 of the
partitions as the new interval. Thus, the algorithm su;:cessively deals with a smaller line. The
code string, viewed as a magnitude, lies in each of the nested intervals.

We will now give an example of multi-alphabet arithmetic coding. Table 2.1 illustrates the
probabilities and the cumulative probabilities of the s;'mbols: a,bc,d

In Fig. 2.2, we represent the codewords of Table 2.1 as points on the unit interval. The four
code points divide the unit interval into four subintervals. Each codeword (code point) is the
sum of the probabilities of the preceding symbols, i.e. the cumulative probability of the symbol.

The width or size of the subinterval to the right of each code point corresponds to the

probability of the symbol.

Table 2.1. Probabilities of the input symbols

Symbol Probability p Cumulative probability P
(in binary) (in binary)
a .100 .000
b .010 .100
c .001 .110
d .001 111
a b c d
0 .100 110 a1
L | | | N
[ I I | |

Fig. 2.2. Codewords as points on the unit interval in arithmetic coding

In Fig. 2.3, we represent the arithmetic coding process of sub-dividing the unit interval

recursively. Let C and A represent the leftmost point and the interval width in the coding



process. At the beginning of encoding, the code point is at 0, and the interval is 1. When coding
a symbol, the new leftmost point of the new interval is the sum of the current code point C,
and the product of the current interval width A and the cumulative probability P for the

symbol being coded. The new interval is the product of the probability p of the symbol being

coded and the current interval width A [27].

0 100 110 11

a .alblcld
a b |c|d

.001 0011

Fig. 2.3. Successive subdivision of the unit interval for data string "aab..."

New C = Current C + (Current A - P) (2.2)

New A = Current A- p 2.3)

For a data string "aab", we can use (2.2) and (2.3) recursively to form the codewords. In
Fig. 2.2, after the first "a" is coded, the interval is [0, .1). After the second "a" is coded, the
interval becomes [0,.01). After "b" is coded the interval becomes [.001,.0011). In fact any
fraction in the range of [.001,.0011) can represent the input string "aab". It's not necessary for
the decoder to know both ends of the range produced by the encoder. Instead, a single number
within the range will suffice. For example, we can use .001 to represent the coded string, others
such as .00101,.001011 can also do. We can decode by magnitude comparison. For this

example, the code string is less than .1, so the first symbol must be "a”, and so on. Since the



decoder can recursively recreate from the code string how the encoder must have successively
partitioned and retained each nested subinterval, the data string can be fully recovered.
Arithmetic coding enables greater reductions in bit rate than achieved by an optimum
Huffman coFier, since it generates a code string which is the arithmetic combination of
probabilities of individual symbols, and the average number of bits per symbol can therefore
be a non-integer. However, in Huffman coding, each symbol must be coded with an integer

codeword.

2.3 Intraframe Techniques

In an image or a video frame, high spatial redundancy exists among adjacent pixels.
Techniques that exploit only spatial redundancy are clagsiﬁed as intraframe schemes. In this
section, we will introduce several important intraframe coding techniques including predictive
coding, transform coding, sub-band coding, vector quantization, fractal coding, object/model

based coding and hybrid coding.

2.3.1 Predictive Coding

Predictive coding can efficiently exploit the mutual redundancy between neighboring pixels
and encode only the new information. To differentially encode a pixel, its value is first
predicted from the previous encoded pixels, and then the difference between the prediction and
the actual pixel value called the prediction error is generated for encoding. For highly
correlated data, the prediction errors contain little information, and hence resulting in high

compression.



DPCM

Differential Pulse Code Modulation (DPCM) is a widely used technique for predictive
coding. The block diagram of a DPCM system is illustrated in Fig. 2.4.
In the transmitter, there are two components, i.e. quantizer and predictor. The predictor

estimates the value of current pixel using the previous encoded pixels. The predicted value x,

is subtracted from the actual value x, to form the prediction error d,, which is further

quantized (d,), entropy coded and transmitted. In a DPCM codec, x, represents the
reconstructed x,. In general, the predictor can be either linear or nonlinear. However, a

nonlinear predictor is difficult to implement due to the nonlinear combination of the previous

encoded pixels. Therefore, many DPCM systems use a linear predictor.

- d
Quantizer k Entropy Encoder —»
Channel
Predictor i,
DPCM Encoder
a k n &'
———»{ Entropy Decod + —>
Channel TTopy ecoder A \+'/
Predictor
DPCM Decoder

Fig. 2.4. Block diagram of a DPCM coding system
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A linear prediction of x, i.e. X, is determined by equation (2.4) [31]. The optimal mean
square error predictor can be obtained by choosing a; to minimize the variance or the energy of
the prediction error d,, where the optimal coefficients «; can be calculated using equation
(2.5). For the quantizer, the quantization step size of the quantizer is designed depending on the

bit rate and MSE (mean square error) requirements.
X = Zaixk_,. (24)
where 4, (i=0,1,---) are weighted coefficients.
R(j)= 2.0, RG=D 2.5)

where R(j) (j=0,x1.42,---) is the autocorrelation function of the input data.
A special case of DPCM is Delta Modulation (DM), which is the simplest predictive
coding. DM only encodes two level difference signals i.e. positive or negative using l-bit

quantizer.

Adaptive DPCM

DPCM technique achieves significant compression by exploiting the correlation between
neighboring pixels. However, it employs a fixed predictor and quantizer, and is therefore
sensitive to changes in the statistics of the data. To improve the performance of DPCM,
adaptive techniques can be used to dynamically track the local statistics of the input data. An
adaptive DPCM codec can be implemented by using either an adaptive predictor with a fixed

quantizer or an adaptive quantizer with a fixed predictor (32].



When designing the adaptive quantizer or predictor, the respective parameters are
periodically updated with changing statistics of the input data. For example, in an adaptive

predictor. the autocorrelation function R(j) is modified periodically based on the statistics of

the data. which causes the modifications on the weighted coefficients a; using equation (2.5).

2.3.2 Transform Coding

In transform coding, the image data is transformed from spatial domain to frequency

domain via an orthogonal transform. A typical transform coding system is as shown in Fig. 2.5.

Original
image

—»| Transform —®1 Quantizer [— Entropy Encoder |_,,

Channel

reconstructed
image

<¢— Inverse Transform [«— De-quantizer [«—— Entropy Decoder <€—

Fig. 2.5. Block diagram of a transform coding system

The transform domain data is more suitable for compression, since a large fraction of the
image energy is compacted into relatively fewer low frequency transform coefficients.
Typically, the low frequency coefficients contain most crucial information required for image
reconstruction, hence the codec can use visually weighted quantization on the coefficients to
achieve compression, where the quantized coefficients are then entropy coded to achieve

further compression.



An optimal transform should result in statistically independent coefficients [42]. A well
known optimal transform is Karhunen-Loeve transform (KLT) [52], which minimizes the mean
square distortion of the reconstructed data for a given data rate [53]. However, KLT has a high
computational complexity. Hence, it_ is usually replaced by sub-optimal transforms [32], such
as Fourier transform, cosine transform, Hadamard transform, etc. Among them, discrete cosine
transform (DCT) has been adopted in several image and video compression standards, such as
JPEG, MPEG, H.261, etc., since its compression performance is closest to the optimal KLT
[33].

In practice, the input image is first divided into non-overlapping blocks, and then each
block is transformed independently. The choice of the block size is a tradeoff between
compression efficiency and image quality [34]. Larger block sizes usually provide better
compression, since more pixels are considered for redundancy reduction. However, if the block
size becomes too large, the assumption of data stationarity no longer holds, therefore the
degradation such as ringing and blocking artifacts are introduced. Experimental results show
that block size of 8x8 or 16x16 is a good compromise.

The forward 2-D DCT of an NxN block is defined as follows [30]:

2i+ Dur cos Qj+hvr
2N 2N

2 N=IN-1
F(u,v) = -IVC(u)C(v) Eo j§°f(l,_]) cos (2.6)

for u,v=0,1,---,N—-1
% x=0
1

where Clx)= { .
otherwise

f(i.j) = value of pixel (i, j) in the image block

F(u.v) = DCT coefficients with frequency indices (u.v)



In matrix notation

F=A"f(B")" : 2.0

2 2i + Durx 2 Qj+hvm
No_ ’__ =T IR pN ’_ AsST R
where A= N C(u)cos N B ;= N C(v)cos SN

A, is the element of matrix AY at u™ row and i column
B, is the element of matrix B™ at v row and j" column
AN and BY are NxN cosine transform matrices
The transform coefficient with zero frequency is called DC coefficient and remaining
coefficients are called AC coefficients. The corresponding inverse 2-D DCT is defined as:

N-L

Qit+bun__ (2)+Dve
IN % N

v}_:ol Cw)CW) f (i, v) cos (2.8)

2
fU.J =V
for i,j=0l,--.N-1
The cosine terms in the cosine transform matrices represent the 2-D transform kernel (basic
function) of DCT. It can be seen that DCT is a linear and separable transform. For a first-order

stationary Markov source model, DCT is very close to the KLT. Since natural images generally

exhibit high pixel-to-pixel correlation, DCT has excellent energy compaction for visual data.

2.3.3 Sub-band Coding

Sub-band coding was first developed for speech compression. Recently. it has emerged as a
powerful approach for image and video compression [35]. In sub-band coding, an image is
filtered and decomposed into several sub-images or sub-bands, each of which contains a
limited range of spatial frequencies. Since the sub-bands require less bandwidth than the

original image. they can be down-sampled. We note the data characteristics of different bands



vary widely, and human visual sensitivity to degradation of different bands is not identical.
" hence better compression performance can be achieved by coding sub-bands differently
according to their characteristics. To reconstruct the image, the decoded sub-bands are up-
sampled and combined using an appropriate set of filters.

Wavelet transform is a special case of sub-band coding. It is becoming increasingly
important in image compression because of its flexibility in representing nonstationary signals
and its ability in adapting to the human visual system characteristics [36, 50]. This technique
results in subjectively pleasing images due to the absence of blocking artifacts and reduced
aliasing distortion [51]. The improved quality of reconstructed images is desirable for very low
bit rate applications.

In wavelet transform, an image is decomposed into a pyramid structure of sub-images with
various resolutions corresponding to different frequency bands [37, 54, 55]. Hence an image is
transformed into a multi-resolution /multi-frequency representation. The sub-images localized
in both space and frequency domains are relatively more stationary and thus easier to code. The
representation of decompositing an image is shown in Fig. 2.6, where the two-dimensional
separable wavelet transform is implemented independently, first in the horizontal direction and
then in the vertical direction [37].

In a one stage wavelet transform (Fig. 2.6(a)), an image is decomposed into a low pass sub-
image and three orientation selective high pass sub-images with half the original size in both
the directions. The low pass sub-image (LL) is a reduced size version of the original image.
while the other sub-images (LH, HL, HH) consist high frequency informaiton along the

horizontal, vertical and diagonal directions, respectively. The LL sub-image can be further



decomposed by successive application of wavelet transform until the smallest size image is

obtained. A three stage wavelet transform is shown in Fig. 2.6(b).

LL3| LH3 -
LH2
LL LH HL3| HH3 LH1
HL:2 HH2
HL HH HL1 HH1
(a) One stage (b) Three stages

Fig. 2.6. Representation of two-dimensional wavelet transform

2.3.4 Vector Quantization

Vector quantization (VQ) is an efficient technique for very low bit-rate applications [38]. In
VQ, the image is first partitioned into non-overlapping blocks, which is then reorganized as a
vector. A fundamental result of Shannon’s coding theorem shows that better compression
performance can always be achieved by coding vectors instead of scalars.

A vector quantizer is defined as mapping of an L-dimensional vector V; into another L-

dimensional vector W, (equation (2.9)), where W, is one of a finite set called VQ codebook or
VQ table of reproduction vectors (codewords). The codebook is represented by
{W, ,Wl,---,W__\,}, where W, = {Wu ,w,.z,---,w,.L}, and N is the number of vectors in codebook.

Therefore, vector quantization scheme partitions the L-dimensional Euclidean space into N

decision regions. each containing one of the N reproduction vectors.



q: vV, = W, (2.9)

An identical codebook exists at both the encoder and the decoder. At the encoder, each data
vector is matched with the codeword in the codebook according to a minimum distortion or
nearest neighbor rule. The-address or index of that codeword is transmitted instead of the data
vector itself resulting in high compression. At the decoder, the index is mapped back to the
codeword, which is used to represent the original data vector. Hence, the reconstruction of
image is simply a table look-up process.

An important step in VQ is the codebook design, which is based on a set of training
vectors. A popular design approach referred to as the LBG algorithm is the generalized Lloyd
clustering algorithm [39]. In this algorithm, an initial codebook is first set and each training
vector is assigned to its nearest neighbor codeword. In the training stage, each codeword is
updated to minimize its distortion relative to the vectors assigned to it. This process is then be
executed recursively until the change in distortion between two successive iterations is within a
acceptable threshold.

VQ is a powerful technique for image compression. However, there are several drawbacks.
It can be seen that VQ is highly image dependent, therefore it is difficult to design a good
codebook for all the possible occurrences of pixel combinations in a image block. In addition,
its computational complexity grows exponentially with vector dimension. A well known

degradation associated with VQ are edge jaggedness and blocking effects. especially when the

codebook size is small.



2.3.5 Fractal Image Compression

Fractal image compression [75, 77] is a promising new technology. Fractal geometry
resembles the geometry of images at different scales and angles. This insight opens vast
possibilities for generating natural looking images.

Fractal image compression is the inverse process of fractal image generation. It uses an
iterated function system (IFS) for representing images. An IFS is a set of contractive
transformations that map from a defined rectangle of the image to smaller portions of that
rectangle. In practice, affine transformations are used to translate, scale, shear and rotate points
in the image [78, 79]. A modified scheme for representing images is called partitioned iterated
function system (PIFS), which is employed to capture the diversity of real images [80, 81]. In a
PIFS, the transformations do not map from the whole images to the parts, but from larger parts
to smaller parts, where the large areas are called domain blocks, and the small areas are called
range blocks. The essence of the compression process is the pairing of each range block to a
domain block minimal based on an affine transformation, such that the difference between
them is. Since a very small amount of data are required to describe each transformation, fractal
coding results in very high compression [76].

Fractal compression is a lossy method, and is highly asymmetric. The compression process

is computationally intensive, on the other hand, the decompression process is fast.

2.3.6 Object/Model based Coding
MPEG-4 [82. 83] is intended to provide generic method for very high compression ratios.
The well-known DCT block-based techniques are robust and very well optimized. However.

they are not efficient at very low bit rates. since the DCT coefficients cannot be properly coded



resulting in visible block structures. For complex sequences, these blocking effects can become
very apparent.

Several algorithms such as object-based coding, model-based analysis/synthesis methods,
etc., have been proposed to improve the quality at high compression ratios. The most promising
techniques are object-based, where the images are decomposed into a number of objects based
on the targeted bit rate. The encoder describes the objects in terms of contour and texture. As in
the block based techniques, both intra- and inter-coding modes can be used. In the inter-coding
mode, the contour and texture of the objects are motion compensated. The corresponding
parameters are sent to the decoder along with the motion vectors.

The model-based approaches are not useful for general purpose scenes, but are applicable
when the assumptions of-a particular model are satisfied in the content, e.g.. a “head-and-
shoulders™ scene, a *“group of people” scene, graphics or computer generated scene, zooming or

panning of nonmoving objects, etc.

2.3.7 Hybrid Coding

In the above sections, several image coding techniques has been discussed. Usually a
combination of these techniques is used in practice to achieve a high compression ratio. For
example, a combination of vector quantization and wavelet transform provides a very good
coding performance [84].

Hybrid transform/predictive coding is a combination of transform and predictive coding.
The configuration of this hybrid coding is depicted in Fig. 2.7, where a transform operation is
followed by a predictive coder for each transform coefficients. Typically, one or two

dimensional transform is applied on subimages, the coefficients are then coded using the



previous ceefficients as a prediction estimate. This hybrid coding performance is in between

transform and predictive coding.

R Predictive
o coder

Predictive _

Input —+-{Transform | __coder |

image

Predictive

|__coder |

—

Channel

Predictive
decoder

Predictive
Reconstructed Inverse eco
image transform : ‘

Predictive |
decoder

Fig. 2.7. Hybrid transform/predictive coding system

We note the choice of a compression technique depends on its computational complexity

and coding performance.

2.3.8 A Comparison of Image Coding Schemes
A number of coding techniques including predictive coding, transform coding, sub-band

coding. VQ and fractal coding, etc. have been reviewed. Each coding scheme posses relative

advantages and disadvantages.

th



Predictive coding techniques have lower computational complexity and memory
requirements. However, it is much more sensitive to reconstruction distortions than transform
coding, since the distortions are locally distributed in predictive coding, while they are
distributed over the entire image in transform coding. Hence, transform coding outperforms
predictive coding at high compressiém ratios [30]. For one-dimensional sequences, the
predictive coding performance is theoretically close to transform coding at low distortion
levels. For two-dimensions, predictive coding is quite sensitive to changes in the statistics of
the data. Therefore, in this case, only adaptive predictive coding schemes can achieve a
compression efficiency close to transform coding. However, transform coding has higher
computational complexity and memory requirements. Hybrid coding which combines
transform coding and predictive coding has the advantages of good performance as well as
simplicity.

Wavelet/sub-band coding uses a filterband structure and achieves a good coding
performance. It achieves better subjective quality of the reconstructed images than block based
transform coding.

VQ and fractal coding achieves high compression, but at the expense of high computational
complexity. However, they are highly asymmetric, since compression is quite time consuming,
while decompression is fast.

We note that fractal image compression has similarity with VQ in a sense that an IFS
matches a domain block with a range block, while VQ matches a codeword with a data vector.
However, some notable differences exist: (i) in VQ, decoding is implemented using table look-
up techniques, while in an IFS, domain block is paired with a range block under an affine

transformation, (ii) in VQ, the codebook is stored apart from the image being coded. while in



an IFS. the codebook is called "virtual codebook”, in that it emerges during iteration. (iii) in
VQ, the codebook is shared among many images, while in an IFS, the virtual codebook is
specific to each image. In summary, fractal transform is a form of VQ, which employs a virtual
codebook.

The object/model based coding techniques are very promising for very low bit rate coding.

They are still under development and require further research.

2.4 Image Compression Standard

Recently, the Jeint Photographic Experts Group has proposed the JPEG standard for stiil
image compression. The JPEG standard (1, 2, 49] not only provides a framework for high
quality compression and reconstruction of continuous-tone grayscale and color images, but also
specifies the techniques for scalable image compression. In this standard, there are four modes:
baseline sequential (DCT-based), hierarchical (spatial scalability), progressive (SNR
scalability) and lossless modes.

The baseline sequential mode provides the basic feature of lossy image compression. The
hierarchical mode reconstructs the image in multiple resolutions, where the reconstructed
image is zoomed progressively through several passes. The progressive mode provides the
ability of reconstructing an image in progressively improving qualities. The hierarchical and
progressive modes are scalable coding techniques, which are suitable for applications in a
multi-user environment. Usually, they are modified versions of the baseline algorithm. The
lossless mode reconstructs the exact image by employing DPCM technique followed by

entropy coding. This algorithm is ideal for applications requiring high image quality. We now



present the JPEG baseline mode coding algorithm, which is the basis for scalable coding

algorithms. The scalable coding modes will be presented in chapter 3.

Baseline Sequential Mode :

We illustrate the JPEG baseline coding procedure in Fig. 2.8, which includes DCT

transform, DCT coefficient quantization and entropy coding.

8x8 blocks

|| DCT || Quantizer | | Entropy _,':

. Compressed image
Original image

Quantization| | 7~ apje
table

Fig. 2.8. JPEG baseline sequential encoder

The algorithm first partitions the original image into non-overlapping blocks of 8x8 pixels.
Each block is then transformed using DCT into an array of 8x8 coefficients. Similar to equation
(2.6), the 8x8 block DCT is defined in equation (2.10).

(2i+l)uﬂ.’n Q2j+vr
16 > 16

Fluv) = iC(u)C(v)éoj}Z'.o £, j)cos (2.10)

for u,v=0,1,---.7

I

- x=0
where Clx)= V2 .
l otherwise



DCT compacts most of the perceptually important information into the DC and a few (low
frequency) AC coefficients, where tﬁe DC coefficient corresponds to the mean of the pixels-in
an image block. The other higher frequency coefficients contain relatively less crucial details.
All the coefficients are quantized using a uniform quantizer. Since the human visual system is
not sensitive to ;iegradation at high frequencies, large quantizer step sizes can be used for high
frequency coefficients, while smaller sizes for low frequency coefficients. As shown in
equation (2.11), the value of the coefficients is divided by the quantization step size and
rounded to the nearest integer to produce the quantized coefficients. A sample quantization
table has been suggested in the standard. Quantization is a lossy process. Hence most

compression can be achieved by this operation.

Flu,v)+Q@e,v)/2 ”
= 211
C(u,v) t OGev) J ( )
where Q(u,v) = quantization step size for coefficient (u,v)

C(u,v) = rounded value of the quantized coefficient

The DC coefficient of the current block has high degree of correlation with the DC
coefficient of the preceding block, which is exploited by a lossless DPCM coding technique to
improve compression. The AC coefficients are not as well correlated, and therefore are coded
independently. All the AC coefficients of each block are first reordered in a 1-D sequence using
a zig-zag scan as shown in Fig. 2.9, and then coded using a run-length and level technique. The
length of a run is the number of zero quantized coefficients skipped over, and the level is the
non-zero AC coefficient’s magnitude. Since quantization results in sparse matrix of block
DCT. long runs are expected in most image blocks. Finally, entropy coding (Huffman or

arithmetic) techniques are used to code the difference DC values and the run-lengths and levels



of the AC coefficients. Using a zig-zag scan rather than a raster scan is more efficient as it

gives fewer runs and can be coded with shorter variable length codes.

. ) AC coefficient start
DC coefficient .

AC coefticient end

Fig. 2.9. Zig-zag scanning of block DCT coefficients

The image is reconstructed by performing the decoding operations, which is in the reverse
order of encoding. In other words, the decoder performs entropy decoding, inverse zig-zag scan
to recover the DCT ceofficients natural order in a block, de-quantization, and inverse discrete
cosine transform (IDCT) to transform the coefficients back to spatial domain. In the JPEG
standard, the baseline sequential algorithm can reconstruct the image in its original size at a

specific quality.

2.5 Interframe Techniques

A video sequence consists of spatial and temporal redundancies. Therefore both intraframe
and interframe techniques are needed to exploit the two kinds of redundancies. Interframe
techniques exploit the correlations in the temporal dimension. In general, after the temporal

redundancy is eliminated by using interframe techniques. intraframe techniques are employed



to achieve further spatial compression. Compared to intraframe techniques, interframe
techniques are more complicated, since they require memory in the codec to store neighboring
frames, and involve processing of information from multiple frames during a single frame
interval. In this section, we present a review of the following interframe techniques: conditional
replenishment, adaptive predictive coding, predictive coding with motion compensation and

interframe hybrid coding.

2.5.1 Conditional Replenishment

Conditional replenishment technique [30, 40] is based on detection of the moving areas in a
frame and dividing each frame into stationary and non-stationary parts, where only the changed
part is coded. Let u(m,ﬁ,i) represents the pixel at location (/m,n) in frame i, and the predictive
value is the reconstructed value u’(m,n,i—1) at the same spatial location in the previous frame
i — 1. The interframe prediction error is calculated using equation (2.12).

e(m,n,i) = u(m,n,i) —u'(mn,i—1) (2.12)

Whenever the magnitude of e(m,n,i) exceeds a pre-specified threshold, it is quantized and
coded for transmission. At the receiver, if the pixel is from the stationary part, it is
reconstructed by repeating the same location pixel from the previous frame, otherwise it is
from the non-stationary part and replenished by the decoded prediction error. The

reconstruction of a pixel can be obtained using equation (2.13).

w'(m,n,i—1) +e(m,n.i), if Ie(rn.n,i)l > threshold

w'(m,n,i—1)), otherwise

wW(m,n,i)= { (2.13)



For transmission, codewords representing the quantized values and their addresses are
generated. [solated points or very small clusters of moving areas are ignored to make the
address coding scheme efficient. There are several techniques for improvement of the basic
conditional replenishment coding. For example, instead of coding the address of each changed
pixel separately, the addresses and quantized values are coded in clusters along a line [41].
Another technique is to change the temporal resolution in stationary part and the spatial
resolution in the non-stationary part in order to achieve further compression without affecting

the subjective quality.

2.5.2 Adaptive Predictive Coding

In interframe predictive coding techniques, adaptation to motion characteristics can achieve
considerable compression for a video sequence [30]. To encode a pixel, it is classified as
belonging to an area of stationary (Cj), moderate/slow (C, ), or rapid (C,) motion. The
classification is evaluated by an activity index a(m,n,i), which is the absolute sum of
interframe differences of a neighborhood N of previously encoded pixels as shown in equation
(2.14). A large value of a(m,n,i) indicates high motion in the neighborhood N of the current
pixel. The predicted value u’(m,n,i) of the current pixel can be derived as shown in equation
(2.15).

After predicting of current pixel value, the prediction error is then quantized, coded and
transmitted to the receiver. The number of quantizer levels used for each class is proportional
to its activity. This coding approach can achieve better compression than the conditional

replenishment technique with approximately the same reconstructed image quality.



a(m,An,i) = 2[u'(m+x,n + y,i)—u'm+x.n+y,i— l)l (2.14)
(x.x)eN .

where N ={(0-1),(~1-1),(-L0),(-L.D}

w'(mn.i-1), (m.n)eCs
u'(mni)=u'(m-p,n—-q,i-1), (In,n)eC,, o (2.15)
pu’ (m.n— i) + pu’(m—Ln,i)—p,pu’(m—Ln-Li), (m,n)eC,

where p, and p, are the one-pixel correlation coefficients along directions m and n.

respectively.

p and g are displacements, which are obtained by estimating the average

displacement of the neighborhood N that gives the minimum activity.

2.5.3 Predictive Coding with Motion Compensation

Motion estimation/compensation techniques are quite efficient for exploiting the temporal
redundancy in a video sequence [43, 44]. It results in considerable improvement in the
compression performance compared to simple interframe techniques such as conditional
replenishment and adaptive predictive coding. Therefore, it is widely used as an important
interframe technique. Typically, the motion of objects in a scene can be approximated by
piecewise displacement from frame to frame [30]. Motion estimation attempts to find the

motion information between the current frame F, and previous frame F, at the transmitter,
which is then used at the receiver to predict the F, from F, resulting in a motion compensated

frame.
Two mainstream approaches for motion estimation techniques namely pel-recursive [24,
45, 46] and block-matching [43] have been proposed in the literature. Pel-recursive algorithms

calculate the displacement of each pixel individually thus requiring computationally expensive



operations. These techniques do not require the transmission of motion information to the
receiver since they recursively use the relative luminance change to find the motion in a frame.
On the other hand, the block-matching algorithms are based on the block motion, which
assume that all pixels within a block have the same motion activity [43]. These techniques are
commonly used due to its reduction in computations and improvement in the prediction
performance.

In the block matching process (Fig. 2.10), the current frame is divided into non-overlapping
blocks of size nxn. For each block in the current frame, the best match block in the previous
frame is sought within a search area using a certain search strategy. Let the search range be

+ p/—p in both the horizontal and the vertical directions, then the search area consists of
(n+2p)? pixels, which is centered around the candidate block with identical coordinates as

the block in the current frame. The motion specified by of a two-dimensional motion vector

provides the relative displacement between the current block and the best matched region in the

previous frame.
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Motion vector " | Search area

Reference frame

Current frame

Fig. 2.10. Block matching process for motion estimation
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The most intuitive search strategy for block matching is the full search algorithm (FSA). In
order to find the best match for a block in the current frame, all possible displacements within
the chosen search range are evaluated using the block matching criterion. Several block
matching criteria are available [42], such as the mean square error (MSE) and the mean
absolute error (MAiE). The candidate block which minimizes the error is selected as the best~

match. Since the MAE criterion has lower computational complexity, it is generally used. The

MAE criterion is given by equation (2.16).

MAE(Ax,Ay) = 2, O S + Ax, j + Ay) — RG, /)| (2.16)

=l j=1
where R(i, j) is a block’s pixel in the current frame
S(i + Ax, j + Ay) is a candidate block’s pixel in the previous frame within the search

area
We note that, in the FSA algorithm, all possible (n+2p)® candidate blocks are searched,

which involves a high computational complexity. To reduce the computational burden, several
fast algorithms have been proposed [23, 47, 48]. These algorithms rely on the assumptions that
the error (MSE or MAE) increases monotonically as the search moves away from the optimal
vector. Therefore the computations are reduced by limiting the number of candidate blocks.

The basic idea of motion estimation/compensation is similar to adaptive predictive coding,
where the prediction is the best matched block data from the previous frame [34]. High
compression can be achieved by coding the prediction error image (the difference between the
current and motion compensated frames) and motion vectors. The accuracy and speed of

motion estimation determine the success of the motion-compensated coder.
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2.54 Interframe Hybrid Coding

Interframe hybrid coding is a combination of transform and interframe prediction coding
[4+4]. We note that the motion estimation/compensation can be considered as a adaptive
predictive coding scheme (section 2.5.3). Typically, each frame is partitioned into two-
dimensional non-overlapping blocks. For each block in the current frame, the prediction error
can be obtained by subiracting the data of the best match in the previous frame from the current
block data. Generally speaking, most intraframe coding techniques can be applied to encode the
prediction errors for further spatial compression [34]. Among them, transform coding
techniques such as DCT is widely used.

Recall from section 2.3.2, in transform coding systems, the transform coefficients are first
visually quantized to achieve compression without degrading the subjective quality. The
quantized coefficients are then entropy coded for further compression. Finally, the coded
coefficients are transmitted to the receiver along with the motion vectors. A typical interframe
hybrid coder is shown in Fig. 2.11.

Input video

Transmit
sequcz:_c_e»@_»rD—cr— Quantization »1 Entropy |3
+ encoder

A.

De-quantization

Frame memory

1

Motion estimation

Motion vectors

Fig. 2.11. Interframe hybrid coding with motion compensation



2.6 Video Compression Standards

The International Telecommunications Union (ITU) and the International Standards
Organization (ISO) have proposed standards for video compression known as the H.261 and
MPEG standards, reépectively. The H.261 standard (5, 57] is aimed at videc phone and video
conferencing applications, where real-time encoding and decoding are essential. Ii is often

called the px 64 standard since the targeting bit rate is p x 64 kbits/s, where p is in the range

of 1 to 30. ITU-T has recently developed the international draft standard H.263 [58, 59], which
is closely related to the well known H.261. H.263 provides the same subjective image quality at
less than half the bit rate [60]. It employs an improved version of the classical block-based
motion-compensated DCT (hybrid) coding used in H.261 and MPEG standards [62].

The MPEG standard [3, 4, 56, 63] addresses motion video as well as audio coding
according to the ISO/IEC standardization process. MPEG-1 [3, 56] specifies a coded
representation that can be used for compressing video sequences up to bit rate around 1.5
Mbits/s. It was developed in response to the growing need for a common format for
representing compressed video on various digital storage media such as CD's. DATs (digital
audio tape), and optical drives. The use of MPEG-1 means that motion video can be
manipulated as a form of computer data and can be transmitted and received over existing and
future networks. Further developments in the area of video coding techniques are based on a
target rate of up to 100 Mbits/s. This is known as MPEG-2 [4]. It strives for a higher resolution
similar to the digital video studio standard CCIR601 and leading to HDTV. The MPEG-2 video
standard specifies the coded bit stream for high-quality digital video. As a compatible

extension, MPEG-2 video builds upon the completed MPEG-1 standard by supporting

~=



interlaced video formats and a number of advanced features including those supporting HDTV.
The MPEG-2 Main Profile was defined to support digital video transmission in the range of
about 2 to 80 Mbits/sec over cable satellite and other broadcast channels as well as for digital
storage media and other communication applications [61].

Very low bit rate high compression video coding is becoming popul;r. ISO has initiated the
MPEG-4 standard activity [61, 63, 64, 82, 83] to investigate novel algorithms for high
compression coding in mobile muitimedia applications based on techniques such as wavelet,
vector quantization, fractal, object and model based coding. In addition to compression
efficiency, MPEG-4 is targeted to be flexible, extensible, and providing object-based
interactivity. It will support new ways of communication, universal access and manipulation of
digital audio-visual information. MPEG-4 standardization is still in progress and stated to have
a draft international standard by 1998.

We now discuss the MPEG-1 and MPEG-2 algorithms in detail, since the techniques

proposed in this thesis implement encoding of scaled MPEG video in the compressed domain.

2.6.1 Overview of the MPEG Algorithm

MPEG coder is essentially an interframe hybrid coder, which uses DCT and motion
estimation/compensation techniques to exploit the spatial redundancy within a frame and
temporal redundancy between the successive frames in a video sequence, respectively. It
achieves a high compression ratio as well as a good picture quality with the requirement to
have the possibility _of random access to the coded bit stream. Intraframe coding best meets the

random access requirement, while interframe coding can achieve high compression. This



requires a careful balance between intra and interframe coding. Three main picture types are
defined in MPEG.

Intra coded pictures (I-pictures) are coded without reference to other pictures, which are
treated as still images. They provide access points to the coded sequence where decoding can
begin, but are coded with only moderate compression. Predictive coded pictures (P-pictures)
are coded more efficiently using motion compensated prediction from a past I-picture or P-
picture, and are generally used as a reference for further prediction. Bidirectionally-predictive
coded pictures (B-pictures) provide the highest degree of compression but require both past and
future reference pictures for motion compensation. B-pictures are never used as references for
prediction. In MPEG, a video sequence is organized into a set of group of pictures (GOP),
which is usually a combination of I, P and B-pictures. A GOP must have at least one I-picture.
The number and organization of the three picture types in a GOP (GOP pattern) is very
flexible, which depends on the requirements of the applications and is defined by the encoder.
For example, a GOP pattern IBBPBBPBBP and the temporal prediction for P and B-pictures
are shown in Fig. 2.12. It can be seen that the MPEG coder contrasts with the simple interframe

coder, where only the first frame is intra-coded, while the rest are inter-coded.

!! !. !. Time
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Fig. 2.12. Prediction in MPEG video sequence
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MPEG defines a 16x16 region as a macroblock, which is the basis for motion
estimation/compensation. The forward motion estimation technique (as discussed in section
2.5.3) is used for causal prediction of a P-picture from a previous picture. In addition.
bidirectional motion estimation is employed for non-causal interpolated prediction of a B-
picture from past and future pictures. This results in an improved performance compared to
unidirectional motion estimation. We note that all macroblocks in I-pictures are intra-coded.
while the macroblcks in P and B-pictures can be either inter-coded or intra-coded depending on
the effectiveness of motion estimation.

Both the original data for an intra-coded macroblock and the prediction error for an inter-
coded macroblock have a high spatial redundancy. These macroblocks are split into blocks of
size 8x8 pixels and transformed into the DCT domain to remove the spatial correlations. The
DCT coefficients are visually weighted and quantized in an irreversible manner that discards
the less important information. MPEG uses different quantization tables for intra- and inter-
coded macroblocks. The step sizes of the quantization matrix can be modified using the
quantizer scale factor, which may be changed between macroblocks. This makes possible
control on the quantization within a frame on a macroblock basis. After quantization, the
coefficients are reorganized in a zig-zag scan order. The DC coefficients for intra-coded blocks
are compressed using a DPCM technique, while the DC coefficients for the inter-coded blocks
and all the AC coefficients are coded using two-dimensional run-length and variable length
coding. In addition, for inter coded macroblocks, the associated motion vectors are encoded
differentially with respect to the last transmitted motion vector, using variable length codes.
We note that the transformation, quantization, zig-zag scan, run-length and variable length

coding techniques for the picture blocks are similar to those defined in the JPEG standard.



2.6.2 Motion Compensation and Macroblock Type Selection

In the MPEG standard, after the motion estimation process for macroblocks in P- and B-
pictures, an encoder will make a series of decisions of choosing between the different types of
macroblock. An encoder uses the following order for the decisions:

(i) Motion compensation or no motion compensation, i.. is a motion vector transmitted or

is it assumed to be zero.

(ii) Inter- (non-intra) or intra-coding, i.e. is the macroblock predicted using the motion

vector found in step (i), or is it intra-coded.

(iii) If the macroblock is non-intra coded, it decides whether the prediction error large

enough to be coded using DCT.

(iv) It decides whether the quantizer scale is satisfactory or should be changed.

In this thesis, we emphasize on the inter/intra coding decision (step (ii)), which is related to
our proposed approach for re-encoding scaled MPEG video which will be presented in chapter
5.

For P- and B-pictures, intra-coded macroblocks are possible whenever the macroblocks
cannot be effectively predicted from the reference pictures. For example, a scene change or
forced cut may appear between successive pictures, or the motion activity is too high to be
captured within the search area for motion estimation.

An intuitive way to make the decision is to compare the total bit numbers required to code
the same. macroblock as inter- or intra-coded. The method using fewer bits may be chosen.
However, this is a computationally expensive operation. In the MPEG standard, the inter/intra
coding decision is made based on the variance of the luminance component of a macroblock.

The variances of the current macroblock V', and of the difference macroblock V), are compared.



The difference macroblock is obtained by subtracting the motion-compensated previous

macroblock from the current macroblock.

We use equation (2.17) and (2.18) to calculate variance V. and V,, respectively. Note that,

when calculating the variance of the difference macroblock, the average value is assumed to be

Zero.
Ve =356 ,;o("") —(256 ,;_:ox") (2.17)
V, = 756, Z( -y;)? (2.18)

where x;,y, are values of pixel (Z,j) in the current macroblock and the motion-

compensated previous macroblocks, respectively.
The macroblock type decision for P-pictures is based on Fig. 2.13. It can be seen that when
V, is less than 64 or V, is less than V_, inter coding is chosen.
The coding decision for B-pictures is more complicated than P-pictures. Since B-pictures
are coded using bidirectional prediction, a macroblock may be motion compensated in three
different manners: forward predictive coded, backward predictive coded and bidirectionally

predictive coded (interpolated).

Ve A
256
192 Tniter
128 Py
64
0 64 128 192 256 Va

Fig. 2.13. Inter/intra coding decision making for P-pictures
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For the forward or backward motion compensation, the motion-compensated macroblock is
constructed from the previous reference picture or the future reference picture, where only one
motion vector is associated with each macroblock. For the interpolated motion compensation,
the interpolated motion-compensated macroblock is obtained by averaging two motion
compensated macroblocks from both the previous and future reference pictures, and two
motion vectors are required to be transmitted to the decoder.

Using a similar technique as for P-pictures, an encoder decides whether to code a
macroblock in B-pictures as inter coded using the best of the three possible prediction (forward
or backward or interpolated) or to code it as intra coded by calculating and comparing the
variances of the difference macroblock and current macroblock. The macroblock type with the

smallest variance is chosen (Fig. 2.14). If the two variances are equal, inter-coding is chosen.

VCA

256
192 inter //
128 / a

>
0 64 128 192 256 Vd

Fig. 2.14. Inter/intra coding decision making for B-pictures
It can be seen that in P- and B-pictures, each macroblock can be one of a number of

different types. An encoder stores these macrobicok type information with the prediction error

signal in each macroblock, which will be used for decoding.
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2.6.3 MPEG Codec

MPEG Encoder

MPEG does not specify an encoding process. It specifies the syntax and semantics of the
bitstream and the signal processing in the decoder. As a result, many options are left open to
encoders to trade-off cost and speed against picture quality and coding efficiency. Fig. 2.15

shows the main functional blocks of the MPEG encoder.
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l Data
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Modes
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where DCT is the discrete cosine transform, DCT is the inverse discrete cosine transform
Q is the quantization, Q! is the inverse quantization

VLC is the variable [ength coding
Fig. 2.15. Simplified MPEG video encoder block diagram

The input video signal must be digitized and represented as a luminance and two colour

difference signals (Y, Cr, Cb). This may be followed by preprocessing and format conversion



to select an appropriate window, resolution and input format. After the preprocessing of the
input pictures, the encoder defines the GOP pattern, and performs motion estimation for each
16 by 16 macroblock in the picture. Typically, in P-pictures, one vector is needed for each
macroblock and in B-pictures one or two vectors are needed.

If B-pictures are used, sc.>me reordering of the picture sequence is necessary before
encoding. S inée B-pictures are coded using bidirectional motion compensated prediction, they
can be decoded only after the subsequent reference (an I- or P-picture) has been decoded.
Hence, the pictures are reordered by the encoder so that the pictures arrive at the decoder in the

appropriate order for decoding. The correct display order is recovered by the decoder.

MPEG Decoder
Decoding is the inverse of the encoding operation. It is considerably simpler than encoding
as there is no need to perform motion estimation and there are many fewer options. The

decoding process is defined by the MPEG standard. Fig. 2.16 shows the main functional blocks

of the MPEG decoder.
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where DCT is inverse discrete cosine transform
Q' is inverse quantization
MUX'! is demultiplexing
VLC! is the variable length decoder
Fig. 2.16. Basic MPEG video decoder block diagram



In the decoder, if an I-picture or a P-picture is reconstructed, it is stored as a reference
picture for subsequent pictures. Before the pictures are displayed, they may need to be re-

ordered from the coding order to their natural display order.

2.6.4 Structure of MPEG Bit Stream

The MPEG simulation model is organized into six layers (Fig. 2.17), each of which either

supports a signal processing functionality or a system function.

Sequence layer

Group of pictures layer
Picture layer
Slice layer

Macroblock layer
Block layer

Fig. 2.17. Six layers in MPEG simulation model

Sequence layer

A coded video sequence commences with a sequence header and is followed by one or
more groups of pictures and is terminated by a sequence end code. There may be a sequence
header immediately preceding each of the groups of pictures. Within each sequence, pictures
are decoded continuously.
Group of pictures layer

A group of pictures is a series of one or more consecutive pictures intended to assist
random access into the sequence. In the coded bit stream, the first coded picture in a group of
pictures is an I-picture. The order of the pictures in the coded bit stream is the order in which

the decoder processes them. In display order, the last picture in a group of pictures is always an
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I-picture or a P-picture, and the first is either an I-picture or the first B-picture of the

consecutive series of B-pictures which immediately precedes the first I-picture (Fig. 2.18).

At the encoder input

IBBPBBP||[BBIBBFBBP|(BBIBBPBBP||BBI

At the encoder output, in the coded bit stream, and the decoder input

IPBBPBB|[[BBPBBPBB|IBBPBBPBB||IBB

At the decoder output:
The decoder shold display pictures in the same order as the encoder input

Fig. 2. 18. The order of the pictures in a GOP

Picture layer

A picture in MPEG terminology is the basic unit of display and corresponds to a single
frame in a video sequence. The spatial dimensions of a frame are variable and are determined
by the requirements of an application.
Slice layer

A slice is the basic processing unit in the MPEG coding scheme, which is a series of an
arbitrary number of macroblocks in a picture by raster-scan order. A slice is an autonomous
unit since coding a slice is done independently from its neighbors.
Macroblock layer

A macroblock of size 16x16 is the basic coding unit in the MPEG algorithm. Since MPEG

requires that the color difference signals (Cr and Cb) be sub-sampled with respect to the

luminance by 2:1 in both the vertical and horizontal directions, a macroblock contains a section
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of the luminance component and the spatially corresponding chrominance components (Fig.

2.19).
Macroblock
Blocky 0 3 n 5
2 - 4
Y Cb Cr
Fig. 2.19. Macroblock structure
Block layer

A block of size 8x8 is the smallest coding unit in the MPEG algorithm, which is the unit for
DCT. A block can be one of three types: luminance (Y), red chrominance (Cr), and blue

chrominance (Cb).

2.7 Summary

In this chapter, we first present the concepts of entropy (lossless) coding, source (lossy)
coding and hybrid coding are presented. This is followed by a review of lossless data
compression techniques including run-length coding, Huffman coding and Arithmetic coding.
Then the intraframe coding techniques including predictive coding, transform coding, sub-band
coding and vector quantization, fractal image compression, etc., are reviewed, followed by the
JPEG standard for still image compression. Next, we review the interframe coding techniques.
such as conditional replenishment, adaptive predictive coding, predictive coding with motion
compensation and interframe hybrid coding. Finally, we present a brief review of video
compression standards including H.261, H.263, MPEG-1, MPEG-2 and MPEG-4. A particular

emphasis is placed on the review of MPEG algorithm.



Chapter 3

Review of Scalable Image/Video

Compression

In this chapter, we first review the basic concepts of scalable image/video compression
including SNR scalability, spatial scalability and temporal scalability. This is followed by a
brief review of spatial domain and transform domain coding techniques for SNR and spatial
scalability. In section 3.2, we present the JPEG scalability coding modes, namely progressive
(SNR scalability) and hierarchical (spatial scalability). Finally, the scalable features in the
MPEG-2 standard, namely SNR scalability, spatial scalability and temporal scalability are

discussed in section 3.3.

3.1 Review of Scalability

Image and video applications are often targeted to a multi-user environment where the data

may be transmitted and accessed by a large number of display devices, each with a different



spatial. temporal or quality requirement. storage and processing capabilities. For example. in
many interactive visual applications, one of the key required features is the capability of
browsing large visual databases to locate and retrieve the data of interest. The visual data may
be first displayed at a low spatial resolution or picture quality, which is progressively enhanced
to increasing sizes and qualities based on the viewer’s réquest. In HDTV with embedded TV
systems, the TV signals may be migrated to higher temporal resolution HDTV signal. In
addition, many interactive visual communication applications involve transmission of images
and video over low speed, low bandwidth channels or a dual-priority communications network,
where the low priority data transmission depends on the availability of bandwidth. Hence there
is a need for scalable visual compression techniques which represent visual data with multiple
spatial, temporal or quality resolutions [6, 7, 9. 10, 68]. Scalability is extremely important in
applications such as browsing image catalogues, querying multimedia databases, and
interactive multimedia communications.

Scalability is usually achieved by coding the visual data into two or more layers, where the
lowest layer provides the basic reconstruction of visual data, and the higher layer (enhancement
layer) is coded to enhance the information provided by the lower layer. The different layers can
be classified into high priority and low priority. This feature makes possible graceful
degradation in performance for visual transmission applications over dual-priority networks in
the event of lack of bandwidth or network congestion.

Generally, scalability can be classified into three categories: SNR scalability, spatial

scalability and temporal scalability. A combination of these basic scalabilities is referred to as

hybrid scalability.



3.1.1 SNR Scalability

SNR scalability is a generic feature referring to the representation of images in different
qualities or SNR at a fixed size. Sometimes it is referred to as progressive -image transmission
(PIT) [8, 69, 70]. SNR scalability is ’mainly targeted toward applications which require graceful
degradation in performance in the event of constrained bandwidth or computing resources.

A quick initial approximation image is constructed at very low bit rate. This image is
progressively improved to full quality by adding more information from the bit stream in
several passes. This feature can be used in image browsing interactive applications, where an
image database is searched based on a particular criterion. The retrieval process can be
terminated if the intermediate version of the image is of satisfactory quality or if the image is
found to be of no interest.

Several techniques for obtaining progressively improving quality sequences (SNR
scalability) by reorganizing the image data into a fixed number of levels in either the spatial or
transform domain have been proposed in the literature [11, 14, 71, 73, 74].

The spatial domain techniques encode a image by reconstructing it progressively on the
image pixel basis, such as bit plane and sub-sampling [71]. The transform domain techniques
can be classified into coefficient scanning [73], bit slicing [74], and S-transform [11, 14]. In the
coefficient scanning technique, a low resolution approximation is first reconstructed only from
a few coefficients, then the reconstructed image is progressively improved by increasing the
number of higher order coefficients. In the bit slicing technique, the full bit assignment map in
the transform domain is sliced into a set of bit layers which are then progressively transmitted.

The S-transform is a hierarchical approach for image representation. which can be used for



achieving both SNR and spatial_ scalabilities. It builds the irjnage into a pyramid data structure
by successive Hadamard transform.

In S-transform, an input image is first partitioned into non-overlapping blocks of size 2x2
pixels. Each block of pixels is then transformed into four coefficients as follows. The DC

coefficient is the average of the four pixels in a block, while AC coefficients presents high

frequency information.

1
d, = Z(xl +x, +x;+x4)

1
d = Z(x' +X, =X~ X,)
(3.1)

1
d,= Z(x‘ -X, —X;+X;)

|
dy= Z(x‘ -X, +X—X,)

where d, = DC coefficient, d,.d,.d; = AC coefficients
x,,--,X, = pixel values in a 2x2 image block

In the first decomposition pass, a sub-image with half the resolution of the original image
can be obtained by assembling the DC coefficients of all the image blocks. Similarly, sub-
images can be obtained for the three AC coefficients. The DC sub-image is then further
decomposed by successive application of Hadamard transform. To reconstruct the image, the
smallest DC sub-image (up-sampled to the original size) is first displayed, which is then
improved by adding information from the corresponding AC coefficients. Therefore. SNR
scalability can be achieved by several passes until the highest SNR resolution image is

reconstructed.



3.1.2 Spatial Scalability

Spatial scalability refers to the feature of image representation in different sizes or spatial
resolutions [9, 10, 68]. It allows multi-resolution coding, and is suitable for a variety of visual
services. In addition, it provides the capability of reconstructing images in lower spatial
resolutions using only a small portion of the compressed bit stream. A quick iconic view of the
image corresponding to the lowest resolution image stored in the database is first required. The
selected image can then be zoomed to progressively increasing sizes based on user need until
the full spatial resolution image is reconstructed.

Techniques for achieving spatial scalability are typically based on pyramidal data structures
[6, 8,9, 12], where the image data is organized in a hierarchical fashion, such that each level of

the hierarchy corresponds to a specific spatial resolution of the image. A pyramid data structure

reorganizes the input image X as a sequence of matrices {X,.}, (i=0.1,---,N —1), where

{X ,._,} is the reduced resolution version of {X,.} . In this structure, X, and X ,_, correspond to
a single pixel matrix and the original image, respectively.

The techniques proposed in the literature for spatial scalability can be classified as either
spatial domain or transform domain techniques. In the spatial domain techniques, the pyramid
can be formed by sub-sampling, mean filtering, Gaussian-based low pass filtering [13], etc.
Usually the difference pyramid is also needed for exact reconstruction of the image. A simplest
pyramid is a quadtree as shown in Fig. 3.1. For a given image of size 2"x2", a pyramid data
can be formed by successively operating on the neighboring 2x2 pixels [8, 12, 13, 72], where

the operations can be mean filtering, median filtering, etc.



Most spatial domain pyramidal techniques are often used in conjunction with the transtorm
domain techniques to provide a good coding performance. The transform domain techniques

can be implemented by S-transform or DCT on each pyramidal level.
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(a) Quadtree pyramid of an input image (b) Difference quadtree pyramid

Fig. 3.1. Formation of a quadtree pyramid

We recall from section 3.1.1, that S-transform achieves both SNR and spatial scalability. It
hierarchically decomposes the input image into a pyramidal representation, where the low pass
sub-images represent the original image in different spatial resolution.

The other transform domain technique, i.e. the DCT domain technique has two flavors.
namely spatial domain pyramid [9] and frequency domain pyramid [6]. Spatial pyramids
generally use 8x8 DCT at every layer as recommended in the JPEG and MPEG standards,
while frequency pyramids use DCT of smaller size in the lower layers. In a frequency pyramid.
the original image is first filtered and down-sampled to form a quadtree, and then block DCT is
performed on each level based on different block sizes. As shown in Fig. 3.2, for a four level
quadtree, the original image in the fourth level is partitioned into non-overlapping blocks of

size 8x8. while. the block sizes in the first to the third level are 1x1, 2x2, and 4x4.
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respectively. For efficient compression, the DCT coefficients at each level are used to predict

the respective low frequency coefficients in the next higher layer.

Level 1 [T] block size:1x1 [C] Non predicted DCT coefficient
Level 2 E block size: 2x2 B Predicted DCT coefficient
Level 3 block size:4x4

block size: 8x8

Level 4

Fig. 3.2. DCT blocks for different layers in a frequency domain pyramid

We note that, in transform domain techniques, the S-transform or DCT are performed
recursively at different spatial resolutions on each pyramid level. Hence, it requires down-
sampling operations in the spatial domain before any transform domain techniques can be

employed.

3.1.3 Temporal Scalability

Temporal scalability refers to a hierarchical representation of video such that each level of
the hierarchy has a different frame rate [10, 68]. It involves partitioning of video frames into

layers, where the lower temporal resolution (frame rate) can be progressively enhanced to
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higher temporal resolution. Temporal scalability is only applicable to video. For a range of
diverse video applications from telecommunications to HDTYV, it is necessary to migrate from
lower temporal resolution systems to higher temporal resolution systems.

Temporal scalability is achieved by skipping certain frames at the base layer, where the
skipped frames are then encoded at the enhancement layer (Fig. 3.3). The top layer is predicted
from either the decoded frame at the base layer, or from the previously decoded frame at the
top layer. At the top layer, it is prohibited to use backward prediction, which avoids the need

for frame reordering and reduces complexity.

) 0 0 [
LII0PL

Fig. 3.3. Illustration of temporal scalability

» Time

3.2 JPEG Standard for Scalability

Recall from section 2.4 that the JPEG standard has four modes: baseline sequential (DCT-
based), hierarchical (spatial scalability), progressive (SNR scalability) and lossless modes. We

now present the definition of the SNR and spatial scalability techniques within the JPEG

standard.
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3.2.1 JPEG SNR Scalability

For SNR scalability, JPEG employs transform domain techniques. It provides two
approaches, namely spectral selection and successive approximation. which correspond to the
aforementionesi coefficient scanning and bit slicing techniques, respectively.

In the spectral selection approach, the DCT coefficients are partitioned into a number of
bands according to their frequencies, and each band is compressed and stored separately. The
block DCT coefficients may be partially encoded by selecting a specified band of coefficients
from the zig-zag sequence within a given scan. The first band is generally reserved for the DC
coefficient. The AC coefficients are split amongst the remaining available bands. Each band is
defined by a header which specifies the indices corresponding to its first and last coefficients.
A coarse quality image can be obtained by decoding the block DC coefficients, which can be
progressively improved by gradually decoding the corresponding AC bands, and adding them
to the coarse quality image after inverse DCT (IDCT). This operation is possible due to the
linearity of DCT. Hence spectral selection reconstructs the image in different qualities thereby
providing SNR scalability.

In the successive approximation approach, all the quantized DCT coefficients are sliced
into a number of bit planes. The most significant bit plane has certain number of the most
significant bits of the coefficients. Each lower bit plane increases the coefficient precision by 1
bit. In the first scan, the most significant bit plane is encoded at z reduced precision. It provides
a first approximation coarse image with both high and low frequency information. which
results in a reasonable reconstruction of the edges at low bit rates. In subsequent scans, the

iower bit planes are then encoded individually to progressively improve the image quality.



We-,note both of these SNR scalability teéhniques (spectral selection and successive
approximation) are based on block DCT coefficients, which are generated by using the JPEG
baseline compression scheme, therefore a JPEG bas;:line bit stream can be easily updated to a
SNR scalable bit stream without decompression. In other words, we can implement SNR

scalability directly in the compressed domain in the JPEG standard.

3.2.2 JPEG Spatial Scalability

The spatial scalability technique proposed in the JPEG standards uses a combined spatial
and transform domain technique. The hierarchical mode encoder employs a pyramidal structure
for encoding different spatial resolutions of the image. It is based on encoding the smallest size
image, and differential encoding of the larger size images for different layers using DCT.

We illustrate the spatial scalable coding procedure in Fig. 3.4. First, to prepare the data. the
original image is successively filtered and down-sampled to several lower resolution images.
The lowest layer image I (iconic version) is DCT encoded and quantized. The resulting bit
streamn is decoded to reconstruct the lowest layer image Ro, which is then interpolated and up-
sampled by a factor of two in both the horizontal and vertical directions to form the prediction
U, of the original image at next higher layer. To encode the next higher layer I, a difference
image D, calculated by computing pixelwise difference between I, and Uo, which is DCT
encoded and quantized. This data is decoded to reconstruct the difference image D,’, which is
added to Uy to reconstruct the image R;. Proceeding in a similar fashion, R; is up-sampled to
the next higher layer image U,. The entire procedure is repeated until the full resolution image

has been encoded.
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Fig. 3.4. JPEG hierarchical mode encoder

To decode the JPEG hierarchical mode bit streams, the smallest iconic image is first
reconstructed as image Ro. The bit streams corresponding to the difference images Dy, D, ...,
Du.; are then decoded and added to the respective up-sampled images Ug, Uy, ..., Ux.> until the
full resolution image Ry.; is reconstructed. Hence, spatial scalability is achieved by first
displaying the lowest resolution image, which is gradually zoomed to progressively higher
resolutions. We note that the encoder involves down-sampling and up-sampling as well as
compression and decompression operations, while the decoder requires only up-sampling and

decompression operations.



3.3 MPEG Standard for Scalability

Recall form section 2.6 that the MPEG-2 standard was developed as a compatible extension
of MPEG-1. The MPEG-2 syntax can be divided into two major categories: non-scalable
syntax and scalable syntax. The former is a super set of the syntax defined in MPEG-1. and
supports interlaced video formats. The latter provides the feature of scalability, which
structures the total bit stream into multiple layers, starting from a standalone base layer, and
adding a number of enhancement layers. MPEG-2 offers SNR scalability, spatial scalability and

temporal scalability, and also supports hybrid scalability.

3.3.1 MPEG SNR Scalability

SNR scalability involves generating two video layers of the same spatial resolution but
different video qualities from a single video source, where the lower layer is coded by itself to
provide the basic video quality, and the higher layer is coded to enhance the lower layer [4].

SNR scalability defines a mechanism to refine the DCT coefficients in the lower layer by
using the DCT coefficients coded in the higher (enhancement) layer of a stream. As illustrated
in Fig.3.5, when decoding, the final block DCT coefficients can be obtained by combining the
de-quantized coefficients from two layers. This technique is similar as the JPEG SNR
scalability technique. After block DCT coefficient reconstruction, the procedure for temporal
prediction and frame reconstruction is identical to the respective procedure for decoding of a
single layer bit stream (as discussed in section 2.6). Note that all the prediction information is
contained in the lower layer. Therefore, it is not possible to reconstruct an enhancement layer

without decoding the lower layer data before.
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Fig. 3.5. Illustration of decoding process for SNR scalability

3.3.2 MPEG Spatial Scalability

Spatial scalability involves generating two spatial resolution video layers from a single
video source, where the lower layer is coded by itself to provide the basic spatial resolution,
and the enhancement layer is spatially interpolated from the lower layer and carries the full
spatial resolution of the video source [4].

In MPEG spatial scalability, to code the higher (enhancement) layer, two kinds of
predictions are required, which are obtained from the enhancement layer and lower layer.
respectively (Fig. 3.6).

A motion compensated temporal prediction is performed from the previous decoded
pictures in the enhancement layer. Meanwhile, a spatial prediction is formed from the up-
sampled version of the lower layer decoded picnirc. This prediction is based on macroblocks. It
is executed by up-sampling the corresponding region in the lower layer to the same grid of the
current macroblock in the enhancement layer. For each block in a macroblock, the two
predictions are selected or combined to form the final prediction. Hence, the macroblock type

in the enhancement layer can be temporal prediction only. spatial prediction only. or weighted
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combination of temporal and spatial predictions. In order to reconstruct the block pixels, the
prediction is added to the prediction error, which is obtained by executing inverse DCT on the
difference block DCT coefficients. A simplified decoding process for spatial scalability is
illustrated in Fig. 3.7.
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Fig. 3.6. Predictions for P-frames in spatial scalability coding
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Fig. 3.7. Nllustration of decoding process for spatial scalability
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3.3.3 MPEG Temporal Scalability

Temporal scalability involves partitioning the video frames into layers, where the lower
layer is coded by itself to provide the basic temporal rate, and the enhancement layer is
temporal predicted with respect to the lower layer. These layers when temporal multiplexed
yield full temporal resolution of the video source [4].

In MPEG temporal scalability, the decoding process for the enhancement layer is similar to
the normal decoding process for a single layer (section 2.6). The only difference is that the
prediction pictures for the enhancement layer can be selected from both the lower layer and the
enhancement layer.

In P-pictures, the forward reference picture can be one of the following three: the most
recent enhancement picture, the most recent lower layer picture, or the next lower layer picture
in the display order (Fig. 3.8). In B-pictures, the forward reference can be either the most recent
enhancement layer picture or the most recent lower layer picture, whereas the backward
reference can be the most recent lower layer picture or the next lower layer picture in the

display order (Fig. 3.9).
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Fig. 3.8. Predictions for P-frames in temporal scalability coding
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Fig. 3.9. Predictions for B-frames in temporal scalability coding

We note backward prediction cannot be made from a picture in the enhancement layer,
which avoids the need for frame reordering in the enhancement layer. The enhancement layer
can contain I-, P- or B-pictures. However, unlike the normal coding process, B-pictures can be
used to predict the following P- or B-pictures in the enhancement layer. Hence, B-pictures in
enhancement layer behave more like P-pictures.

We illustrate the decoding process for temporal scalability as follows.
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Fig. 3.10. Hlustration of decoding process for temporal scalability



3.4 Summary

In this chapter, we have first introduced the basic concepts of scalable image/video
compression including SNR scalability, spatial scalability and temporal scalability. This was
followed by a review of spatial domain and transform domain coding techniques for SNR and
spatial scalability. For SNR scalability, the spatial domain techniques are performed on the
image pixel basis, such as bit plane and sub-sampling, while the transform domain techniques
can be classified into coefficient scanning, bit slicing, and S-transform. For spatial scalability,
the spatial domain techniques are usually based on pyramidal data structures. In addition, they
are often used in conjunction with the transform domain techniques such as DCT and S-
transform to provide a good coding performance.

We then presented the JPEG scalability coding schemes: progressive (SNR scalability) and
hierarchical (spatial scalability) modes. Finally, the scalable features in the MPEG-2 standard,
namely SNR scalability, spatial scalability and temporal scalability were discussed.

We note that the SNR scalability algorithms in both the JPEG and MPEG standards are
implemented on the block DCT coefficients, which are generated by using the single layer
compression scheme. Therefore, it is possible to update a single layer bit stream to a SNR
scalability bit stream directly in the DCT compressed domain without fully decoding the bit
stream back to the spatial domain. This operation basically only involves partitioning DCT
coefficients into several bands or bit planes and reorganizing them into different coding layers.

Howé:ver, the spatial scalability defined in the JPEG and MPEG standards relies- on down-
sampling and up-sampling an image/video frame in the spatial domain before DCT can be
executed. To scale down a coded image/video sequence, or to update a single layer bit stream

to a spatial scalable bit stream, a straight forward approach is to first fully decode the bit stream
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back to the spatial domain, and then perform the desired manipulations. This technique is
referred to as the spatial domain technique. In chapter 4 and chapter 5, we will propose a novel
technique to implement the equivalent scaling and spatial scalability operations, which are fully

performed in the DCT domain.
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Chapter 4

Image/Video Spatial Scalability in

Compressed Domain

In this chapter, we first address the need for manipulations of visual data in the compressed
domain. Then we propose two DCT domain techniques to implement image/video spatial
scalability. In section 4.2, the format compatible (FC) DCT technique is discussed. This
technique is for manipulation of the standard bit streams, such as JPEG, MPEG, etc. Based on
FC-DCT, the JPEG DCT domain technique for spatial scalability is presented, which is
functionally equivalent to the standard JPEG spatial domain technique. Next, the format
modified (FM) DCT technique is detailed in section 4.3. This technique is simple and
computationall_y efficient. Finally, simulation results are provided in section 4.4, where the two

DCT domain techniques are compared with the corresponding spatial domain techniques.
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4.1 Need for Manipulations of Visual Data in Compressed

Domain

Image/video compression is widely used in various applications with the advent of the
JPEG, MPEG and H.261 standards. Hence most visual data are stored in the compressed
format. Spatial scalable encoding of visual data has several applications including browsing
visual databases, querying multimedia databases, interactive multimedia communications, etc.

There is an increasing interest in manipulating visual information directly in the
compressed domain [15-21]. Smith and Rowe derived a family of algorithms to operate on the
DCT domain compressed image data, such as algebraic operations (including pixel-wise and
scalar addition and multiplication) and linear global operations [15, 16]. The algorithm for
scaling operation is based on certain approximations. In addition, the detailed implementation
is not provided, and the criteria for the approximations have to be refined. Chang and
Messerschmitt derived many compositing operations for 'manipulating the compressed data.
such as overlapping, scaling, translation and linear filtering, and the techniques to composite
video directly in the DCT domain [17-20]. Natarajan and Vasudev have proposed a fast
approximate algorithm for scaling down digital images in the DCT domain [21]. This
algorithm has fewer operations compared to Chang and Messerschmitt’s approach for scaling
DCT coded images and video. However, the techniques proposed in the literature do not
address the aspect of the implementation for image and video spatial scalability in the DCT
domain as an extension of the respective scaling algorithms.

In the following sections, we will propose two novel techniques namely format compatible

(FC) DCT and format modified (FM) DCT to implement image/video spatial scalability
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directly on the DCT compressed data. The FC-DCT technique can be used to manipulate the
standard bit streams, such as JPEG, MPEG, etc., and generate the compatible scaled image and
video bit streams without changing the basic formats, i.e. the size of the DCT block. We note
that in [15-21], the same format is used. However, the FC-DCT technique has a significantly
higher computational complexity than the FM-DCT technique. The FM-DCT technique relies
on the modification of the basic DCT block size for different levels of spatial scalability. This
technique is simple and computationally efficient. Hence it can be employed in a variety of
applications which require fast processing, such as indexing, retrieval and browsing through
different resolutions of coded image/video. In contrast to the traditional spatial domain
techniques, the compressed domain techniques remove the unnecessary decompression and re-
compression procedures, thus having the advantages of reduced computational complexity and

storage requirements.

4.2 FC-DCT Technique for Spatial Scalability

Recall from chapter 3 that the spatial scalability approach proposed in the JPEG and MPEG
standards uses a spatial domain technique combined with a transform domain technique to
achieve high compression. The spatial scalability encoder provides a pyramidal structure for
encoding different resolutions of the image.

We now present a novel approach, i.e. the JPEG DCT domain techriique to implement
spatial scalability directly on the JPEG DCT cc;efﬁcients within the framework of the JPEG
standard. In this approach, the size of the DCT blocks is maintained to be 8x8 at all levels of
scalability, which is identical to the JPEG and MPEG standards. From an implehentation point

of view, this approach is equivalent to the standard JPEG spatial domain technique. With some
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modifications for motion compensation, a similar method can be extended to implement
MPEG spatial scalability in the DCT domain.

To start with, we need to partially decode the JPEG bit stream to get access to the DCT
coefficients, i.e. perform entropy decoding and de-quatization to derive the block DCT
coefficients of the full size image. We then successively mean filter and down-sample the
image coefficients in the block-based DCT domain to generate the block DCT coefficients
corresponding to several lower resolution images. For example, when the image is scaled down
by half, the basic DCT blocks in the original and scaled images are as shown in Fig. 4.1. It can
be seen that a new block B in the preceding lower layer is related to four adjacent blocks

B|,B,.B3,B, in the current layer. The pixel values of block B can be calculated through

equation (4.1), which is a linear operation. Since DCT is a unitary orthonormal transform, it is
distributive to matrix multiplication. Therefore, the DCT of block B can be obtained through
equation (4.2), i.e. the DCT coefficients of the block 8 can be generated from blocks

B).Bj.B3, B, directly in the DCT domain [18]. This procedure can be executed recursively to

derive the DCT coefficients of the different layers.

?8 block

1 B3

B2l B; down sample |
: _

scaled image

original image

Fig. 4.1. Basic DCT blocks for FC-DCT domain technique
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DCT(B,) (i =1,---,4) are available from the adjacent higher layer.
DCT(H;)and DCT(W,)are fixed, and can be calculated apriori.

The proposed FC-DCT technique for JPEG spatial scalable encoding would execute all the

operations in the DCT domain based on the DCT coefficients of the down-sampled images for

different layers. We call this encoder as the JPEG DCT domain hierarchical mode encoder.

There are two major differences between this encoder and the standard JPEG hierarchical mode

encoder. First, the JPEG DCT domain encoder removes decompression and re-compression

operations, i.e. inverse DCT and forward DCT. Second, it involves up-sampling operations in

the DCT domain instead of pixel domain. The DCT domain up-sampling operation can be

derived in a similar manner as the down-sampling operation. A block of the lower layer A s

interpolated and up-sampled by a factor of two to form four blocks Aj,A;,A3.4; of the
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preceding higher layer by using equation (4.3) (Fig. 4.2). Due to the linearity of the up-
sampling function and the distributive property of DCT, the DCT coefficients of blocks

A1.43. 43, 44 can be calculated using equation (4.4).
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Fig. 4.2. Up-sampling operation for a block in pixel domain
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DCT(A) s available from the adjacent lower layer. -

DCT(U),DCT(WUT),DCT(V)and DCT(VT) are fixed, and can be calculated apriori.

The procedure of the JPEG DCT domain hierarchical mode encoder is illustrated in Fig.
4.3. To encode the lowest layer I, 6nly quantization operation on the DCT coefficients is
required, since the data is already available in the form of DCT coefficients for each 8x8 block
of the image. To encode the next higher layer I, Iy is interpolated and up-sampled in the DCT
domain to form Uj as the prediction for I,. The difference DCT data (D;) between I; and Uj is
thus available immediately which is then quantized. The DCT data R, for the reconstructed
image can be obtained by adding D, to Uy. This procedure is recursively executed to encode

other higher layers until the full resolution layer.
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Fig. 4.3. JPEG DCT domain hierarchical mode encoder



It can be seen that the major computations of the proposed JPEG DCT domain technique is
to perform down-sampling and up-sampling operations on the image coefficients in the DCT
domain, which essentially involve only pre-matrix and post-matrix multiplications. Note that
the pre-matrix and post-matrix are sparse matrices. Furthermore, there are many zero DCT

coefficients in the transform blocks of the image after quantization. We can therefore exploit

these two features to further reduce the computational complexity.

4.3 FM-DCT Technique for Spatial Scalability

We recall from section 3.1.2, that the transform domain techniques for image spatial
scalability can be based on either frequency or spatial pyramids. In the JPEG and MPEG
standards, the spatial pyramid is used, in which the size of the DCT block is the same at all
levels of scalability. In section 4.2, we have presented the FC-DCT technique based on this
spatial pyramid.

We note that the energy of most natural images is concentrated in the lower order
coefficients. As a result, smaller spatial resolution images typically contain lower spatial
frequencies of the original image. Therefore, it is possible to reconstruct an image in a
hierarchical format by reorganizing the transform coefficients in a pyramidal fashion. In this
section, we will propose a novel approach called FM-DCT to implement spatial scalability in
the DCT compressed domain, which is based on the frequency pyramid. The DCT block size is
scaled corresponding to the level. For example, if a 512x512 image has 8x8 DCT blocks. then a
256x256 image would have 4x4 DCT blocks. The most attractive features of this approach are

its simplicity and efficiency. In addition, with the smaller size of the DCT blocks in the scaled



image. the complexity of the decoder is also reduced if decoding of the scaled image is

required, which is a clear advantage for software decoding.

4.3.1 Relationship betw_een Original and Scaled Images

To implement spatial scalability in the DCT domain, the DCT coe.fficients of several lower
resolution images are derived directly from the DCT coefficients of the original image.
Suppose the basic DCT block B in the original image is of size NV, which is represented by
the matrix f(. ) (.j=01--,N—-1).In the spatial domain, down-sampling is a trivial operation.
In a simple case, the DCT block B’ in the scaled image f°G.j) can be generated by down
sampling f(,j) with ascalar m described as follows:

F@)=flmim-j)  for i,j=0L-.() -1 4.5)

where m=27,and p is an integer.

Since the DCT is a global operation, and each block DCT coefficient is based on all the
pixels in the block of the image, a similar relationship between the original and scaled blocks is
not directly applicable in the transform domain.

The forward DCT on the data £(, j) is defined as follows:
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1 otherwise

Similarly, the forward DCT on the data £ (. j) can be written as:
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From equations (4.6) and (4.7), it can be seen that the frequencies of the cos( - ) terms in the
cosine transform matrices are dependent on the size of the DCT block, hence the frequencies of
the original and scaled blocks are quite different. In order to establish a relationship between
equations (4.6) and (4.7), it is necessary to modify the frequencies of the cos( - ) terms. We note
that this is a computationally intensive operation. Since our intent is to efficiently calculate

F(u.v) from F’(u.v) ,we are interested in deriving a simple relationship between equations (4.6)

and (4.7).

4.3.2 Spatial Scalability in DCT Domain

We will now show that under certain assumptions, a simple relationship between the
original and scaled blocks in the image can be obtained in the DCT domain. In other words, the
DCT coefficients of the scaled block can be efficiently generated from the DCT coefficients of
the original block. For the sake of simplicity, we first discuss the one dimensional case, and

will later extend this to two dimensions.

One dimensional operation

6



In the one dimensional case, the down-sampied sequence f’(/) can be generated by
selecting one point from every m points in the original sequence f (i) as follows:

Fi=fumi  for i=01-, (&) -1 (4.8)
The forward DCT of the original and sampled 1-D sequences are ;imilar to equations (4.6) and

(4.7), and defined as follows:
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To approximate F’(u)to F(u), we rewrite equation (4.10) as follows:
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When m =27 is small, we can assume that
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Therefore, equation (4.11) can be modified as:
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It can be observed that there are 2P summation terms in equation (4.13). After combining the

adjacent terms, we can further modify equation (4.13) as:
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To further simplify this, we recursively combine the adjacent terms in equation (4.14) as

follows:

g
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From equation (4.15), a simple relationship between the coefficients F’(u) of the sampled

sequence and F(u) of the original sequence can be obtained as follows:

F'lu) = F(u) N
w= —pi2 ur ur ur for u=0L-.(7) -1 (4.16)
- -cosﬂ-cosﬁmcosﬂ
2 2 b1

It can be seen that the DCT coefficients of the sampled sequence F’(u) are directly
obtained from the corresponding DCT coefficients of the original sequence F(u) with only a

scale factor. Hence, this is a computational efficient operation. In addition, we can pre-calculate

and store the scale factors. which further improves the speed of computation. We note that



F’(u) is an approximate result, since we rely on the assumptions stated in equation (4.12).

However, when m=2" is small, the assumptions are reasonable, especially for highly

correlated data.

Two dimensional operation

The proposed approach to derive the DCT coefficients of the down-sampled sequence can

be directly extended to two dimensions. Note that equation (4.6) can be rewritten in the

following form:
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When m =2’ is small, we can assume that the f(;, ) values within each sampling square

are approximately equal. Similar to the one dimensional case, we can modify equation (4.17) to

obtain the following equation:

- F(u,v)
(.v) = , ur v ur vt ut  vm (4.18)
2 ‘COS4N 'COS4N ’COS4N 'COS4N '°°COS4N COS4N
2 22 22 2p 2

for u,v= 0919"'1(—2_N’-;-) - l

Hence, the DCT coefficients of the scaled block can be directly obtained from the
corresponding coefficients of the original block with only a scale factor. The proposed method
provides a simple and efficient way of implementing the down-sampling operation in the DCT

domain. For example, when the image is scaled down by half, the DCT block in the scaled

image will be reduced to %’_xle (Fig. 4.4).

;belockB

108

(NIZ)I(NIZ) block B’

3

i

down sample |
.

scaled image

original image

Fig. 4.4. Basic DCT blocks for FM-DCT domain technique
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The relationship of the DCT coefficients between the corresponding blocks B and B’ in
the original and scaled images is shown in equation (4.19). The proposed technique for scaling

an image in the DCT domain is also flexible and scalable. We can obtain the desired size block

by using equation (4.19) recursively to progressively scale down the image by %% , etc.
, F(u,v)
Frluv) =————— for u,v=01--,(§)~1 (4.19)
2cos—cos
2N 2N

We note that the value of m depends on the size the DCT block, and its range is between 1
and N . With the increase of m, the quality of the scaled image decreases. In practice, m can

be chosen based on the quality requirement.

4.4 Simulation Results

Simulations have been performed using the CCITT standard test image “Lena” of size
512x512 pixels quantized to 8 bits per pixel. We first apply the JPEG baseline sequential
scheme to encode the “Lena” image without scalability. Then, the FM-DCT and FC-DCT
techniques for spatial scalability are executed on the JPEG DCT coefficients. In this thesis, we
have chosen three layers of spatial scalability, i.e. the images are represented in sizes of
512x512, 256x256 and 128x128, respectively. The relative performance of the two techniques
are evaluated and compared with the spatial domain techniques from the perspectives of
computational complexity and image quality. For the spatial domain technique, we use a fast

algorithm [22] to evaluate the computational complexity of the forward/inverse DCT, which

has a complexity of 2log, N—3+—1§7 multiplications and 3(log, ‘V'”*',% additions per pixel.

J



The objective quality is evaluated using peak signal to noise ratio (PSNR), which is defined in
equation (4.20). All the reconstructed scaled images are up-sampled to the full size of 512x512
pixels, therefore the PSNR for each image can be calculated with respect to the original

512x512 image.

2
(Peak signal value)
PSNR = 10log,, (4.20)
Mean square error <
where = Mean square error = -Lz- (x,, - y,.,.)2
N i.f

Peak signal value = 255 for an 8 bits/pixel image

Xij» ¥ = value of pixel (i, ) in the original and reconstructed images, respectively

2 . . .
N~ = number of pixels in the image

44.1 FC-DCT Technique

The FC-DCT and the spatial domain techniques are executed to generate two JPEG spatial
scalable bit streams for comparison. For the FC-DCT technique, we take advantage of the
sparse matrix, and execute computations corresponding to only the non-zero coefficients.

The complexities of the down-sampling operations and hierarchical encoding on the
compressed “Lena” image for the FC-DCT and spatial domain approaches are tabulated in
Table 4.1 and Table 4.2.1-4.2.3, respectively. The total number of operations is therefore
calculated by summation of the individual column in Table 4.1 and Table 4.2.1-4.2.3 weighted
by the number of pixels. Since the total number of operations depends on the level of
scalability, we have chosen to represent the computational complexity in terms of number of

multiplications and additions per pixel.



Table 4.1. Computational complexity of down-sampling operations for
DCT domain vs. spatial domain techniques

DCT domain Spatial domain
Operations mul # /pixel add # /pixel mul # /pixel add # /pixel
IDCT none none 4 6.5
(512x512) (512x512) (512x512)
Down-sample 1.44 2.19 0.25 0.75
(512x512to | (512x512) (512x512) 1512x512) (512x512)
256x256)
Down-sample 5.56 6.31 0.25 0.75
(256x256 to (256x256) (256x256) (256x256) (256x256)
128x128)

Table 4.2.1. Computational complexity of JPEG spatial scalable encoding for

FC-DCT vs. spatial domain techniques (128x128 layer)

DCT domain Spatial domain
Operations mul # /pixel add # /pixel mul # /pixel add # /pixel
FDCT none none 4 6.5
(128x128) (128x128) (128x128)

Table 4.2.2. Computational complexity of JPEG spatial scalable encoding for

FC-DCT vs. spatial domain techniques (256x256 layer)

DCT domain Spatial domain
Operations mul # /pixel add # /pixel mul # /pixel add # /pixel
IDCT none none 4 6.5
(128x128) (128x128) (128x128)
Up-sample 248 248 0.75 1.25
(128x128 to (256x256) (256x256) (256x256) (256x256)
256x256)
FDCT none none 4 6.5
(256x256) (256x256) (256x256)

Table 4.2.3. Computational complexity of JPEG spatial scalable encoding for

FC-DCT vs. spatial domain techniques (512x512 layer)

DCT domain . Spatial domain
Operations mul # /pixel add # /pixel mul # /pixel add # /pixel
IDCT none none 4 6.5
(256x256) ’ (256x256) (256x256)
Up-sample 3.62 3.62 0.75 1.25
(256x256 to (512x512) (512x512) (512x512) (512x512)
512x512)
FDCT none none 4 6.5
(512x512) (512x512) (512x512)




From the c-:alculations, the overall multiplications and additions per pixel on the 512x512
image are 7.07 and 8.01, respectively, for the FC-DCT approach, and 11.75 and 19.56,
respectively, for the spatial domain approach. In the simulations, we have set the coefficients in
the pre-matrix and post-matrix to zero when the absolute values are less than 0.01. Using this
approximation, the DCT domain approach can reduce the number of multiplications’ and
additions by 40% and 59%, respectively, compared to the spatial domain approach.

Although the FC-DCT technique performs all the operations fully in the DCT domain, it is
functionally equivalent to the spatial domain technique. Therefore, the coded bit stream is
compatible with the standard JPEG spatial scalable bit stream, which is a significant advantage
of the proposed technique. The JPEG hierarchical mode decoder with minor modifications can
be used to decode the FC-DCT coded bit stream and reconstruct the images of different layers.
The coding performance of the DCT and spatial domain techniques is tabulated in Table 4.3. It
can be seen that the FC-DCT technique achieves a comparable performance with the spatial

domain technique.

Table 4.3. Performance comparison of FC-DCT vs. spatial
domain techniques for spatial scalability

PSNR PSNR
Image size (DCT domain) | (Spatial domain)
dB dB
128x128 24.61 24.61
256x256 28.20 28.22
S512x512 33.50 33.44

For the spatial domain and DCT domain techniques, the reconstructed *“Lena” images of
three layers are shown in Fig. 4.5, in which the image sizes are enlarged progressively. It can be
observed that the subjective qualities of the reconstructed “Lena™ images are almost identical

for the two techniques. As more coefficients in the pre-matrix and post-matrix are set to zero. it



results in a reduced complexity, but at the expense of decrease in the quality of the
reconstructed image. Hence, there is a tradeoff between the computational complexity and

image quality.

(a.1) Image size: 128x128 (b-1) Image size: 128x128
(a.2) Image size: 256x256 (b.2) Image size: 256x256

(a.3) Image size: 512x512 (b.3) Image size: 512x512

Fig. 4.5. Reconstructed three layer “Lena’. images in JPEG hierarchical encoding
(a) Spatial domain technique (b) DCT domain technique
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4.4.2 FM-DCT Technique

In the simulations, the FM-DCT and spatial domain techniques are executed to down-
sample the image in the DCT and spatial domain, respectively. The basic DCT block sizes for
the 512x512, 256x256 and 128x128 pixel images are 8x8, 4x4 and 2x2, respectively.

In the first experiment, we obtain the DCT coefficients of the down-sampled 256x256 and
128x128 images directly from the DCT coefficients of the original 512x512 image using the
proposed technique. Recall from section 4.3 that the pixel values in each sampling square are
assumed to be equal, which greatly reduces the computational complexity. To obtain each DCT
coefficient of the scaled image, only one multiplication operation is required.

In the second experiment, the inverse DCT is first executed to reconstruct the 512x512
image. The computations for inverse DCT are tabulated in Table 4.4 (Note that the FM-DCT
technique doesn’t require these inverse DCT operations). Next, the image is down-sampled in
the spatial domain to obtain the desired size. Finally, the forward DCT is executed on the

smaller size images to maintain the data format in the DCT domain.

Table 4.4. Computational complexity of inverse DCT for spatial
domain technique (512x512 layer, DCT block size: 8x8)
Operations mul # /pixel add # /pixel
IDCT 4 6.5
(512x512) (512x512) (512x512)

The operations for the FM-DCT and spatial domain techniques for spatial scalable
encoding of the different layer images are tabulated in Table 4.5.1 and 4.5.2. It is clear that the

proposed FM-DCT technique is computationally efficient.
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To compare the image qualities of these two techniques, we perform the inverse DCT on
the coefficients generated by these two techniques to reconstruct the scaled images. The PSNR
for the reconstructed “Lena” images is tabulated in Table 4.6. It can be seen that, compared to

the spatial domain technique, the proposed FM-DCT technique introduces a marginal loss on

quality which is image content dependent.

Table 4.5.1. Computational complexity of spatial scalable encoding for
FM-DCT vs. spatial domain techniques (256x256 layer, DCT block size: 4x4)

DCT domain Spatial domain
Operations mul # /pixel| add # /pixel{ mul # /pixel| add # /pixel
Down-sample 0.25 none 0.25 0.75
(512x512 to (512x512) (512x512) (512x512)
256x256)
FDCT none none 3 4
(256x256) (256x256) (256x256)

Table 4.5.2. Computational complexity of spatial scalable encoding for
FM-DCT vs. spatial domain techniques (128x128 layer, DCT block size: 2x2)

DCT domain Spatial domain
Operations mul # /pixel] add # /pixel| mul # /pixel] add # /pixel
Down-sample 0.25 none 0.25 0.75
(256x256 to (256x256) (256x256) (256x256)
128x128)
FDCT none none 1 2
(128x128) (128x128) (128x128)

Table 4.6. PSNR of the scaled “Lena” images for FM-DCT
vs. spatial domain techniques

PSNR PSNR
Image size (DCT domain) (Spatial domain)
dB dB
128x128 25.45 25.74
256x256 29.24 29.88




The reconstructed “Lena” images of two layers (256x256 and 128x128) for these two
approaches are shown in Fig. 4.6. It can be observed that the subjective quality degradation of

the reconstructed scaled “Lena” images for the DCT domain technique is almost unnoticeable.

(a.1) Image size: 128x128 (b.1) Image size: 128x128

(a.2) Image size: 256x256 (b.2) Image size:256x256

Fig. 4.6. Reconstructed scaled “Lena” image
(a) Spatial domain technique (b) DCT domain technique
To test the validity of the FC-DCT technique for different kinds of images, we have
executed the same experiments on other two standard images: “Barbara” and “Baboon”.
Similar results have been obtained. The PSNR of the scaled “Barbara” and “Baboon” images
are tabulated in Table 4.7 and 4.8, respectively. These results confirm that the proposed
technique achieves a comparable performance at a substantial reduced computational

complexity compared to the spatial domain technique.
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Table 4.7. PSNR of the scaled “Barbara” images for FM-DCT
vs. spatial domain techniques

PSNR PSNR
Image size (DCT domain) (Spatial domain)
dB dB
128x128 22.54 22.71
256x256 24.61 25.22

-

Table 4.8. PSNR of the scaled “Baboon™ images for FM-DCT
vs. spatial domain techniques

PSNR PSNR
Image size (DCT domain) (Spatial domain)
dB dB
128x128 20.70 20.84 -
256x256 22.60 23.19

4.S Summary

In this chapter, the need for manipulations of visual data in the compressed domain is first
reviewed. The research area of manipulating compressed visual data has emerged as a focus of
increasing interest. However, the techniques proposed in the literature do not address the aspect
of the implementation for visual spatial scalability in the DCT domain as an extension of the
respective scaling algorithm. Therefore, in this thesis, we emphasize on the spatial scalability
issue.

The FC-DCT technique for spatial scalability is first presented. We have shown that a
spatial scalable JPEG bit stream can be generated from the baseline JPEG bit stream by
operating directly on the JPEG DCT coefficients. From an implementation point of view, this
approach is equivalent to the standard JPEG spatial domain technique. A JPEG hierarchical
mode decoder with minor modifications can be used to decode the bit stream, where the

reconstructed image is zoomed progressively through several passes.



Next. the FM-DCT technique for spatial scalability is detailed. The computational
complexity is greatly reduced by using certain approximations. Therefore, this technique is
simple and computationally efficient. Tt is suitable for applications which require fast
processing.

The FC-DCT technique is targeted to manipulations of the standard bit streams. i—Iowever,
it is not directly applicable to video data, since motion estimation/compensation is involved for
temporal redundancy removal. In chapter 5, we will propose an approach to implement

encoding of the scaled MPEG video using a combined FC-DCT and modified DCT domain

motion compensation technique.



Chapter 5
Encoding Scaled MPEG Video in

Compressed Domain

In this chapter, we first introduce the problem of manipulation of MPEG video bit streams.
It is shown that the FC-DCT technique is not directly applicable to MPEG compressed video
due to motion estimation/compensation in the temporal dimension. In section 5.2, we propose a
macroblock type selective (MTS) encoder to implement encoding scalable MPEG video
directly in the motion-compensated DCT domain. We note that in order to encode the
predictive macroblocks, the new motion vectors and DCT coefficients corresponding to the
prediction error blocks can be obtained from the existing motion vectors and DCT coefficients.
The macroblock type selection strategy (of the scaled macroblocks) in the proposed MTS-
encoder and the experimental analysis are detailed in section 5.3. Finally, the summary is

presented in section 5.4.
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5.1 Introduction to Manipulations of MPEG Video

In advanced video services, further manipulations of the compressed visual information
may be required. Scaling visual data in the compressed domain has many applications. For
example, a simultaneous display of four video sources in a video conferencing system requires
down scaling of each video source by half, and generating a comﬁosite video sequence.
Another example is the need of spatial scalable video encoding for a multi-user environment,
where a video sequence is transmitted and displayed at different resolutions based on the
viewer’s request. In addition, spatial scalability is valuable for video transmission over ATM -
networks, where the best video quality is to be achieved within resource limitations.

We note that a MPEG coded bit stream consists of both DCT data and motion information.
Hence the FC-DCT technique proposed in chapter 4 is not directly applicable to the MPEG
video due to the additional operations of motion estimation/compensation. Generally, when a
video frame is scaled down, the motion activity for a macroblock will be changed. Two
possible approaches can be used to derive the new motion vectors as well as the prediction
€ITorsS.

A straightforward approach is to perform motion re-estimation after scaling operation. Note
that the motion estimation is required to be executed in the spatial domain, which necessitate
decoding of the MPEG video. In addition, both decoding and motion estimation have a high
computational complexity. Hence, this approach is not suitable for applications which demand
fast processing.

Another efficient approach to obtain the motion vectors and prediction errors for the scaled
video is to derive them from the original motion vectors and prediction errors. Hence. the

unnecessary decompression and motion re-estimation procedures can be avoided resulting in



fast execution. In this chapter, we propose a new approach to ir;lplement encoding of the scaled
video directly in the MPEG motion-compensated DCT domain by using a combined FC-DCT
and modified DCT domain motion compensation technique. A key step in the encoder is the
macroblock based motion estimation/compensation for the scaled frames.

We note that a new macroblock in the scaled frame corresponds to four macroblocks in the
original frame. It is therefore likely that several macroblocks in a large homogeneous area of a
frame move in the same direction with similar velocities, and hence the motion information
between adjacent macroblocks is highly correlated (Fig. 5.1). In this case, we can interpolate
the motion vector for a macroblock in the scaled frame from the original motion vectors
associated with four adjacent macroblocks in the original frame. However, it is possible that in
. certain cases, the four original motion vectors are not quite similar. For example, they may
have different directions or large differences in velocities (Fig. 5.2). In this case, it is difficult
to get a reasonable representation motion vector which reflects the motion activity of a

macroblock in the scaled frame. In such a case, we propose to disregard the motion

compensation process, and enforce the new macroblock to be intra-coded.

Original macroblock
\ New macroblock
Motion 4»." | A~ down scale \
vector >

ol Wat

Fig. 5.1. Four original macroblocks with similar motion activity



Original macroblock

\ - New macroblock
Motion Ly ” A down scale
vector —

~ | 7 -

Fig. 5.2. Four original macroblocks with different motion activity

Hence, depending on the analysis of the motion activity, a new macroblock in the scaled
frame can be re-encoded as either inter-coded or intra-coded. We call this encoder the
macroblock type selective (MTS) DCT domain encoder, which performs all of the operations
in the compressed domain. Most importantly, the p_roposed MTS-encoder is compatible with
the standard MPEG encoder. Hence, it provides an elegant way to re-encode the scaled video

while maintaining a superior video quality.

5.2 MTS-Encoder for Scaled MPEG Video

To start with, we need to partially decode the MPEG bit stream to get access to the block
DCT coefficients and the motion vectors associated with the macroblocks.

For I-frames, motion estimation/compensation operations are not required. Therefore, the
FC-DCT technique as discussed in section 4.2 for scaling an image in the DCT domain can be
directly employed. The resulting scaled version of the block DCT coefficients will be stored for
reconstruction of scaled I-frames as well as for further prediction for P- and B-frames.

For P- and B-frames, additional computations are required for motion compensation. We

first present the approach for manipulation of P-frames, and will further extend it to B-frames.



To obtain a new macroblock N in the scaled frame, four adjacent macroblocks M,~ M,

in the original frames are considered. For the sake of simplicity, we use a gray level video
sequence, where each macroblock consists of only four luminance blocks. As shown in Fig.
5.3(a), for the original macroblocks, each macroblock M, (i =1,---,4) is inter-coded, and thus
having a motion vector mv, (i = 1,---,4) and the corresponding four prediction error block data
e;,~e, (i=1,---,4). The DCT domain data for the prediction errors is DCT (e, )~DCT(e,,)

(i =1,---,4), which is called difference block DCT.

Macroblock
Bl
ock - \

New macroblock N

32

(a) Four adjacent original macroblocks (b) A new macroblock

Fig. 5.3. Down-scaling operation for P-frames
When the motion activity of adjacent original macroblocks are similar, the new scaled

macroblock would still be inter-coded. As shown in Fig. 5.3(b), the upper-left prediction error

block e/ of macroblock N in a scaled frame corresponds to e,, ~e,, of M, in the original
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frame. Using a similar technique as for I-frames, the difference block DCT, i.e. DCT(e/)
(i = 1.---,4) can be obtained by scaling DCT(e;,) ~ DCTI{(e;,) (i = l,---,4) in the DCT domain.

From Fig. 5.3, it can be seen that the original motion vectors mv, ~mv, are scaled down to
mv] ~mv;. Because of the linearity of scaling operation, mv;~mv; can be calculated using

equation (5.1).

mv) =—— i=1,---4 (5.1

3]

We note mv] ~my, represent motion of the component blocks in a macroblock. Therefore, the
prediction error blocks e/ ~ e; correspond to the block based motion vectors. In order to re-

encode the new macroblock in accordance with the MPEG standard, a single motion vector for
a macroblock is required, while the prediction errors should be based on this new motion
vector.

Here, we derive the new motion vector mv for a macroblock N by interpolating the scaled
motion vectors mv, ~mv, using equation (5.2). Generally, the four motion vectors mv, ~mv,
are not identical, hence mv is different from mv;~mv;, which implies that e/ ~e; are no
longer accurate representations of the prediction errors between the current block and the
motion compensated block based on mv . In order to apply mv to the new macroblock while
maintaining a good reconstruction of the predictive frame, certain modifications on the
prediction errors for each block are essential.

mv] +mv, +mv; +mv,

= 5.2
mv 2 (5.2)

We define the new prediction errors for the four blocks as e, ~e, , which correspond to the

new motion vector mv. We now show how to obtain DCT(e,) ~DCT(e,).



Let the upper-left reconstructed block in macroblock N be represented by r,. Using the
block based motion vector mv,, r; can be reconstructed by adding the prediction error block
e; to the motion compensated block from the reference frame (equation (5.3)), where the
reference frame can be either an I-frame or a P-frame in the scaled version.

r=mc +e (3:3)

where mc’ is the motion compensated block using block based motion vector mv; .

Using DCT on each side of equation (5.3), the DCT coefficients of r; can be calculated as
follows,

DCT(r,) = DCT(mc") + DCT(ey) 5.4

In equation (5.4), DCT(e)) is already available (by scaling DCT(e,;) ~ DCI(e,,) ),
however, when the motion compensated block is not aligned with the structure of blocks,
DCT(mc’) is not immediately available. We follow Chang and Messerschmitt’s method [18]

to reconstruct the DCT coefficients of a motion compensated block with an arbitrary position
from the DCT coefficients of the reference frame.

Generally, in the scaled version of the reference frame, the motion compensated block
overlaps with four blocks, where the DCT coefficients of the four blocks are already available.
We note each motion vector has two components, namely horizontal (mux) and vertical (imy ),
which provide an offset from the coordinate position in the current frame to the coordinate in
the reference frame. Fig 5.4 shows a case when both mx and my are positive, i.e. the motion
compensated block in the reference frame is in the lower-right position with respect to the

current block.



Cu.(:nt block

Reference frame Current frame

Fig. 5.4. A motion compensated block overlaps with four blocks (mx >0, my >0)

It can therefore be seen from Fig. 5.4, that a motion compensated block A consists of four

parts, which are from neighboring blocks A, ~ A,, respectively. Therefore, block A can be
obtained by linear combination of blocks A, ~ A, using equation (5.5), where the translations

of blocks A, ~ A, depend on the respective motion vector (mx ,my ).

K
A=§m4m (5.5
0 Iy, | 0 o0
where H, = H; = o0 0 | H,=H,= Ly O
W =W, 00 W, =W, 0 Lima,
| M 2-_18—(mx)8 O- 3 e — 0 0

I, is an identity matrix with size o .

mx ,my are the horizontal and vertical components of a motion vector.

(mx)g,(my); denote absolute values for mx and my modulo 8, respectively.
In equation (5.5), multiplying matrix A; with a pre-matrix H, and a post-matrix W,

t

provides manipulations of the rows and columns of matrix A,.
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We illustrate the calculation of A from one of its contributing blocks 4, in Fig. 5.5.

Fig. 5.5. The calculation of a motion compensated block

Based on equation (5.5), the DCT coefficients of the motion compensated block A can be

derived as follows,
4
DCT(A) = §DCT(H,.)DCT(A,.)DCT(W,.) (5.6)

In equation (5.6), when either mx or my is an integral muitiple of the block width as
shown in Fig. 5.6, only two blocks in the reference frame are involved in the calculation of the
motion compensated block DCT coefficients. Furthermore, if the motion compensated block is
aligned exactly with the structure of blocks (Fig. 5.7), its DCT coefficients can be obtained
directly. For the other cases as shown in Fig. 5.8-5.10, when (mx >0, my <0), (mx <0, my >0),

and (mx <0, my <0), similar formulas can be derived for calculating the motion compensated

block DCT coefficients.
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Current block

H

Motion Lo :
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vector my\y I

Motion  — Kt
compensated
block

Reference frame Current frame

Fig. 5.6. A motion compensated block overlaps with two blocks

Cuﬁnt block

MotioL >
vector my

Motion —F——

compensated
block

Reference frame Current frame

Fig. 5.7. A motion compensated block is aligned with the structure of blocks

Motion
compensat ~——
block | mx] "2
Motion ;m : ;///////
vector ' é/ '
' i
Curren't'block
Reference frame

Current frame

Fig. 5.8. A motion compensated block overlaps with four blocks (mx >0, my <0)
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Current block

\

Motion
compensated-
block

Reference frame Current frame

Fig. 5.9. A motion compensated block overlaps with four blocks (mx <0, my >0)

Motion
compensate —
block 3 mx

' Motion

v v | vector

my: |~
%
Reference frame Current frame Current block

Fig. 5.10. A motion compensated block overlaps with four blocks (mx <0, my <0)

In other words, the motion compensated block DCT coefficients can be obtained from the
existing block DCT coefficients. This technique can therefore be used to calculate the item

DCT(mc’) in equation (5.4), where DCT(mc") is based on block motion vector mv,. In
summary, the reconstructed block DCT coefficient DCT(r;) can be obtained directly in the

DCT domain.

Alternatively, DCT(r;) can also be reconstructed using equation (5.7), when using

macroblock based motion vector mv and the respective prediction error ¢,. By comparing
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equations (5.4) and (5.7). it is clear that the macroblock motion based DCT(e,) can be derived
using equation (5.8). It can be observed that the modifications on DCT(e,) is only related to

the difference of the two motion-compensated blocks based on motion vectors mv, and mv,

respectively. K
DCT(r) = DCT(mc) + DCT (e,) (5.7
DCT(e,) = DCT(e}) +(DCT(mc") — DCT(mc)) (5.8)

where DCT(mc) is based on macroblock motion vector mv .
DCT(mc") = DCT (mc) is the modifications on DCT(e)) .
For the other three blocks (r;,n,r;) in macroblock N, the same method can be used to

obtain the difference block DCT. After these calculations, both the motion vectors for
macroblocks and block DCT of prediction errors in the P-frames are available for entropy

coding. Note that we need to store the reconstructed block DCT coefficients DCT(r;)

(i =1,---,4), since P-frames are used as reference for successive P- and B-frames.

We note that the above discussion for deriving the new motion vectors from existing
motion vectors is based on the assumption that the motion activity in the four adjacent
macroblocks are similar. However, when the motion vectors are different, further processing is
required. Irrespective of the difference in the values of the motion vectors, the modified
prediction errors can still be obtained using equation (5.8). However. when the prediction
errors are too large, the motion compensation is not effective for compression. The best
solution is to enforce an intra-coded macroblock instead of inter-coded. We note that in the

MPEG standard encoder, selection of inter- or intra-coded macroblock is dependent on the



offectiveness of motion estimation. We will discuss the decision making strategy (based on
motion vectors) in section 5.3.

To obtain the motion vectors and the difference block DCT coefficients for the scaled B-
frames, similar techniques asv.for P-frames can be used. Since both forward and backward

predictions are required for B-frames, there are two motion vectors namely forward (mv,) and
backward (mv,) for each macroblock. The block based motion vectors mv; and mv,

(i =1,---,4) can be calculated using equation (5.9.a) and (5.9.b), respectively. Meanwhile, the

macroblock based motion vectors mv, and mv, can be derived by interpolating the scaled

motion vectors as shown in equation (5.10.2) and (5.10.b), respectively.

mv, )

mv}i = T i=1---4 (5.9.3)
mv,;

mv), = 2"' i=1--4 (5.9.b)

4 ’ ’ ’

myv}, +mvy, +mv,; +mv,

my, = L L L L (5.10.a)

4

mv;, + mvy, +mv,; +mvy,

my, = (5.10.b)

4

As shown in equation (5.4), the reconstruction of the block DCT (DCT(r;)) in a scaled
macroblock for B-frames involves the addition of the difference block DCT (DCT(e)) ) with
the motion compensated block DCT ( DCT (mc")). Howe\"er, some modifications are required

for B-frames, in that the motion compensated block mc”is formed by averaging the forward
and backward motion compensated blocks from the previous and future reference frames,

respectively. Hence DCT(mc") can be calculated using equation (3.11).



DCT(mc})+ DCT(mc;) -
2

(5.11)

DCT(mc") =

Similarly, DCT(r;) can be reconstructed based on macroblock motion vectors using equation

(5.7), where DCT (mc) is obtained as follows,
DCT(mc,) + DCT(mc,)
2

(5.12)

DCT(mc) =

From equations (5.4), (5.7), (5.11) and (5.12), the modified difference block DCT based on

macroblock motion vector can be expressed as shown in equation (5.13).

DCT(mc})+DCT(mc]) DCI(mc,)+ DCT(mc,,)) 5.13)
- J.

DCT(e,) = DCT(e}) +[ 5 5

DCT(mc;) + DCT (me;) DCT(mc,)+ DCT(mc,)

3 5 is the modification on DCT(e)) .

where

It can be seen that for a scaled B-frame, both the forward and backward motion vectors as
well as difference block DCT can be derived in the motion-compensated DCT domain for
entropy coding. Furthermore, we can also enforce an intra-coded macroblock whenever motion
compensation is not effective.

In the above discussions, we have presented an approach for re-encoding scaled I-, P- and
B-frames in the motion-compensated DCT domain. From equations (5.7) and (5.8), it can be
observed that the derivation of the difference block DCT coefficients ( DCT (e, ) ) requires the
reconstruction of the scaled block DCT coefficients (DCT(r;)). We note that the
reconstruction of DCT(r,) also provides an approach to scale down a frame in the motion-
compensated DCT domain (before decoding). This can be used in decoding applications, where
the procedures for obtaining new motion vectors and difference block DCT coefficients are not

required. To demonstrate the validation of the scaling operations as well as the re-encoding



approach, simulations are performed using three test (MPEG) video sequences: “Garden”,
“Tennis” and “Football”, which represent low motion, medium motion and high motion,
respectively. We have shown the reconstructed scaled “Garden”, “Tennis” and “Football”
sequences in Fig. 5.11.1-5.11.3, respectively. The DCT domain scaling technique is equivalent
to the spatial domain technique. From the computational complexity point of view, it is

especially useful for re-encoding the scaled video sequences.

Fig. 5.11.1. “Garden” sequence scaled by DCT domain technique

3 o
- |

Fig 5.11.2. “Tennis” sequence scaled by DCT domain technique

Fig. 5.11.3. “Football” sequence scaled by DCT domain technique
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5.3 Macroblock Type Selection Strategy in MTS-Encoder

5.3.1 Motion Vectoi's for Macroblock Type Selection

The decision for macroblock type (inter/intra) selection is an important step in the MTS-
encoder. Based on the effectiveness of motion compensation for the scaled macroblocks, intra-
coded macroblocks may be introduced for P- and B-frames, which is proposed in the MPEG
standard.

Recall from section 2.6, that the inter/intra coding decision for P- and B-frames in the
MPEG algorithm is based on the variances of the luminance component of a macroblock. The
decision for a macroblock in P-frames is as follows:

if Vu<64 orVu< Ve macroblock is inter — coded
(5.19)

otherwise -macroblock is intra — coded

where Vu is the variance of the difference macroblock.
V. is the variance of the current macroblock.
We note that when we calculate Vi, the average value is assumed to be zero. Therefore, small

values of V, always indicate the effectiveness of prediction.

Recall from section 5.2 that, in the MTS-encoder, both the current macroblock and the
difference macroblock data are available in the form of DCT coefficients. If the encoder selects
macroblock type by using the variances, decoding of the DCT coefficients will be involved. An
alternative approach is to take advantage of the existing motion vectors from the coded bit
stream. By analyzing the underlying relationship between motion vectors and variances of the
current and difference macroblocks, we propose to chose macroblock coding type by using the

motion vectors information.
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5.3.2 Experimental Results and Analysis
To calculate variances of macroblocks, we execute inverse DCT to recover the current

macroblock and the difference macroblock data in the spatial domain.
First of all, we investigate the possibility of enforcing intra-coded macroblocks after the

scaling operation. Let p, denote the probability of enforcing an intra-coded macroblock, and
- p, denote the probability that the scaled macroblock is inter-coded, where p, is calculated
on a frame by frame basis. Fig 5.12.1-5.12.3 have shown the statistical probability p, for 45

sampled P-frames from the scaled version of “Garden”, “Tennis” and “Football” sequences,

respectively.

It can be seen that for low motion video sequences, p, is generally less than 0.1, while for
medium and high motion video sequences, p, is generally between 0.2 and 0.5. Therefore, for

medium and high motion sequences, it is more likely that some of the macroblock coding types

are modified after scaling operation.
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Fig. 5.12.1. Probability p, for “Garden” sequence
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Fig. 5.12.3. Probability p, for “Football” sequence

Next, we analyze the motion vector information for macroblock type selection. We recall
from section 5.2 that 2 new motion vector mv is interpolated from the block based neighboring

motion vectors mv| ~mv,. Let the difference motion vector 4, denote the sum of distance
between mv and mv] ~mv,. For the sake of simplicity, we use absolute distance measure as

shown in equation (5.15) to calculate 4, since it gives a similar performance as that using

Euclidean distance [40].

)



d, =Z(]mx—mx{l+|my—my{|) (5.15)

s
1
where mx, my are the horizontal and vertical components of mv .
mx; , my; are the horizontal and vertical components of mv; .
The range of d,, is dependent on the motion activity of the video sequence as well as the
search range, which is determined by the encoder when encoding the original video sequence.

The probability distribution P(d,) for each test sequence is graphed in Fig. 5.13.1-5.13.3,

respectively.
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Fig.5.13.1. Probability distribution P(d,,) for “Garden” sequence
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Fig.5.13.2. Probability distribution P(d,) for “Tennis” sequence
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Fig.5.13.3. Probability distribution P(d_) for “Football” sequence

It can be seen that small values of d, generally have high probability, especially for
d_, =0, which is the case when motion vectors mv, ~mv; are similar. Furthermore, medium

and high motion video sequences are more likely to have large d,, values than low motion

video sequences.

For the scaled sequences, a small value of d,, indicates an effective motion compensation,
thus resulting in a relatively small value of Vu. On the contrary, when the magnitude of d,_

becomes larger, motion compensation becomes less effective, hence it is very likely that the
magnitude of Vu tends to be larger than V:. In Fig. 5.14, we illustrate the relationship between
inter/intra-coding selection and the difference motion vector for the three test sequences.

The X axis indicates the d, value, while Y axis shows the probability p, of enforcing a
scaled macroblock to be intra-coded for that d,, value, which is calculated on a sequence basis.
We note that in low motion sequences, few macroblocks have large d, values, hence the
corresponding probability p, is not applicable. For example, the probability p, for the

“Garden” sequence is calculated for d,, < 5. It can be expected that, larger values of d_, usually

Il



correspond to larger values of p,. Hence. enforcing an intra-coded macroblock may be

required for these cases.
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Fig. 5.14. Probability p, vs. d,, for three test sequences

For low motion sequence (“Garden” in Fig. 5.14), the value of d, is relatively small, in
turn, the probability p, for each d, value is small (less than 0.2). Therefore, all scaled

macroblocks can still be inter-coded. For medium and high motion sequences, we set global

thresholds T,, on the value of d,, to determine the macroblock coding type. From the plots for
“Tennis” and “Football” in Fig. 5.6, we observe that, with the increase of d, , the probability
P., tends to increase as well, however, some degre;: of fluctuation exists.

In addition, it can be seen that, when d, is large, the “Football” sequence has higher
probability p, compared to the “Tennis” sequence. Hence, in practice, different thresholds T,

may be chosen for video sequences with medium and high motion. Based on Fig. 5.6, if the

intra-coding type is chosen when the probability p, > 05, then thresholds 7, =12 and T, =9

[P



can be used for “Tennis” and “Football” sequences. respectively. We note when p_>05, it
indicates that the scaled macroblock is more likely to be intra-coded due to the ineffectiveness

of motion compensation.

In this approach, the global thresholds T, is chosen based on statistical probability, hence,

mn

in some cases, incorrect decisions for macroblock coding type may be made. However, this will

only introduce marginal reduction in the compression ratio without degrading the visual

quality.

5.4 Summary

In this chapter, we have proposed an approach to scale and re-encode the MPEG video
directly in the motion-compensated DCT domain. The propos;:d MTS-encoder removes the
unnecessary decompression/re-compression and motion estimation procedures, and derives the
motion information and DCT coefficients of the prediction errors for the scaled macroblocks
from the original motion vectors and DCT coefficients, respectively.

A key step in the encoder is the macroblock based motion compensation for the scaled
frames. By analyzing the motion activity, a scaled macroblock (corresponding to inter-coded
macroblocks with original size) can be either inter-coded or intra-coded. The decision strategy
is studied by using three test video sequences with different motions, i.e. low, medium and
high. Simulation results have shown that, for low motion sequences, the macroblocks can be
maintained to be inter-coded, while for medium and high motion sequences, different global

thresholds T, on the difference motion vector d,, can be used for choosing macroblock coding

type.



Chapter 6

Conclusions and Future Work

6.1 Conclusions

The recent advances in DSP, VLSI and high speed networking techniques have made video
services increasingly popular. The large volumes of visual information for storage and
transmission necessitate the use of compression. In advanced visual services, further
manipulations of compressed visual information may be required. Spatial scalability has
several applications including browsing visual databases, querying multimedia databases, and
interactive multimedia communications. In addition, scaling muitiple video sources and
compositing them into a single representation is especially important for a video conferencing
system.

In this thesis, we have investigated techniques to manipulate the visual data in the
compressed domain, with particular focus on spatial scalability and scaling operations. First.
we propose two novel techniques, namely format compatible (FC) DCT and format modified

(FM) DCT to implement image/video spatial scalability directly in the DCT compressed



domain. These techniques remove the unnecessary decompression and re-compression
procedures compared to the traditional spatial domain approaches, and therefore have a great
potential in reducing computational complexity and storage requirements.

In the FC-]?CT technique, the majority of the computations is to perform down-sampling
and up-sampling operations on the image DCT coefficients, which essentially involve only pre-
matrix and post-matrix multiplications. Based on the FC-DCT technique, we have proposed a
DCT domain JPEG hierarchical mode encoder, which is functionally equivalent to the JPEG
spatial domain technique. In the FM-DCT technique, the computational complexity is greatly
reduced by using certain approximations. We note that depending on the image/video content,
only marginal quality degradation (almost unnoticeable subjectively) may be introduced.

Simulation results confirm that the proposed DCT domain techniques can achieve a
comparable performance at a much lower computational complexity compared to the spatial
domain techniques. In addition, the FM-DCT has a significantly lower computational
complexity at a comparable image quality with the FC-DCT technique. We note that the choice
of the technique is based on the requirements of the specific application. For example, the FC-
DCT technique can be used to manipulate the standard bit streams, while the FM-DCT
technique can be employed for fast processing of visual data.

We note that the FC-DCT technique is used for manipulating and maitaining the visual data
in the standard formats. However, it is not directly applicable to the MPEG video due to the
motion estimation/compensation in the temporal dimension. Therefore, we propose a new
approach to implement encoding of the scaled video directly in the MPEG motion-
compensated DCT domain by using a combined FC-DCT and modified DCT domain motion

compensation technique.



The proposed macroblock type selective (MTS) DCT domain encoder removes the
unnecessary decompression/re-compression and motion re-estimation procedures, which are
highly computational-intensive. The new motion information for the scaled macroblocks can be
obtained by processing the original motion vectors. Depenf_iing' on the difference motion
activities for the original neighboring macroblocks, a new scaléd macroblock can be either still
inter-coded or enforced to be intra-coded.

In the MPEG algorithm. The inter/intra coding decision for a macroblock is based on the
variances of the current macroblock and of the difference macroblock. In order to avoid the
inverse DCT operation, the underlying relationship between motion vectors and variances of
macroblocks has been studied. Simulation results have shown that for low motion sequences,
all the macroblocks can be maintained to be inter-coded, while for medium and high motion

sequences, different global thresholds T,, on the difference motion vector d,, can be used for

choosing macroblock coding type. The proposed MTS-encoder is also compatible with the

standard MPEG encoder.

6.2 Future Work

In this thesis, we have provided the DCT domain scaling operation to scale an image/video
frame by half. The extension of it is fractional size scaling operation. For a video conferencing
system, it is very desirable to scale multiple video sources to arbitrary sizes. We note that DCT
is a unitary orthonormal transform, and it is distributive to matrix multiplication. Therefore. if
in the spatial domain, the manipulation can be implemented by linear combination of matrix

multiplication, it is always possible to derive the equivalent DCT domain operation.
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We note that the proposed MPEG compressed domain scaling algorithm is implemented on
the luminance compbnent of a frame. It can be easily extended for the two chrominance
components as well. In the MPEG standard. a macroblock has four luminance blocks (Y) and
two chrominance blocks (Cr and Cb). Since motion estimation is based on the luminance
ihfonnation only, all blocks share the same motion vector. To reconstruct a motion
compensated block for luminance in the DCT domain, two approaches can be used. In the first
approach, a reference macroblock is first scaled down to a block, followed by a DCT domain
motion compensation operation on this block. In the second approach, the order of scaling and
motion compensation operations are swapped. From an implementation point of view, these
two approaches are equivalent. However, the latter approach requires motion compensation for
four blocks (in a macroblock), thus increases the computational load.

In the current implementation, we use the former approach. However, if we extend the
encoder to process chrominance components, the latter approach must be chosen. This is
because the four blocks which form one block in a scaled macroblock are in different
macroblocks (with different motion vectors), therefore, motion compensation must be executed
individually for each block.

In the proposed MTS-encoder, different global thresholds on the difference motion vector
for video sequences with different motion classifications are used for macroblock type
selection. This relies on users to identify the general motion information in a video sequence,
and guide the encoder to use an appropriate threshold. The performance and operability can be
improved if the encoder can analyze the local motion activity and further determine an

appropriate local threshold.



The propos;ad algorithm for encoding the scaled MPEG video in the compressed domain
can be extended to multiple layers for implementation of spatial scalability, which can be used
to update an MPEG-1 video to an MPEG-2 spatial scalability video. Unlike the JPEG spatial
scalability, where only spatial prediction is used for encoding of the enhancement layer, the
MPEG-2 spatial scalability algorithm employs two kinds of predictions. First, a temp.oral
prediction is made frem the previous frames in the enhancement layer. Second, a spatial
prediction is formed from the up-sampled version of the lower layer frame.

Finally, integration of scaling and scalable coding of image/video in the compressed
domain into multimedia database for fast processing applications opens up many new areas of
future research work. Examples include compressed domain visual data editing/publishing,

visual data browsing, retrieval and indexing.
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