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Abstract

Visual communication via mobile devices is becoming more and more popular. However, current
video coding standards are not initially designed for this type of application area. Traditionally, high
compression efficiency is usually achieved at the expense of increasing computations. The newest
standard, H.264/AVC significantly outperforms the others in terms of coding efficiency, however, the
complexity is greatly increased. This sets challenges on implementation, especially on mobile devices,
which typically possess constrained computational resources. Thus, there is great significance and in-
terest in reducing the computations for video coding. Currently, the emerging standard, i.e., High Effi-
ciency Video Coding (HEVC), claims an aggressive goal to realize high efficiency video coding with
low complexity.

This thesis deals with the problems of advancing video coding algorithms for real-time high per-
formance, focusing on applications for the next generation mobile devices. The goal of the research is
to develop new techniques in order to reduce the coding complexity and improve the real-time per-
formance while maintaining competitive video quality.

The research work presented in this thesis can be categorized into two areas. First, different tech-
niques are provided for low complexity video encoding and/or decoding for standardized video codec,
e.g., H.264/AVC and MPEG-4 Visual. The efforts particularly focus on the prediction of zero-
quantized DCT coefficients which can be skipped for complexity reduction. Second, new algorithms
and methods are applied to 3-D DCT video coding for improvements of both the coding efficiency and
complexity reduction.

Compared to existing techniques, the proposed algorithms in this thesis extend the prediction from
2-D DCT to 1-D DCT on the row and column directions. Thus, they are particularly efficient for par-
tially zero-quantized DCT blocks. In addition, the proposed algorithms lend themselves the butter-fly
implementation structure which is commonly used in video coding. The experiments show that the
proposed method outperforms the earlier methods in terms of complexity reduction. As good supple-
ment to the effort on inter transformation, complexity reduction for intra 2-D DCT computations has
also been intensively researched in this thesis.

In addition, variable size 3-D DCT video coding methods are proposed in the thesis. Compared to
competing techniques, the proposed approaches improve the 3-D DCT video coding scheme in both
the complexity reduction and coding efficiency.

In addition, the evaluation criterion on this topic is further improved by lending the algorithms to
the implementation structure. For instance, since the DCT coefficients are not individually computed,
the discussion has been focused on the complexity reduction in terms of 1-D transforms and arithmetic
operation numbers instead of individual coefficients. Furthermore, PSNR and bitrate have been sepa-
rately compared in the related references and thus “negligible video quality degradation” is drawn as
conclusion. However, rate-distortion comparisons in the thesis show a comparable overall video quali-
ty to the original codec, which means the proposed models do not necessarily result in any additional
visual distortion.
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Chapter

Introduction

M OST video compression schemes to date are based on the principle of Hybrid Video Coding
[89]. This definition refers to two different techniques used in order to exploit spatial redun-
dancy and temporal redundancy. Spatial compression is indeed obtained by means of a transform
based approach, which makes use of the Discrete Cosine Transform (DCT) [2][19][53][97], or its var-
iations. Temporal compression is achieved by computing a Motion Compensation prediction of the
current frame and then encoding the corresponding prediction errors. A general scheme of a hybrid
encoder is given in Fig.1.1.

All international video coding standards — chronologically, H.261 [32], MPEG-1[29], MPEG-
2/H.262 [33], H.263 [34], MPEG-4 Visual [30], and H.264/AVC [35], share this basic structure and
have been the engines behind the commercial success of digital video compression. Since 1990s, when
the technology was in its infancy, these video coding standards have played pivotal roles in spreading
the technology by providing powerful interoperability among various products, while allowing enough
flexibility for ingenuity in optimizing and fitting a given application. Nowadays, various digital video
communication systems, which deploy video coding standards, are used in every-day life by many
people.

The newest video coding standard, H.264/AVC is currently the state-of-the-art compression tool
and significantly outperforms previous standards. According to [69][91][92], for video streaming ap-
plications, H.264/AVC main profile allows an average bit rate saving of about 63% compared to
MPEG-2 video and about 37% compared to MPEG-4 Visual. For video conferencing applications,
H.264/AVC baseline profile achieves an average bitrate saving of about 40% compared to H.263 base-
line and about 27% compared to H.263 conversational high compression profile (CHC). For enter-
tainment-quality application, the bitrate saving of H.264/AVC compared to MPEG-2 is about 45% on
average [91]. Interestingly, experiments in [60] show that the measured rate-distortion performance of
H.264 main profile is even better than that of the state-of-the-art in still image compression as exem-
plified by JPEG2000 [72] when test sequence Canoe is encoded in intra mode only, i.e., each field of
the whole sequence is coded in intra mode only. Other test cases [54] also show that for up to 1280 X
720 pel HDTYV signals, the pure intra coding performance of H.264 main profile is comparable or bet-
ter than that of Motion-JPEG2000 [31]. Therefore, the advanced video coding standard, i.e.,
H.264/AVC, has become a widely deployed coding technique in numerous products and services, such
as Blu-ray Disc, Adobe Flash, video conference and mobile television.
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Fig.1.1 General scheme of a hybrid video encoder, where the current image to be coded s(t) is predicted by a mo-
tion compensated prediction from an already transmitted image s'(t — 1). e(t) is the prediction error.

However, the improvements of coding efficiency are usually achieved at the expense of increasing
computational complexity. The initial experiments carried out in [46] indicate that a highly optimized
H.26L encoder (designation of H.264 in the early development phase) is at least 3.8 times more com-
plicated than the equivalently optimized H.263 encoder. As the most powerful compression technique,
H.264/AVC also exceeds previous standards in terms of computational complexity. A lot of experi-
ments in [65] show that the complexity increases with more than one order of magnitude between
MPEG-4 Visual simple profile and H.264/AVC main profile and with a factor of two for the decoder.
Currently, the emerging standard, i.e., H.265 [26], claims an aggressive goal to reduce the bit rate by
half with the same coding efficiency compared to H.264/AVC. However, the overall complexity can
be expected to increase three times or more compared to H.264/AVC [79]. On the other hand, visual
communications via mobile devices become more and more popular. However, the video coding stan-
dards, e.g., MPEG-4 and H.264/AVC, are not initially designed for this kind of scenario. High com-
plexity in video coding standards limits the application on resource-constrained battery-powered mo-
bile devices as well as the real-time performance of the encoder. Thus, there is a great significance and
interest to reduce the computations for video coding,

Previously, as the most computationally intensive part, motion estimation has received a number of
investigations [28][16][39][40][41] [81][93]. For instance, experiments performed on H.263 TMNS5
[74] show that about 82% of the encoding time is spent on motion estimation when encoding Miss
American sequence at 20 Kbit/s. In addition, it occupies about 70% of the overall encoding computa-
tions for H.264/AVC codec [1][13][52][99]. However, as the time on motion estimation continues to
decline, the time spent on the other stages such as transform and quantization become relatively more
significant. The percentage of processing time spent on DCT, inverse DCT, quantization and inverse
quantization increases from 9% in TMNS5 to 26% in TMNS [75]. As the motion estimation is opti-
mized, the portion of the transform and quantization in H.264/AVC becomes approximately 24% of
the total computations [57]. Therefore, it is of great importance to reduce the complexity of transform
and quantization.



The complexity reduction of DCT and quantization plays an important role in improving the real-
time performance of video encoding. So far, many algorithms have been developed for fast discrete
cosine transform calculation, e.g., [19][23][44][53]. These algorithms can be classified in two catego-
ries: direct and indirect algorithms. In 1991, Kou et al. [43] proposed a direct computation method that
slightly reduces the number of multiplications and additions. On the other hand, indirect algorithms
exploit the relationship between DCT and other transforms to reduce complexity. These algorithms
include the calculations of DCT through the Hartley transform [53], polynomial transform [19] and by
paired transform [23]. Currently, many fast algorithms for multi-dimensional DCT computation are
also emerging [11][15]. However, these algorithms still contain redundant computations as they do not
take into account the zero-quantized DCT (ZQDCT) coefficients.

When reducing redundant computations due to the ZQDCT coefficients, two types of prediction
methods are considered: the prediction for the ZQDCT coefficients of intra blocks and the prediction
of the residual pixel blocks. Nishida proposed a zero-value prediction for fast DCT calculation in [59].
If consecutive zero elements are produced during the DCT operation, the remaining transform and
quantization are skipped. This method can be directly applied to the DCT and quantization. Although
it reduces the total computations of DCT by 29% and quantization by 59% when applied to MPEG-2,
the video quality is degraded by 1.6 dB on the average.

However, as inter DCT accounts for most of the discrete cosine transforms compared to intra
DCT, complexity reduction regarding inter DCT has a more significant effect on improving real-time
performance.

The existing methods can reduce the complexity of inter DCT and quantization, particularly in
terms of all-zero-quantized DCT blocks. However, since the DCT is usually implemented in a row and
column structure, the efficiency of these algorithms is in practice highly lowered for non-all-zero-
quantized DCT blocks. Moreover, another drawback in the Laplacian and Gaussian thresholds existing
in the prediction of ZQDCT coefficients for the non-all-zero-quantized DCT blocks. Since the thre-
sholds are symmetric along the diagonal line from the top-left to the bottom-right, the prediction re-
sults also have a symmetric property when uniform quantization is applied for transforms in inter
frames. However, this is not always the case.

1.1. OBJECTIVE AND SCOPE OF THE RESEARCH

The thesis presents methods for reducing the computational complexity of transform and quanti-
zation in standardized video coding and other coding scenario. Other factors affecting the end-user
satisfaction, such as rate-distortion performance, are also taken into consideration when evaluating the
algorithms. Particular emphasis is given to video compression applications that are relevant for bat-
tery-powered resource-constrained mobile devices. The goal of the research is to reduce the coding
complexity and improve the real-time performance without degrading the video quality or at the ex-
pense of negligible quality degradation.

This thesis primarily focuses on complexity reduction of standardized video coding, such as
MPEG-4 Visual and H.264/AVC. It is evident, however, that other coding scenarios also play a very
important role for advancing video compression and may be standardized in the future. Thus, the the-
sis also pays attention to relevant video coding techniques, i.e., three-dimensional (3-D) DCT video
coding and considers optimization of both coding efficiency and complexity.



The research work presented in this thesis can be categorized into two areas. First, different tech-
niques are provided for low complexity video encoding and video decoding for standardized video
codec, e.g., H.264/AVC and MPEG-4 Visual. Second, new algorithms and methods are applied to 3-D
DCT video coding for improvements of both the coding efficiency and complexity reduction com-
pared to competing techniques.

One of the most important objectives of this thesis is to reduce the computational complexity of
video encoding and video decoding while, keeping the video quality at the same level or at least com-
parable to that of the original coding schemes. Therefore, both the overall complexity of encoding
and/or decoding and the rate-distortion performance are evaluated before drawing conclusions for each
proposed technique in the thesis.

1.2. MAIN RESULTS

1.2.1 Prediction for Inter Coding Mode in Video Coding Standards

An improved prediction method is proposed in the thesis to reduce the complexity of the trans-
form and quantization, especially for those predicted as non-all-zero-quantized DCT blocks. First, a
Gaussian distribution based model is employed to predict all-zero-quantized DCT blocks prior to the
transform and quantization as commonly done in the literature. Subsequently, a new prediction me-
thod based on the Gaussian distribution is analytically computed and used to predict all zero-quantized
coefficients along the row and column transforms. Then, sufficient conditions for the DCT coefficients
to be quantized to zeros are developed to further reduce the complexity. Finally, a hybrid multi-
threshold based model is proposed for the all-zero-quantized DCT blocks and the all-zero-quantized
rows and columns. Compared to competing techniques, we extend the prediction to 1-D DCT on the
row and column directions by developing a new prediction method based on Gaussian distribution.
This algorithm lends itself to the traditional row and column transform structure commonly used in
video coding. The results show that the proposed method outperforms the earlier methods in terms of
complexity reduction. The advantage is particularly evident for non-all-zero-quantized DCT blocks.

Even though the decoder has less complexity than the encoder in video standards, low com-
plexity in the decoder is equally, if not more important than in the encoder. An efficient method to re-
duce the decoding complexity is proposed in this thesis. The proposed technique merges the inverse
quantization and inverse DCT into a single procedure. Thus, the computations related to inverse quan-
tization are skipped. Compared to the reference encoder, the proposed method is able to further reduce
the multiplications for inverse transform and quantization and thus, lends itself to battery-powered
embedded systems with limited resources. Moreover, the experiments show that the proposed method
does not cause any video quality degradation.

1.2.2 Prediction for Intra Coding Mode in Video Coding Standards

Transform and quantization for intra mode are only a minor field in video coding, thus research on
complexity reduction of inter transform and quantization not been very intensive. However, it is still
worthwhile to work in this topic, particularly when video sequences are encoded with intra mode only
or a lot of images are compressed in mobile applications.



This thesis proposes a sufficient condition based prediction method for the intra ZQDCT coefti-
cients. Experiments on JPEG codec show that the computations for 2-D DCT and quantization are de-
creased by 10-50% compared to the original codec depending on the quantization parameters and the
image textures. Moreover, no video quality degradation is observed.

Later on, we extend existing techniques for inter coding mode to intra DCT and quantization,
aiming to simplify the encoding complexity and achieve better real-time performance with minimal
video quality degradation. Although the proposed model is implemented based on the 8x8 DCT, it can
be directly applied to other DCT-based image/video coding standards. As for the transform and quan-
tization including intra and inter modes, the overall complexity is reduced by 1.82 - 5.63% on average.
Although the number of addition operations remains high, the required multiplication operations are
reduced by approximately 53 - 90%. Therefore, the overall processing time for intra DCT and quanti-
zation is reduced compared to the reference encoder and the original XVID encoder.

1.2.3 New Algorithms for 3-D DCT Video Coding

A 3-D DCT algorithm with variable cube size is proposed in this thesis. The mode selection is
determined relying on the local motion activity within each cube. Totally, three modes are utilized to
perform the transform in temporal direction using the traditional resizing algorithm. Experiments show
a promising improvement in terms of coding efficiency. This resizing algorithm is further optimized in
our research work. The DCT-to-DCT base resizing algorithm is proposed to reduce the required num-
ber of operations. For 8 X 8 DCT, this improved method only requires six multiplications (MUL) and
nine additions (ADD). While the inverse transform and the computations in the spatial domain in the
traditional resizing methods take 8 multiplications and 14 additions. Therefore, the proposed method is
superior to other approaches in terms of computational complexity.

All existing variable lengths of 3-D DCT algorithms use thresholds. Although the selection of the
threshold considerably affects the algorithm performance, there is no framework to choose them effec-
tively. For this problem, an adaptive hybrid algorithm for 3-D DCT based video coding is proposed.
Compared to other variable length 3-D DCT schemes, the proposed model adaptively finds the optim-
al mode decision.

1.2.4 Summary of The Contributions

Publication [P1] proposes a prediction method to reduce the complexity of inter transform and quan-
tization. Compared to existing techniques, we extend the prediction to 1-D DCT on the row and col-
umn directions by developing a new prediction method based on Gaussian distribution. This algorithm
lends itself to the traditional row and column transform structure commonly used in video coding. The
advantage is particularly evident for non-all-zero-quantized DCT blocks. Besides, some misconcep-
tions on evaluation criterion on this topic are clarified and more consistent to the implementation
structure. Experiments on both MPEG-4 Visual and H.264/AVC show that the proposed algorithm
outperforms other approaches.

Publication [P2] proposes an efficient technique to reduce the complexity of implementation for in-
verse discrete cosine transform (IDCT)-based video decoders. The proposed method merges the in-
verse quantization and IDCT into a single procedure. Thus, the computations related to inverse quanti-
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zation are omitted. This approach and does not change the standard bitstream syntax, so it can be ap-
plied to other DCT and quantization based video coding.

Publication [P3] presents an early detection algorithm to predict the zero-quantized DCT coefficients
for fast image encoding. This approach can terminate the calculation for high frequency DCT coeffi-
cients if they are predicted as zeros. Therefore, the computations for both 2-D DCT and quantization
can be partially saved. This algorithm is very beneficial for power-constrained portable devices when a
huge number of images are encoded.

Publication [P4] proposes a hybrid statistical model used to predict the zero-quantized DCT
(ZQDCT) coefficients for intra transform and to achieve better real-time performance. Most works on
this topic have been focused on the residual pixels in video coding. As a good supplement, this ap-
proach extends the prediction to the intra DCT and quantization. Experiments show that it further re-
duces the overall complexity and benefits the power-constrained devices.

Publication [P5] proposes an adaptive resizing algorithm in DCT domain for 3-D DCT based video
codec. Based on the local motion activity, three variable temporal length 3-D DCT modes are devel-
oped to improve the compression performance. Compared to other variable size DCT techniques, the
proposed approach uses a resized 8 X 8 X 4 cube for mild motions instead of classifying these cubes
as stationary background, which only the first frame is encoded and the others are duplicated from the
first one at the decoder. Therefore, sudden scene changes can be avoided.

Publication [P6] proposes a direct DCT-to-DCT resizing algorithm for 3-D DCT video coding based
on the approach proposed in [P5]. This scheme directly resizes the DCT blocks in the transform do-
main using the DCT-to-DCT algorithm. Therefore, the inverse transform and other computations in
[P5] are skipped. In addition, non-uniform quantization is used to improve the coding efficiency. Si-
mulations show that the approach in [P6] outperforms [P5] in terms of both complexity and coding
performance.

Publication [P7] The thresholds for variable size 3-D DCT video coding are empirically determined,
but they are not necessarily the optimum values for different video sequences. The proposed model
can select the different DCT modes based on the quantized high frequency DCT coefficients. Thre-
sholds are not required any more. Experimental results show that the proposed approach has im-
provement of coding efficiency over the conventional fixed-length 3-D DCT coding and other variable
length 3-D DCT coding.

Publication [P8] The key advantage of 3-D DCT video coding is the low encoding complexity by re-
placing the motion compensation with an additional transform. Particularly, the transform becomes the
most complex part in 3-D DCT video coding. This paper proposes a prediction algorithm to skip the
calculations for the zero-quantized DCT coefficients along both spatial and temporal directions. Expe-
riments show that the 3-D DCT has been greatly simplified with this approach and the overall encod-
ing time is significantly faster than the original video coding.



1.2.5 Author’s Contributions

The author’s contributions to real-time standardized video coding and 3-D DCT video coding are in-
cluded in the publications, denoted as [P1], [P2], ..., [P8]. While all publications have resulted from
team work, the author’s contribution to each has been essential.

The author is the main author in all the publications. He proposed the methods and carried out the
simulations as well as the writing of the publications.

1.3. THESIS OUTLINE

This thesis is composed of two parts: an introduction composed of five chapters followed by eight
publications. In Chapter 2, the video coding standards, i.e., MPEG-4 Visual and H.264/AVC are first
reviewed, focusing on those features relevant for the thesis. The features of MPEG-4 Visual include
object based video coding, the basic transformation and quantization tools in the simple profile and the
advanced simple profile. H.264/AVC introduces specified profiles and levels. Particularly, certain fea-
tures in the baseline profile are reviewed, such as various kinds of transform and quantization.

In Chapter 3, the research on complexity reduction of transform and quantization for video coding
standards is reviewed. The competing works on MPEG-4 Visual and H.264/AVC are firstly intro-
duced. Following the introduction of existing methods, the motivation of the research work in this area
is revealed and the contributions of the thesis are then briefly described. These techniques can be cate-
gorized into two types: complexity reduction for inter mode and for intra mode. All the techniques
including the state-of-the-art methods and the proposed methods achieve lower encoding or decoding
complexity with the same or comparable rate-distortion performance to the original codec.

Chapter 4 introduces the 3-D DCT video coding. The overview of 3-D DCT video coding is first
briefly described, such as the advantages over the motion estimation/compensation based video coding
and its applications in mobile devices. Then, the effects to improve the coding efficiency of 3-D DCT
video coding are reviewed. The state-of-the-art techniques mainly include the utilization of variable
size 3-D DCT along the temporal axis depending on the motion activities. Finally, the contributions of
the thesis for 3-D DCT video coding are described regarding improvements of coding efficiency and
complexity reduction. Chapter 5 concludes the thesis.






—

Chapter

The Video Coding Standards -
MPEG-4 Visual and H.264/AVC

A N understanding of the process of creating the standards can be helpful when interpreting or
implementing the documents themselves. In this Chapter, we give an overview of two video

coding standards, i.e., MPEG-4 Visual and H.264/AVC baseline profile. We discuss the fea-
tures and parameters in the standards that are relevant for this thesis. Finally, we briefly compare the
two standards and summarize the differences between MPEG-4 Visual and H.264/AVC baseline pro-
file.

2.1. MPEG-4 VISUAL
2.1.1 Overview of MPEG-4 Visual

Compared to previous standards, one of the key contributions of MPEG-4 Visual [63] is the utili-
zation of object-based coding technique, which is a move away from the conventional block-based
methods in common use today. For instance, a video scene may be separated into a background object
several foreground objects as shown in Fig. 2.1. The separate objects may be coded with different vis-
ual qualities and temporal resolutions to reflect their importance to the end users. Therefore, this ap-
proach is much more flexible than the rectangular frame structure.

However, so far, the object based representation has not been demonstrated to be practical for
several reasons. One reason is simply that the segmentation of video content into arbitrarily shaped
and semantically meaningful video objects remains a very difficult task. Another is that adding object
handling capability to decoders increases the computational complexity of decoder, although typically
existing video applications may not ordinarily substantially benefit from the extra capability. Although
a number of investigations have been done so far by many researchers such as [7][24][56][62][78],
these features of MPEG-4 Visual have not been widely deployed in products and remain primarily
only of interest for academic and research purposes today. However, some other capabilities of
MPEG-4 Visual, such as the simple profile and advanced simple profile, have achieved widespread
deployment in mobile applications and Internet-based video for PC-based viewing [14][25][50][63].
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(b)

Fig.2.1 Video scene consisting of four video objects, where (a) the video scene, (b) the objects and (c) the
background.

2.1.2 Transform in MPEG-4 Visual

For intra and inter coding mode, blocks of luma and chroma samples in MPEG-4 Visual are trans-
formed using an 8 X 8 DCT during encoding and inverse DCT during decoding. If f is the 8 X 8 pixel
block and f (i, ) indicates the pixel value at position (i,j), where 0 < i,j < 7, and F is the trans-
formed matrix and F (u, v) is the DCT coefficient, the DCT in MPEG-4 Visual are defined as

7 7
1 o QRi+Dur @2j+Dvn
F(u,v) = Zc(u)c(v) Z Z f(i,j)cos 16 cos 16 2.1)
=0 j=0
where ¢(x) = 1/+/2, for x = 0, and c(x) = 1, otherwise.
Alternatively, the DCT in (2.1) can be expressed in matrix form as
F = AfAT (2.2)

where the elements of the DCT matrix A = {A[i, j]} are
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TABLE 2.1 RELATION BETWEEN dc_s AND @,

Block type Qp=4 5<0Q,<8 9=0Q,=24 25<0Q,
dc_s (luma) 8 20Q, Q,+8 20, — 16
dc_s (chroma) 8 (Q, +13)/2 (Q, +13)/2 Qp,—6
! i =0;0<j<8
V8
Ali,j] =
2l | 2 @+vin | _
kgcosT 1<i<80<j<8

Similarly, the inverse DCT is defined as

7 7
o (2x + Dur 2y + Dvr

f@, )= c(w)c(v)F(u,v) cos cos (2.3)
;;

16 16

I

The MPEG-4 Visual specifies the inverse quantization for the quantized DCT coefficients in the
decoder, which is controlled by a quantization scale parameter, @), ranging from 1 to 31. Larger val-
ues of @, produce larger quantization step size and therefore leading to higher compression perfor-
mance. However, the visual quality can be serious degraded.

2.1.3 Two Quantization Methods in MPEG-4 Visual

In MPEG-4 Visual, two inverse quantization methods are defined: the basic method ‘method 1’
and a more flexible method as ‘method 2’. In MPEG-4 Visual, ‘method 2’ is defined as the default
method and the simple profile only deploys ‘method 2’ for the inverse quantization.

‘Method 2’ inverse quantization operates as follows. The DC coefficient in an intra coded macrob-
lock is inversed quantized by

DC = DCy X dc_s (2.4)

where DCy, is the quantized DCT coefficient, DC is the inverse quantized coefficients and dc_s is the
parameter defined in the standard. In the short header mode dc_s = 8, i.e., all intra DC coefficients are
inverse quantized by a factor of eight. Otherwise, dc_s is calculated according to the value of @), as
shown in Table 2.1. The DCT coefficients except the intra DC coefficients are inverse quantized as
follows

Qp(2|Fq| + 1) if @y is odd and F, # 0
IF] = Qp(2|Fq| +1)—1 ifQ,isevenandF, # 0 (2.5)
0 if Fy =0
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TABLE 2.2 WEIGHTING MATRIX W

10 20 20 30 30 30 40 40
20 20 30 30 30 40 40 40
20 30 30 30 40 40 40 40
30 30 30 30 40 40 40 50
30 30 30 40 40 40 50 50
30 40 40 40 40 40 50 50
40 40 40 40 50 50 50 50
40 40 40 50 50 50 50 50

where F, is the quantized coefficient and F is the rescaled coefficient. The sign of F is made the same
as the sign of Fy,.

An alternative inverse quantization method, ‘method 1°, is supported in the advanced simple profile.
Intra DC coefficient remains the same as ‘method 2°, however, other quantized coefficients may be
inverse quantized using ‘method 1°.

Quantized coefficient Fp (u, v) is inverse quantized to produce F(u, v), where u, v are the coordi-
nates of the coefficients in the transform block, as follows

F(u,v) = 2.6
( ) [(ZFQ(u,v)-I;I;)W(u,v)Qp] otherwise ( )
where
0 intra blocks
k=41 Fo(u,v) > 0,nonintra 2.7
-1 Fo(u,v) < 0,nonintra

and W is a matrix of weighting factors. In ‘method 2’, all coefficients except intra DC are quantized
and inverse quantized with the same quantizer step size. However, ‘method 1° allows an encoder to
vary the step size depending on the position of the coefficient, using the weighting matrix W. For in-
stance, better subjective performance may be achieved by increasing the step size for high frequency
coefficients and reducing it for low-frequency coefficients [63]. Table 2.2 shows an example of a
weighting matrix W.

In fact, the default quantization method, i.e., method 2, is sometimes known as “H.263 quantiza-
tion”, and the alternative ‘method 1’ as MPEG-4 quantization.

2.2 THE ADVANCED VIDEO CODING STANDARD-H.264/AVC

With significant improvement of compression performance, H.264/AVC is now the state-of-the-
art video coding standard and has been widely adopted by industry. The most crucial features dep-
loyed in H.264/AVC include multiple reference frames, weighted bi-prediction, context adaptive VLC
and CABAC entropy coding, intra prediction, and motion estimation/compensation with multiple par-
titions. Target applications of H.264/AVC include two-way video communication such as video-
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TABLE 2.3 QUANTIZATION STEP SIZE IN H.264 CODEC

Qp 0 1 2 3 4 5 6 7 8 9 |10 11 12
Qstep | 0.625 | 0.6875 | 0.8125 |1 0.875 | 1 | 1.125|1.25 | 1.3751.625 | 1.75| 2 | 22525

Qp 18 24 | ... 30 36 42 | ... |48
Qstep | ... 5 10 |...| 20 40 80 | ... | 160

conferencing and video telephony, coding for broadcast and high quality video and video streaming
over packet networks. In addition, H.264/AVC specifies different profiles focusing on various applica-
tions and several levels with different sets of constraints such as complexity, latency and memory size.
In the following, the thesis will give a brief introduction of the transform and quantization in the base-
line profile, which is relevant for the work.

H.264/AVC deploys three transforms depending on the type of residual data to be coded: a Ha-
damard transform [76] for the 4 X 4 array of luma DC coefficients in intra macroblocks predicted in
16 X 16 mode, a Hadamard transform for the 2 X 2 array of chroma DC coefficients and a DCT-based
transform for all other 4 X 4 blocks in the residual data.

2.2.1 Transform and Quantization for Residual Pixels

In H.264/AVC, if X is an 4 X 4 pixel block and A defines the transform matrix, a 4 X 4 discrete
cosine transform Y can be calculated by

a a a a a b a c
_ r_|b ¢ —-c —-b a ¢ —a —b
Y =AXA" = a —-a —a a X a —c —a b (2.8)

where a = %, b= \Ecos (m/8)and c = \/%cos (3m/8).

In H.264/AVC, the transform matrix 4 is decomposed into a new transform matrix € and a new
scaling matrix E as

a“@ T v 7
11 1 1 12 1 1 ab b> ab b2
_ Nep—||2 1 -1 =2[y[1 1 -1 -2 2 a2 %
y=(cxc®E={|" 4 -1 {1 |X|ly 21 21 3 ®a2“—”a2ﬂ (2.9)
1 -2 2 -1 b -2 1 -1 2 2
ab B2 ab b2
2 4 2

where ® indicates that each element of (CXCT) is multiplied by the scaling factor in the same position
in matrix E. The operation for E can be integrated into the following quantization preventing increased
computational payload.

It is worthwhile to point out that this transform deployed in H.264/AVC is only a very close ap-
proximation of the 4 X 4 DCT. That is, the result of the new transform is not identical to the 4 X 4
DCT.

The inverse transform in H.264/AVC is defined as
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TABLE 2.4 MULTIPLICATION FACTOR MF

Qp Positions Positions Other positions
(0,0), (2,0), (0,2) or (2,2) | (1,1),(1,3),(3,1) 0or (3,3)

0 13107 5243 8066

1 11916 4660 7490

2 10082 4194 6554

3 9362 3647 5825

4 8192 3355 5243

5 7282 2893 4559
1 1}2 1 1/2 a> ab a® ab H I 11]

T 11 -1 -1 ab b?> ab b? 2 2
X=CI®E)C= 1 -1/2 -1 1 Ye a’? ab a® ab ®|1 -1 -1 1|

1 -1 1 -1/2 ab b®> ab b [% -1 1 —%J

(2.10)

H.264/AVC assumes a scalar quantization. A basic forward quantization operation is

Zijj = round(L)

Ostep (2.11)

where Yj; is the transform coefficient, @step is the quantization step size and Z;; is the quantized coef-
ficient. A total 52 values of Qstep are supported by the standard, indexed by a quantization parameter,
Qp, as shown in Table 2.3.

As mentioned above, the scaling matrix E is incorporated into the quantization. In integer arith-
metic, this can be implemented as follows

|Zij| = ((Wi;|MF + f) > qbits  and  sign(Z;;) = sign(W;;) (2.12)

where W;; is the transform coefficient calculated by the matrix C as
W= cxc’

and > indicates a binary right-shift. In the implementation, f is defined as 292 /3 for intra blocks
and 29P%5 /6 for inter blocks. In Table 2.4, the first values of MF used in H.264/AVC encoder [37] are
given. For @, > 5, the factors MF remains unchanged but the divisor 24bis increases by a factor of 2
for each increment of 6 in Q,. For example, gbits = 16 for 6 < @, < 11, and gbits = 17 for
12 < Q, < 17 and so on.

Generally, H.264/AVC can benefits significantly from the DCT based integer transform, which
all operations can be carried out using integer arithmetic without loss of accuracy. In addition, since
the scaling matrix is integrated in the following quantization process, no computational complexity is
increased.
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TABLE 2.5 SCALING FACTOR V

Qp Positions Positions Other positions
(0,0), (2,0), (0,2) or (2,2) | (1,1),(1,3),(3,1) or (3,3)
0 10 16 13
1 11 18 14
2 13 20 16
3 14 23 18
4 16 25 20
5 18 29 23

H.264/AVC is benefited from the small size of transform blocks in terms of compression perfor-
mance, particularly when processing the QCIF and CIF video sequences or the contents containing
little homogenous areas. However, this is achieved at the expense of increasing computational com-
plexity. In addition, with the population of HD video in everyday life, coding efficiency can be signif-
icantly improved by using large size of transform blocks. This is due to the ability of large size of
transform blocks to more efficiently exploit the increased spatial correlations at high resolutions. At
high resolutions there are more likely to be large homogenous areas that can be efficiently represented
by large blocks. In addition, quantization techniques can also be improved by considering the charac-
teristic of human vision system.

2.2.2 Hadamard Transform and Quantization

If the macroblock is encoded in 16 X 16 intra mode, each 4 X 4 block is first transformed and then,
the DC coefficients at each block is transformed again using a 4 X 4 Hadamard thransform as follows

11 1 1 11 1 1
(11 -1 -1 11 -1 -1

Ho=\11" =1 -1 1|Ypl1 -1 -1 1|])? 2.13)
1 -1 1 - 11 1 <

where Y is the DC coefficients of the 16 blocks in the macroblock, and Hy, is the block after Hada-
mard transformation. The coefficient Hp ;) is then quantized as

1Zoei.p| = (|Hpjp|MF 00y + 2f) > (gbits + 1) (2.14)

sign(Zpg,jy) = sign(Ype )

where MF (g o) is the multiplication factor for position (0,0) in Table 2.4 and 0 < i,j < 4.
At the decoding side, an inverse Hadamard transform is performed followed by inverse quantiza-
tion as
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1 1 1 1 1 1 1 1
— 11 -1 -1 11 -1 -1
Yoo=\11 1 -1 1]%2|1 -1 -1 1 (2.15)
1 -1 1 -1 -1 1 1 -1
The inverse quantization
, %]
YD(i,j) = YQD(i,j)V(O,O)Z fOI‘ Qp 2 12

/ - Q
Yoy = [YQD(i,j)V(O,o) +217le/ 6J] > (2 — [sz) for Q, < 12
(2.16)

where V(0,0 is the scaling factor V' at position (0,0) in Table 2.5. Then, the retrieved DC coefficients
Y, are inserted into their respective blocks and each block is then inverse transformed using the DCT-
based transform.

Similarly, the DC coefficients of each 4 X 4 block of chroma components are grouped into a 2 X 2
block Wp, and further transformed prior to quantization as

Hp = [1 —11]YDH —11] (2.17)

where Y is the output block. Then, quantization of the 2 X 2 block Hy, is performed the same way as
the 4 X 4 block,but 0 <i,j < 2.
At the decoder, the inverse transform is applied before scaling as

_1 1 1 1
Yoo = [1 —1] Zp [1 —1] 2.18)
The following inverse quantization is then performed as
Voo Voo 2l €172 f >6
Yy = 4 YeranVoo or Qp = (2.19)

[YQD(i,j)V(O,O)] »>1 for Qp <6

The inverse quantized coefficients are replaced in their respective blocks and each block is then in-
verse transformed using the DCT-based transform. As with the intra luma DC coefficients, this addi-
tional transform helps to de-correlate the 2 X 2 chroma DC coefficients and improves the compression
performance.

2.3 OVERVIEW OF MPEG-4 VISUAL AND H.264/AVC

This chapter reviews the MPEG-4 Visual and the H.264/AVC baseline profile, particularly focus-
ing on the transform and quantization, which are relevant for the thesis. In the simple profile and the
advanced simple profile of MPEG-4 Visual, the conventional 8 X 8 DCT is deployed to convert the
pixels and residual pixels into the transform domain, followed by the quantization. Compared to the
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previous standards such as H.263, MPEG-4 developed two quantization methods, ‘method 1’ and ‘me-
thod 2’. The default quantization is ‘method 2’ and the same as that in H.263. Alternatively, ‘method
1’ can be used in the advanced simple profile to improve the compression efficiency without percep-
tual distortion.

Despite being generally well received, MPEG-4 Visual has drawn some criticisms. For example, it
lacks an in-loop filter to improve the visual quality, the global motion compensation is too computa-
tionally intensive, and it does not offer much compression advantage over MPEG-2. In addition, one
of the key advantages of MPEG-Visual focuses on the object-based coding techniques, which allow
more flexibility for encoding the regions of the interest and the backgrounds. However, this remains
primarily only of interest for academic and research purposes and still requires significant work before
it is adopted across the industry.

Compared to MPEG-4 Visual, H.264/AVC employs two transformation techniques: the DCT based
integer transform and the Hadamard transform, which are applied to the pixels in spatial domain and
the DC coefficients, respectively. The DCT based integer transform can be implemented only with
additions and shifts by approximating the DCT transform matrix into an integer transform and a scal-
ing matrix which is integrated into the following quantization. The integer transform very benefits the
implementation on hardware without accuracy loss at the decoding side. In addition, smaller size of
4 X 4 or 2 X 2 transform blocks in H.264/AVC can further improve the compression efficiency com-
pared the 8 X 8 2-D DCT in common use in previous standards. However, this is achieved at the ex-
pense of increasing computational complexity.

On the other hand, as an important tool in video compression transform and quantization lead a
number of DCT coefficients to zeros without significant perceptual distortion, which means the calcu-
lations for those zero-quantized DCT coefficients are of little meaning. H.264/AVC tends to truncated
more coefficients to zero values than previous standards by exploiting the correlations in spatial do-
main more efficiently. However, this is achieved at the expense of significantly increasing computa-
tional complexity. Therefore, it is of great importance and interest to predict these zero-quantized DCT
coefficients and skip the calculations without additional perceptual distortion or at the cost of negligi-
ble quality degradation. In the following chapter, the existing prediction algorithms for zero-quantized
DCT coefficients are reviewed followed by the author’s contributions in the field.
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Chapter

Low Complexity High Perfor-
mance Video Coding

HIS chapter discusses the proposed and other complexity reduction algorithms concerning trans-
T form and quantization in the video coding standards presented in the earlier chapter, i.e., MPEG-
4 Visual and H.264/AVC. The DCT and quantization for video coding typically concentrate the
energy into low frequencies and then truncate the other coefficients to zeros so that only a fraction of
the quantized coefficients are practically encoded. In this way, compression is realized. However,
since many DCT coefficients are truncated to zeros in the following quantization stage, the computa-
tions for these DCT coefficients become redundant. Thus, it is of importance and significance to de-
velop such algorithms that predict the zero-quantized DCT (ZQDCT) coefficients and skip the calcula-
tions of transform and quantization for these coefficients. In this way, computational complexity is
reduced and the video quality remains competitive compared to original methods without prediction.
The chapter starts with a review of competing techniques and the proposed algorithms for com-
plexity reduction of transform and quantization in inter mode in Section 3.1. Compared to existing
techniques, the proposed schemes extend the prediction for ZQDCT coefficients to 1-D transforms and
lend themselves to the row and column computational structure. Therefore, computational complexity
was further reduced. As a good supplement, complexity reduction for DCT and quantization in intra
mode is briefly presented in Section 3.2. The proposed algorithms are developed by extending the
Gaussian distribution based prediction models for inter frames. The approaches proposed in Section
3.2 can further reduce the overall complexity of video encoding and specially benefits the power con-
strained portable devices when processing a huge number of images. Finally, Section 3.3 summarizes
this chapter.

3.1 REAL-TIME CODING FOR INTER CODING MODE

After motion estimation and motion compensation, the inter-coded blocks are only composed of
residual pixels. With the discrete cosine transform and quantization, a lot of DCT coefficients are trun-
cated to zero values. Particularly, many blocks become all zero-quantized DCT blocks, which are di-
rectly skipped without encoding. Therefore, it is of great significance to predict the ZQDCT coeffi-
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cients and skip the calculations for those coefficients in order to reduce the computational complexity.
In the following, existing predictions methods are firstly reviewed and then the author’s contributions
are summarized.

3.1.1. Sufficient Condition Based Prediction Methods

Recent years, sufficient condition based prediction methods have been developed to terminate the
calculations for DCT and quantization, by comparing the theoretical maximum thresholds of the DCT
coefficients depending on their frequency positions. If the thresholds are by no means higher than the
quantizers, the computations for the DCT coefficients and quantization are just skipped. Since the
thresholds are calculated from the theoretical maximum DCT values, no video quality degradation is
observed while complexity reduction can be expected.

Sousa [68] designed a general method for eliminating the redundant computations for inter coding
in video coding based on previous techniques [101][102][104]. This method exploits the distortion
values computed during the motion estimation phase to detect blocks for which it is useless to go
through the subsequent coding/decoding phases. This prediction method was developed based on the
following theorem which was proved in [68].

In [68], given the sum of absolute differences SAD for an 8 X 8 luminance block, all the DCT
coefficients will be quantized to zeros if the following condition holds

SAD < 8Q/cos?(m/16) (3.1)

where Q defines the quantization step size.

In practice, motion estimation is usually calculated based on the sum of absolute differences be-
tween the current macroblock and the reference macroblock. Therefore, the values of SAD for each
DCT blocks can be pre-computed beforehand and stored in memory for later prediction. That is, this
method does not introduce additional overhead computations except for a few comparisons. Experi-
ments on H.263 coder in [102] show that about 6-40% of transformation and quantization operations
for inter blocks of QCIF Claire sequence can be omitted. In addition, no video quality degradation is
observed.

An early detection algorithm for the all-zero quantized DCT blocks in H.264/AVC video encoding
was presented in [57]. The properties of the integer transform and quantization are first theoretically
analyzed. Then, a sufficient condition under which each individual quantized DCT coefficient be-
comes zero is derived. Compared to the previous technique [68], the sufficient condition based thre-
sholds are more precise by investigating the individual condition on different frequency positions of
(1,1), (1,3), (3,1) and (3,3) in the 4 X 4 block. Simulation results show an improvement over Sou-
sa’s algorithm [68] when this condition was applied to H.264/AVC codec [37]. The improvements
account to 13%-66% in terms of the predicted number of the all-zero-quantized DCT blocks and 10%-
35% of the overall computational savings.

A more precise sufficient condition based prediction method for H.264/AVC encoding was devel-
oped in [82]. The improvements are achieved by specifying the thresholds into more detailed frequen-
cy components. As a result, more redundant computations regarding the transform and quantization
are predicted and skipped. Since this algorithm requires more overhead operations than [68] and [57],
the advantages are particularly evident at low bitrates. However, at high bitrates this method is not
necessarily able to show improvements since the introduced overheads may exceed the reduced com-
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Fig.3.1 The six thresholds for the zero-quantized DCT coefficients at different frequency positions
inan 8 x 8 block. T1 = 4Q/a?, T2 = %/(ab), T3 = 4Q/b?, T4 = 42Q/a, T5 = 42Q/D,

T6 = 8Q, where Q is the quantization step size at the frequency position, a = cos (r/16) and
b = cos (1/8).

putations. Our experiments in [P1] show that at very low quantization the algorithm from [57] usually
achieves better results than Sousa’s algorithm or the method in [82].

Besides the SAD-based prediction methods, a sum of square difference (SSD)-based prediction
scheme is developed in [94]. By applying both the distribution property of DCT coefficients and Par-
seval energy theorem, two effective methods for prediction of all-zero-quantized DCT blocks are de-
veloped: the energy conversation method and the DCT distribution method. Experiments show both
methods outperform the previous techniques in [57] and [68]. For example, the energy conversation
method improves the detection ratio for the all-zero blocks by 2%~23% and 4%~32% when compared
to [68] and [57], respectively, without video quality degradation. Although the DCT distribution me-
thod results in lower PSNR performance, but the degradation is less than 0.02dB in the experiments.
Moreover, the prediction ratio is about 4%~38% higher than [57] and 6%~47% higher than [68].

In addition, various sufficient condition based thresholds for 8 X 8 DCT and quantization are de-
veloped in [36][81][83]. Besides the prediction for all-zero blocks, a more general case is also consi-
dered in [81] for prediction of the individual ZQDCT coefficient if the block is not recognized as an
all-zero block. Various thresholds are developed for the blocks not recognized as all-zero block and
totally seven types for DCT and quantization are deployed as shown in Fig. 3.1. Since the 2-D DCT is
usually calculated using the butterfly structure, more details about the implementation were supple-
mented concerning the algorithm in [83].Simulations show that this approach can save about 40% of
the computations for DCT and quantization, about 10% higher than [68]. In 2009, Ji et al developed an
carly detection algorithm for 1-D transforms in partially zero-quantized DCT blocks in [36]. This me-
thod compares the SAD of the residual pixels in each row and column with the thresholds developed
in [36] to determine different types of DCT calculation. This approach lends itself the row and column
implementation structure. Experiments show that this approach improves on average 5% over [83] in
terms of saving for DCT and quantization computations.

The key advantage of sufficient condition based prediction approaches is that the non zero-
quantized DCT coefficients will never be falsely recognized as zeros after quantization. Therefore,
these prediction methods do not degrade the video quality at the decoding side. However, since the
thresholds are calculated based on the theoretically maximum values of DCT coefficients at different
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frequency positions, only a fraction of zero-quantized DCT coefficients can be properly predicted and
majority of the ZQDCT coefficients are still calculated. For example, the prediction approach pro-
posed in [81] only skips 40% of the computations for DCT and quantization on average. The predic-
tion efficiency is particularly limited as small quantization step size. Therefore, it is of significance to
exploit other prediction possibilities with higher efficiency.

3.1.2 Statistical Modeling Based Prediction

A number of experiments [3][21][45][100][105] show that the distribution of the residual pixels
following motion compensation can be well modeled by a Laplacian distribution and a Gaussian dis-
tribution with a significant peak at zero. Based on this property various statistical modeling based pre-
dictions have been developed to predict the ZQDCT coefficients and reduce the redundant computa-
tions for the transform and quantization operations.

In [61], Pao et al. proposed a Laplacian distribution based model for the prediction of ZQDCT
coefficients. Based on this model, an adaptive method with multiple thresholds is mathematically de-
veloped to reduce the computations of DCT, quantization, inverse quantization and inverse DCT in a
video encoder. The 8 X 8 DCT is simplified into three types of computations by comparing against the
thresholds: no computation, 4 X 4 low frequency coefficients only and all the 64 DCT coefficients. As
a result, the computations of inter DCT and quantization are reduced about 32% ~ 95% at the expense
0f 0.08~0.23 dB of video quality degradation in H.263 codec. The bitrates range from 20 kb/s to
56kb/s. In addition, experiments show that the entire encoding time is 8% ~25% faster than reference
codec when the proposed approach was implemented on TMNS.

A Gaussian distribution based model [84] was designed to predict the ZQDCT coefficients for fast
video encoding. Using the same implementation method as [61], the computations for transform and
quantization operations can be further reduced by about 2% ~ 5% when the algorithm was imple-
mented on MPEG-4 Visual based XVID codec.

Since the above methods are developed for 8 X 8 DCT and quantization, they cannot be directly
applied to H.264/AVC where 4 X 4 DCT based transform is deployed. A new Gaussian distribution
based model is developed in [86] for complexity reduction of 4 X 4 transform and quantization. In
addition, the thresholds are further refined using the sufficient condition based prediction. Finally, four
thresholds are applied for five types of implementations of the transform: skip, 1 X 1,2 X 2,3 X 3 and
4 X 4 transform. Computational savings are obtained for the first four types of the implementation
methods. Simulation results show that these thresholds perform better than competing techniques in
terms of complexity reduction, while the video quality degradation is less than 0.01 dB on average,
which is negligible.
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TABLE 3.1 GAUSSIAN THRESHOLD MATRIX B (u, v)

554 | 722 | 926 | 11.86 | 14.34 | 16.46 | 18.07 | 19.07
722 | 944 | 12.10 ] 15.50 | 18.73 | 21.51 | 23.61 | 24.91
9.26 | 12.10 | 15.51 | 19.87 | 24.02 | 27.58 | 30.26 | 31.93
11.86 | 15.50 | 19.87 | 25.45 | 30.76 | 35.32 | 38.76 | 40.90
14.34 | 18.73 | 24.02 | 30.76 | 37.18 | 42.69 | 46.85 | 49.44
16.46 | 21.51 | 27.58 | 35.52 | 42.69 | 49.02 | 53.79 | 56.76
18.07 | 23.61 | 30.26 | 38.76 | 46.85 | 53.79 | 59.03 | 62.29
19.07 | 24.91 | 31.93 | 40.90 | 49.44 | 56.76 | 62.29 | 65.73

TABLE 3.2 LAPLACIAN THRESHOLD MATRIX £, (u, v)
554 | 726 | 937 | 12.00 | 14.41 | 16.63 | 18.25 | 19.26
7.26 | 948 |12.09 | 15.63 | 18.85 | 21.67 | 23.80 | 25.11
9.37 | 12.20 | 15.63 | 20.07 | 24.20 | 27.83 | 30.54 | 32.16
12.00 | 15.63 | 20.07 | 25.71 | 30.95 | 35.58 | 39.12 | 41.24
14.41 | 18.85 | 24.20 | 30.95 | 37.51 | 43.05 | 47.28 | 49.80
16.63 | 21.67 | 27.83 | 35.58 | 43.05 | 49.43 | 53.79 | 57.27
18.25 | 23.80 | 30.54 | 39.12 | 47.28 | 53.79 | 59.49 | 62.81
19.26 | 25.11 | 32.16 | 41.24 | 49.80 | 57.27 | 62.81 | 66.24

In 2007, a hybrid statistical model was developed in [87] to reduce the redundant computations for
inter transform and quantization. Compared to the Gaussian distribution based prediction model pro-
posed in [84], the threshold for the DC coefficient is further optimized by exploiting the property of
sufficient condition based prediction model. In addition, the algorithm is implemented as three types:
skip, only the 4 X 4 low frequency coefficients are computed, and calculate the transform and quanti-
zation as usual. Experimental results on XVID codec show that this hybrid model provides higher sav-
ings in complexity compared to [61] [68] [104] with similar video quality.

An 8 X 8 block is usually predicted as the all-zero-quantized DCT block if the sum of absolute
residuals is smaller than the minimum threshold among all the 64 thresholds. In [87], the threshold for
the DC coefficients is improved to eight, which is larger than the thresholds for the DCT coefficients
at the position of (1,0) and (0,1) in an 8 X 8 block, the thresholds at (1,0) and (0,1) become the smal-
lest. However, the approach proposed in [87] fails to explain why the threshold for the DC coefficients
is still employed to predict the all-zero-quantized DCT blocks.

Since the Hadamard transform is deployed in H.264/AVC, prediction for the Hadamard trans-
formed coefficients is also developed in [88]. The thresholds are derived based on the sum of absolute
transformed difference instead of the SAD in previous motion estimation. Therefore, only a few over-
head comparisons are introduced. Experiments show that this method can reduce the transform and
quantization operations by 30% ~ 40% by average than the reference codec JM 9.5. The entire encod-
ing time is reduced by 1.78% averagely.

However, it is worthwhile pointing out that Gaussian distribution based prediction model is not
necessarily better than the Laplacian distribution based model according to the experiments in [P1].
Since the thresholds in the two models are calculated depending on the confidence level parameters,
adjusting of the confidence level parameters in the two models could result in different thresholds.
Therefore, the prediction results are changeable. With the same confidence level parameter the Gaus-
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sian distribution based model tends to generate higher thresholds for prediction of the ZQDCT coeffi-
cients, thus it has higher prediction efficiency. However, when the confidence level parameter in the
Laplacian distribution based model is adjusted so that the first threshold is equivalent to the first thre-
shold in the Gaussian distribution based model, the differences between the other thresholds in the two
models are very small as shown in Table 3.1 and Table 3.2. In this case, experiments show both mod-
els achieve almost the same prediction results and the video quality degradation is comparable. In fact,
it is impossible to draw a conclusion that which model is better than the other for different video se-
quences and quantization parameters.

3.1.3 Other Prediction methods for Transform and Quantization Operations

The quantized DCT (QDCT) is a nonlinear transform obtained by embedding the quantization stage
into the DCT transformation stage. The main idea is to pre-compute and store a set of coefficients for
each quantizer used in the encoder [38]. For the case of uniform quantization, one QDCT routine is
designed for each possible value of the quantization step. This effectively replaces the need for com-
puting power with little additional memory. Uniform quantization in video coding can use the same
quantization step or different quantization steps for the DCT coefficients.

For two-dimensional QDCT, if Y is the DCT coefficients in matrix format calculated from the
pixel block X and the 2-D transform matrix C, this can be defined as

Y = cxcT (3.2)

Following a constant quantization step size, Q, the quantized DCT coefficients, ¥¢, can be calcu-
lated as

Y? = [v/Q] = [c0x(cQ)T] (3.3)

where €? = C/q, q = \/a,and [ ] indicates the rounding operation. Then the constant quantization is
merged into the DCT transform matrix C.
When a constant quantization step is used, the same uniform quantization scheme is applied to all

DCT coefficients. This is the case in H.263 coding and MPEG-2 inter mode. The quantization step
value for each macroblock is obtained via the rate control mechanism. This choice of a constant quan-
tization step simplifies the quantization circuitry or software implementation. A practical method for
calculation of QDCT was presented in [17] to skip the division operations performed by the quantiza-
tion.

To further reduce the complexity an early termination QDCT algorithm is developed in [17]. If
the input data after motion compensated prediction is regarded as an all-zero block, the computations
of QDCT are just skipped. In addition, a more practical order in which the column and row QDCTs
are performed is presented to further optimize the prediction.

Experiments in [17] were performed on MPEG-2 and H.263 codec using the CCIR 601 (720 X
480) sequences and CIF 352 X 288 sequences at various bitrates. Experimental results show that up
to 70% of 1-D transforms can be saved in both cases with a PSNR loss of less than 0.3dB. In addition,
the QDCT algorithm shows a significant improvement in terms of the execution time over the tradi-
tional method which transform and quantization are separately computed.
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However, QDCT in [17][38] is only applicable for uniform quantization. As 2-D DCT operation,
the coefficients are usually computed as the row-column structure, it is feasible that the constant quan-
tization step size, @, is equally embedded into both stages, i.e., row transform and column transform.
That is, the quantization operations can be merged into the transformation processing by scaling the
transform matrix C scaled to €/q. When a variable quantization step is used, different quantization
steps are deployed for the DCT coefficients at different frequency positions. In this case, the quantiza-
tion step size, Q, would vary for each coefficient and cannot be merged into the DCT transform matrix
as in (3.3). Therefore, the QDCT in [17] is not applicable if non-uniform quantization is used.

In order to solve this problem, a QDCT (NQDCT) method is presented in [85], which can be ap-
plied to both uniform and non-uniform quantization. In this approach, the quantization operations are
only embedded into the second stage of transform, i.e., the column transform if the 2-D DCT is im-
plemented in the row and column order. The quantized DCT coefficients Y€ can be calculated as

Ye = [v/Q] = [cx(cQ')T] (3.4)

where ¢ = €/Q and Q is the quantization matrix composed of non-uniform quantization step sizes
in DCT blocks.

Therefore, the original quantization operations can be directly merged to the transform calcula-
tion and both uniform and non-uniform quantization are applicable. Experiments in [85] were carried
out on MPEG-4 Visual using ‘Method 2’ quantization and it is shown that the NDCT algorithm
achieves comparable results to the QDCT method. For ‘Method 1’ quantization where the QDCT al-
gorithm is not applicable any more, the NQDCT still reduces the encoding time of DCT and quantiza-
tion routine by 58% and the entire encoding time by 17% on the average, while achieves almost the
same rate-distortion performance as the separate DCT and quantization method.

A general method for detecting all-zero-quantized DCT blocks prior to DCT and quantization was
proposed for H.264/AVC by Xie et al. in [95]. Using this model a number of computations for the all-
zero-quantized DCT blocks are skipped. In addition, much less searching points are required for mo-
tion estimation. Experiments on H.264/AVC baseline profile show a saving of up to 32% of all the all-
zero blocks without video quality degradation and up to 42% of detection ratio by changing the thre-
sholds based on the DCT coefficient distribution. However, this method is only limited to predict the
all-zero-quantized DCT blocks and does not reduce the computational complexity for the non all-zero-
quantized DCT blocks.

Even though the decoder has less complexity than the encoder in video coding standards, the im-
portance of low decoding complexity is equally important to or even more important than low encod-
ing complexity. The reason is that, in many applications such as DVD players, digital TV receivers
etc, the end-user equipment has only the decoder implemented and the decoder block is the only codec
related functional block adding complexity to the system.

Many algorithms have been proposed to reduce the decoding complexity for optimized decoder
implementation. Navarro ef al. [58] proposed a fast integer IDCT to speed up the decoding by using
more efficient transform structure. In 2006, an algorithm is proposed by Ugur et al. [77] to relieve the
computational load in the decoder of H.264. The method is able to generate decoder-friendly bit
stream at the encoder and reduce the decoding complexity at the expense of negligible video degrada-
tion. Recently, Lee ef al. [47] proposed a complexity reduction model for H.264/AVC decoder. The
H.264 encoder integrated with the proposed model selects a proper coding mode to minimize the dis-
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tortion while satisfying the decoding complexity constraints. In addition, many efforts have been done
for the optimized implementation of video decoding on various processors [51]. All the methods have
lower decoding complexity than the H.264/AVC reference software. However, since they are utilizing
the traditional separate inverse quantization and IDCT method, the calculations for inverse quantiza-
tion are not reduced.

3.1.4. Proposed Prediction Methods for the ZQDCT Coefficients

The previous methods can reduce the complexity of inter DCT and quantization operations, partic-
ularly in terms of all-zero-quantized DCT blocks. However, since the DCT is usually implemented in
a row and column structure, the efficiency of these algorithms is in practice highly lowered for non-
all-zero-quantized DCT blocks. For instance, if the first 4 X 4 residual pixels are predicted as non-
ZQDCT coefficients after quantization within an 8 X 8 block, only four 8-point DCT transforms can
be saved according to [61][84][87] using the implementation structure in XVID codec, even though
the other 48 DCT coefficients have been directly recognized as zeros.

Moreover, there is another drawback in the Laplacian and Gaussian thresholds in the prediction of
ZQDCT coefficients for the non-all-zero-quantized DCT blocks. Since the thresholds are symmetric
along the diagonal line from the top-left to the bottom-right, the prediction results also have a symme-
tric property when uniform quantization is applied for transforms in inter frames. For example, if the
third DCT coefficient on the first row in a residual block is recognized as a non-zero value, the third
coefficients on the first column is also predicted as a non-zero value. However, this is not always the
case. Therefore, it is of great importance to develop such methods, which are able to efficiently predict
the ZQDCT coefficients in the non-all-zero-quantized DCT blocks for further complexity reduction.

Even although Ji et al [36] extend the prediction for ZQDCT coefficients from the all zero-
quantized DCT blocks to partially zero-quantized DCT blocks in accordance with the butterfly imple-
mentation structure. For non-all-zero-quantized DCT blocks, a fast transform algorithm is developed
to determine the all zero-quantized DCT row or column and skip the calculations for those 1-D trans-
forms by pruning the conventional butterfly based algorithms. This approach is developed based on
the sufficient conditions at different frequency positions in the 8 X 8 DCT block. That is, each thre-
shold is determined by the theoretical maximum value at a specific frequency position. This approach
does not result in variation in terms of video quality. However, it only considers two cases for 1-D
transform saving, i.e., the case of two 1-D transforms (column 0 and 4) simultaneously skipped and
the case of five 1-D transforms (column 0, 4 and row 0, 4, 2 or 6) simultaneously skipped in an 8 X 8
DCT block. All the other possibilities are just neglected. Therefore, the prediction efficiency is li-
mited.

By extending the Gaussian distribution based thresholds developed by [84] from 2-D DCT to 1-D
DCT, [P1] proposes an improved prediction method to reduce the complexity of the transform and
quantization, especially for those predicted as non-all-zero-quantized DCT blocks. First, a Gaussian
distribution based model is employed to predict all-zero-quantized DCT blocks prior to the transform
and quantization as commonly done in the literature. Subsequently, the 2-D Gaussian distribution thre-
sholds are orthogonally decomposed into a vector, which is used to predict all zero-quantized coeffi-
cients along the row and column transforms. Then, the sufficient conditions for DCT coefficients to be
quantized to zeros are developed to further reduce the complexity. Finally, a hybrid multi-threshold
based model is proposed for the all-zero-quantized DCT blocks and the all-zero-quantized rows and
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columns. Compared to other existing algorithms, the proposed method extends prediction to 1-D DCT
for the blocks recognized as non-all-zero-quantized DCT block. Furthermore, the method fits well the
row and column transform structure, and thus it is more implementation friendly.

Besides, [P1] lends the evaluation criterion to the row and column implementation structure re-
garding this topic. For instance, previous works recognize the false recognition ratio (FRR) and the
false acceptance ratio (FAR) as two important parameters to evaluate different prediction model. In the
references, it is desirable to have both small FAR and FRR for an efficient prediction model and low
video quality degradation. However, since the DCT coefficients are not computed individually, the
prediction efficiency is highly related to the implementation structure. On the other hand, prediction
errors have a negative effect the video quality. But, the quality is not only affected by the number of
errors but also the magnitudes of these errors and other factors. Since the complexity analysis of indi-
vidual coefficient only concerns the number of the “right” predictions and mistakes regardless of the
implementation structure, it is unfair to determine the performance of the prediction models.

To evaluate the proposed model, a series of experiments were carried out on MPEG-4 Visual
and H.264/AVC against competing methods, among which [36][61][84][87] were implemented on
MPEG-4 Visual and [57][82][86] were implemented on H.264/AVC codec. According to the results,
the proposed model achieves the best complexity reduction of DCT and quantization in terms of
arithmetic operations for both MPEG-4 Visual and H.264/AVC. Fig. 3.2 summarizes the main results
performed using MPEG-4 Visual and H.264/AVC.

Unlike separate comparisons of PSNR and bitrates in the references, the rate-distortion (R-D)
performance is studied in the experiments, thus new conclusions are drawn. According to the results,
all the test models achieve comparable R-D performance to the original codec. In addition, based on
the results in the magnified local areas it is hard to tell which model performs best in terms of video
quality and each model is not necessarily better or worse than the others, which is different from the
conclusion in the references stated as “negligible video quality degradation”. The R-D performance
comparisons for Crew sequence performed on MPEG-4 Visual are illustrated in Fig. 3.3 as an exam-
ple.

Using statistical modeling based prediction methods, a few non ZQDCT coefficients are falsely
predicted as zero values, which results in slight PSNR degradation. However, these falsely predicted
zeros could decrease the overall bitrate. The separate comparisons of PSNR and bitrates among differ-
ent test models are presented in Table 3.3, which summarize the results performed on MPEG-4 Visual
for different video sequences. According to experiments, although the PSNR is slightly lower than the
original codec, the overall bitrates are also decreased. Therefore, the overall R-D performance is still
comparable to the original video codec.

[P2] describes an efficient method to reduce the decoding complexity. The proposed technique
merges the inverse quantization and IDCT into a single procedure. This method is similarly a reverse
procedure in [85]. The inverse quantization step sizes are embedded into the second stage of the 1-D
transform by modifying the inverse transform matrix. Therefore, the computations related to inverse
quantization are skipped. Particularly, both uniform quantization and non-uniform quantization are
applicable. The proposed method does not change the standard bitstream syntax and can be directly
applied to the standard video decoder and other DCT based video decoder.
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Fig.3.2 Average complexity reduction in terms of operation numbers for CITY, CREW, HAR-
BOUR, SOCCOER on (a) MPEG-4 Visual and (b) H.264/AVC. Each bar is composed of two
parts: the “WHITE” area means the overhead operations and the upper part only considers the
DCT and quantization.

Overall, the proposed model can reduce the required computations of IDCT and inverse quantiza-
tion and speed up the decoding process. Compared to the reference encoder where inverse transform
and quantization are separately processed, the proposed method is able to reduce the multiplications
for inverse quantization as shown in Fig. 3.4. Moreover, the experiments show that the proposed me-
thod does not cause any video quality degradation compared to the original MPEG-4 Visual based
XVID codec.
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Fig. 3.3 Rate-Distortion performance regarding luminance component of CITY on MPEG-4 Visual.
Each sequence consists of an overall comparison and three local comparisons. Please note that be-
cause the methodology in [36] does not change the video quality, it shares the same curve with the
reference codec, i.e., Original.

TABLE 3.3 COMPARISONS OF AVERAGE PSNR (dB) AND BITRATE (AR %)

Image | Q APSNR (dB) AR (%)
[P1] [84] 187] [61] [P1] 841 | (871 | [61]
4 | -0.05 -0.06 005 | -007 | -021 031 | -0.30 | -0.09
City |8 [ -0.06 -0.08 0.09 | -0.06 | -0.04 -1.06 | -1.06 | -0.51
16 | -0.03 -0.14 011 | 009 | -0.17 246 | 239 | -1.19
30 | -0.04 0.12 0.06 | 009 | -0.10 -0.85 | -1.08 | -0.63
4 | -0.07 -0.07 0.06 | -0.05 -0.41 -0.02 | -0.02 | -0.02
8 | -0.06 -0.04 0.08 | -0.08 -0.09 -0.05 | -0.14 | -0.07
Crew |16 | -0.08 -0.05 0.14 | -0.11 -0.02 -0.06 | -0.13 | -0.03
30 | -0.07 -0.09 0.13 | 009 | -0.11 -0.07 | -0.09 [ -0.04
4 | -0.07 -0.02 0.03 | 004 | -053 -0.07 | -0.05 | -0.02
8 | -0.05 -0.09 0.06 | 007 | -0.06 -0.19 | -0.59 | -0.09
Harbour | 16 | -0.05 20.08 0.11 | -0.09 | -0.10 -0.72 | -0.71 | -0.41
30 | -0.10 0.11 0.13 | -0.15 -0.05 -0.61 | -0.65 | -0.38
4 | -0.08 -0.09 0.06 | -0.06 | -039 -0.10 [ -0.09 [ -0.05
soccer | 8 | -0.06 -0.08 0.06 | -0.03 -0.15 -0.17 | -0.35 | -0.09
16 | -0.09 -0.11 0.09 | -0.01 0.13 -0.57 | 0.56 | -0.21
30 | -0.11 -0.15 0.08 | -0.08 0.16 031 | -0.24 | -0.14
Average -0.07 -0.09 0.08 | -0.07 | -0.17 048 [ -0.53 [ -0.25




30

MUL Ccomparison

100 . T
I Viss America
[ Glasgow
[ ]Foreman
% I F-ris

e

—

)

= 90

kS

o) _

Ke)

e _

2

£ oes5)

o

=]

o

(0]

4

80 -
75
4 8 16 24

Quantization

Fig.3.4 Relative multiplicative complexity of the proposed IQIDCT compared to the XVID decoder
for Miss America, Glasgow, Foreman and Paris [P6].

3.2 REAL-TIME VIDEO CODING FOR INTRA MODE
3.2.1 Complexity Reduction for DCT and Quantization in Intra Mode

The research on complexity reduction of intra DCT has not been intensive, since this is only a mi-
nor issue in video coding. However, computational reduction on intra transform and quantization can
still benefit the encoding process. Particularly, it is of great importance when a number of images have
to be processed by portable devices with power constraints. A zero-valued prediction technique for
fast DCT computation was developed in [59] based on the observations made for the DCT operation
and quantization. The DCT in video coding has two important properties: (a) the high frequency com-
ponents at the DCT output are concentrated nearby zero values, and (b) the frequency of the data ap-
pearance nearby these zero values becomes high as DCT progresses from a low frequency component
to a high frequency component. That is, the quantized DCT coefficients at high frequency positions
have higher probability to become zeros than those coefficients at low frequency positions. Before
computing the DCT coefficient at a specific position in a given block, the values of N most recently
computed elements for this block are checked. If all of the coefficients are zeros, the remaining DCT
coefficients are directly predicted as zeros without transform and quantization. The developed method
tries to incorporate effects of quantization into DCT by predicting the DCT coefficients which become
zeros after quantization and omitting computation of these coefficients. The approach is controlled by
N, i.e., the number of consecutive zeros, which evidently affects the total number of arithmetic opera-
tions and the image quality. With a small number N, some computations can be omitted while the im-
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age quality will be deteriorated. When N is large, the image quality remains almost the same com-
pared to the original codec, the computational savings become very insignificant. In addition, four
modes are developed for implementation of this zero-valued prediction for fast DCT computation.

In the experiments in [59], different values of N are tested against the original codec. For N = 2,
up to 44% of computations for transform and quantization are saved for low-motion pictures and up to
37% savings are achieved for other pictures, e.g., Foreman. However, the PSNR is seriously degraded.
For N = 20, the PSNR of the developed method is worse than that of the conventional DCT by 0.20 —
1.07dB, while the computational complexity is only about 7.86 - 17.8% of the original transform and
quantization. Comparisons among the implementation modes are also carried out in [58] and the ALL
mode is proven to have the best impact on PSNR degradation than other modes with the same compu-
tational savings.

3.2.2. Proposed Prediction Methods for Intra Mode

Sufficient condition based prediction methods have been investigated by many researchers, focus-
ing on the computational complexity for inter DCT and quantization. Since the residual pixels in the
inter frames are very close to zero with a good prediction process, the sum of the absolute value of the
residuals in each DCT block can be very small. If the sum of the absolute residual pixels is smaller
than the thresholds calculated from the 2-D DCT transform matrix and the quantization, computations
for certain coefficients can be skipped. Thus, complexity reduction is realized. However, as intra
frame contains original pixels, the sum of absolute pixel values can be very large. In this case, it can-
not be directly applied the intra frame for prediction of DCT and quantization. [P3] proposed a mod-
ified sufficient condition based prediction method for the intra ZQDCT coefficients. In each intra
block, the pixels at the same row or column in each block at the input of the transform are decomposed
into a mean value and eight residual pixels. Then, the first DCT coefficient is just calculated from this
mean value and the remaining coefficients are predicted in a similar way as the sufficient condition
based prediction methods for inter mode. Finally, computations for these DCT coefficients can be par-
tially skipped if they are predicted as zeros. In order to improve the prediction efficiency, the quantiza-
tion is embedded into the first stage of the 2-D DCT, i.e., the row transform in this paper. It is actually
a trade-off between the prediction efficiency and the video quality degradation. Experiments on JPEG
codec show that the computations for 2-D DCT and quantization are decreased by 10 - 50% compared
to the original codec depending on the quantization parameters and the image textures. Moreover, no
video quality degradation was observed.

In [P4], we extend Pao’s [61] and Wang’s [84] results to intra DCT and quantization in video cod-
ing, aiming to simplify the encoding complexity and achieve better real-time performance with mi-
nimal video quality degradation. The pixel block at the input of DCT is decomposed into some mean
values and a residual block. Although the proposed model is implemented based on the 8x8 DCT, it
can be directly applied to other DCT-based image/video coding standards.

This approach was implemented on MPEG-4 Visual based XVID codec and the codec based on
[87]. On average, the computational complexity for the intra transform and quantization is reduced by
about 13%~42%. The overall complexity of DCT and quantization including both intra mode and inter
mode is reduced by 1.82 - 5.63% on average. In addition, the overall required number of multiplica-
tions and additions including the overhead are compared with the original XVID encoder for the calcu-
lations of intra DCT and quantization as shown in Fig. 3.5. The comparisons summarize the results
performed on different video sequences. Since the number of comparisons is very small in the experi-
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ments, they are included into the addition operations. Although the number of addition operations re-
mains high, the required multiplication operations are reduced approximately by 53 - 90%. Therefore,
the overall processing time for intra DCT and quantization is reduced compared to the reference en-
coder [87] and the original XVID encoder. In addition, this method is beneficial as the number of mul-
tiplications is reduced.

Experiments show that the falsely classified non-zero coefficients are usually the high frequency
coefficients, thus they do not result in obvious PSNR degradation. In addition, the bitrates are slightly
deceased as more non-zero valued coefficients are predicted as zeros. Based on the results in Table 3.4
and Fig. 3.6, although the proposed hybrid model has a slightly higher PSNR deterioration than the
reference encoder, the overall R-D performance remains competitive and the degradation is tolerable.

Average results on Foreman,Glasgow, Akiyo,Miss America
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Fig. 3.5 Complexity reduction for intra DCT and quantization including the overhead computa-
tions by summarizing the results on different video sequences.

TABLE 3.4 COMPARISON OF PSNR (dB) AND BITRATE (AR %)
Image | Q | APSNR (dB) AR (%)
[P4] [87] [P4] [87]
4 | 0027 [-0015] -0.10 | -0.09
8 | -0.021 |-0017| -017 | -0.14
Foreman | 16 | -0.016 |-0.013 | -033 | -027
32| 0020 |-0012] -050 | -042
4 | 0019 |-0011] -008 | -0.07
8 | -0.022 |-0.010| -021 -0.16
Glasgow [ 16 | -0.025 |-0.013| -0.19 | -0.17
32| 0022 [-0009| -027 | 022
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Chapter

3-D DCT Video Coding

HE increasing demand for portable digital video applications as cellular video phones or fully
T digital video cameras is pushing the need for highly integrated real-time compression and de-

compression solutions. For these types of applications, efficient implementation and low power
consumption are the most critical issues.

Most of today’s established video coding standards such as MPEG-4 and H.264/AVC rely on the
so called motion-estimation/compensation approach to exploit the correlations among inter frames.
This is a highly complex process, which requires a large number of operations per pixel and is there-
fore less appropriate for such an implementation as real-time compression in a portable recording or
communication device. Moreover, the algorithm loses much of its efficiency in scenes of morphologi-
cal character or with extremely fast moving objects.

An alternative approach to prediction-based exploitation of correlations among inter frames is to
use a transform-based approach for the encoding of subsequent frames. The goal hereby is to find an
appropriate transform that has the desired energy compaction property and therefore allows an effi-
cient subsequent entropy encoding. In practice, the three-dimensional (3-D) DCT video coding
[55][90] is proven to be a good solution.

Compared to the motion-estimation/compensation based video coding, the 3-D DCT video coding
has three major advantages [8], which are key issues for the realization of mobile video compression
systems:

o No motion estimation is required, greatly reducing the number of encoding and decoding op-
erations per pixel;

o Encoder and decoder are symmetric with almost identical structure and complexity, which fa-
cilitates their joint implementation;

o The complexity of the implementation is independent of the compression ratio.

So far, a lot of research work has been carried out on 3-D DCT video coding. Along with its ad-
vantage in computational complexity, the compression efficiency is also significantly improved. Re-
cent results [6] show that for a given PSNR, the 3-D DCT video coding requires about 23% lower bit
rates than MPEG-2 but 14% higher bit rates than MPEG-4 Visual; for a given bit rate, the 3-D DCT
video coding outperforms MPEG-2 by 1.83dB while it yields 0.71dB below MPEG-4 Visual.
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Fig.4.1. Block diagram of typical 3-D DCT based video codec.

In the sequel, the basic structure of 3-D DCT video coding is first described in Section 4.1. Then, the
variable size 3-D DCT video coding approaches are briefly reviewed in Section 4.2. Finally, Section
4.3 summarizes the contributions of the thesis in this topic.

4.1 STRUCTURE OF 3-D DCT VIDEO CODING

The 3-D DCT video coding takes a full motion digital video stream and divides it into groups of N
frames. Each group of N frames is considered as a three-dimensional image, including two spatial
coordinates and one temporal coordinate. Each frame in the group is divided into N X N blocks, form-
ing a set of N X N X N cubes. In practice, the size of cube is usually selected as 8 x 8 X 8, i.e., N =
8. Each cube is then independently encoded using the 3-D DCT video coding: 3-D DCT, quantiza-
tion, reorder, and entropy encoder. A basic diagram of the 3-D DCT video coding is shown in Fig.4.1.

The original unsigned pixels, typically in the range of [0,255], are first shifted to signed integers
ranging between -128 and 127. Then each 8 X 8 X 8 cube of the 512 pixels is transformed into the
frequency domain using the forward 3-D DCT.

F(u,v,w)=Cu’)C(r8)C(w8)>. D> f(x,9,2)

x=0 y=0 z=0 (41)
cos(2x + Dum cos(2y +1)vm cos(2z+ )wr
16 16 16
I k=0
where C(k,8) = A

N % otherwise

The transformed 512-point discrete signal is a function of three dimensions containing both spatial
and temporal information. Most of the energy in the cube is concentrated in a few low-frequency coef-
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ficients, while the majority of the high frequency coefficients have zero or near-zero values as shown
in Fig,4.2 , which summarize the statistical results performed on many video sequences.
In the next step, the 512 DCT coefficients are quantized as

E( )= lF(u,v,w) 42
qwv,w) = 0w v, w) (4.2)
where F(u, v, w) is the transform coefficient before quantization, Q (u, v, w) is the quantization value,
and F; (u, v, w) is the quantized 3-D DCT coefficient. |. | indicates the floor operation.
A quantization technique is developed in [48] after analyzing the distributions of the 3-D DCT

coefficients, where an exponential function is used to determine the appropriate quantization volume.
The quantization values are generated as

o= Bif wvw)

Q(ur v, W) = Ai <1 B e_Bi ) +1 forf(u' v, W) < C (43)
Ag(1 — e Pl W)y for f(u,v,w) > C

and
fv,w)=u+Dw+1Dw+1) for0<uv,w<8

where Ag, 4;, f,, B; and C are empirically determined fixed parameters, and (u, v, w) indicate the
coordinates in the 8 X 8 X 8 cube.

Another important issue is how to order the quantized coefficients for entropy encoding as a last
step in the compression. There are many ways to order the coefficients. The work in [9] suggests the
use of an isoplane, u + v + w = K, as the scan order for quantized 3-D DCT coefficients, where K is
a constant value. This method is a direct extension of the 2-D zig-zag which is based on u + v = K.
This technique is currently the most popular scanning method in 3-D DCT video coding.
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Alternatively, a procedure to determine the scan order by examining the quantized DCT coeffi-
cients is developed in [48]. It reveals that the dominant coefficients in a cube tend to lie along the ma-
jor axes and, thus, the zig-zag scan order in [9] fails to effectively account for the distribution of such
coefficients. In [48], the quantized 3-D DCT coefficients F; (u,v,w) inside the region,
ie. f(uw,v,w) < Cin (4.3), are first ordered, followed by other DCT coefficients in the region of
f(u,v,w) > C. This approach first orders the more dominant coefficients in the selected region before
those from outside the region. Thus, more of coefficients that have been quantized to zeros will be
packed together, running in an overall compression ratio. As the scan order proposed in [48] is adap-
tively calculated with the quantization values in (4.3), additional computations are required to calcu-
late the scan orders for each sequence. Experiments show a better performance than the traditional zig-
zag method.

For the reconstruction process the above steps are just carried out in reverse order. This similarity
of the encoding and decoding process is one of the interesting properties of the 3-D DCT video coding
since it greatly facilitates the implementation of joint encoder and decoder.

4.2 VARIABLE SIZES OF 3-D DCT VIDEO CODING ALGORITHMS

In video coding, the application of the discrete cosine transform along the temporal axis is advan-
tageous over the motion estimation/compensation scheme because the structure can be non-recursive,
which avoids infinite propagation of transmission errors. Moreover, the 3-D DCT video coding re-
quires much lower computational complexity than the motion estimation/compensation based video
coding.

The 3-D DCT video coding is very efficient when the amount of motion is low. This is a typical
case that the energy in the high frequency components is very low. Hence, the energy compaction is
good and high compression efficiency can be easily reached. However, the performance of the 3-D
DCT video coding can be affected by complex scenes with a large amount of motion. In this case, tra-
ditional fixed-length 3-D DCT video coding is much inferior to the motion estimation/compensation
based video coding in terms of coding efficiency. Compared to the fixed-length 3-D DCT video cod-
ing, a fewer frames along the temporal axis in each cube could result in higher video quality for se-
quences containing high motion activities. On other hand, for those sequences with low motion activi-
ties, a longer time window in each cube achieves better compression performance and the video quali-
ty could remain the same. Therefore, variable size of 3-D DCT video coding schemes [10][22]
[42][49] [67]]70][71] have been developed to improve both the compression efficiency and the video
quality.

A variable 3-D DCT video coding is developed in [10]. Based on the fact that the DCT performs
particularly well when the block contains only similar pixels, this scheme tries to segment a sequence
into variable length of cubes with identical or similar scenes within each cube. To do this, a scene de-
tector is used to identify scene changes. And, therefore, construct a set of discontinuity planes with
variable length before the transformation. The number of discontinuity planes increases when the se-
quence contains a large amount of motions. On the other hand, smooth or minor temporal variations of
a sequence produce a few planes, which means a longer time window is selected for the 3-D DCT.

Since variable sizes of the 3-D DCT cubes contain different number of coefficients, a uniform
quantization table is not applicable any more. Various quantization tables are also developed in [9]
corresponding to different types of transformed cubes. The DC coefficient is truncated with a 10-bit
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uniform quantizer. For AC coefficients, the transform coefficients are shown to have a Gaussian dis-
tribution [4]. Therefore, the quantization tables with different temporal lengths are defined based on
their coefficient variance using the least square minimization technique [66].

The decoder requires the information about the scene changes so that the inverse 3-D DCT can be
performed properly. This side information is recorded with a bit sequence where the number of bits
equals to the number of frames in the current time window. A bit of ‘1’ indicates the start of each cube
and this bit sequence can be further encoded using arithmetic coding technique.

Experiments show that the variable temporal length 3-D DCT approach can improve the R-D per-
formance over the fixed length 3-D DCT coding scheme. For video sequences such as Salesman con-
taining little motions, the improvements are particularly significant, 4-5dB on average. For those video
having a large amount of motions, this approach also improves the performance about 1-2dB average-
ly.

However, this approach has a high risk to properly reconstruct the video data at the decoder. The
side information indicating scene changes is recorded by a sequence of binary bits and not encoded
together with the corresponding DCT coefficients. If the side information is lost in transmission the
decoder cannot retrieve these cubes even the related 3-D DCT coefficients are properly received.
Therefore, the overall video quality would be seriously degraded.

Another variable size 3-D DCT video coding scheme is developed in [22], considering both the
homogeneity in a cube along both spatial and temporal directions. The cubes at the input of the 3-D
DCT are divided into three types based on the level of motion activities: 16 X 16 X 1, 16 X 16 X 8
and 8 X 8 X 8. The motion analysis is performed in each 16 X 16 X 8 cube with two empirically de-
termined thresholds. For each cube, the normalized pixel difference is calculated between the first
frame and the eighth frame. If the normalized pixel difference is less than the first threshold, it is re-
garded as ‘no motion’ and only the first frame is transformed in the mode of 16 X 16 X 1. At the de-
coding side, the other seven frames are directly duplicated. If the normalized pixel difference is larger
than the first threshold but smaller than the second threshold, the cube is assumed to contain ‘low mo-
tion” and it is transformed according to the mode of 16 X 16 X 8. Otherwise, the cube is considered to
contain high motion activities, in which case it is divided into four 8 X 8 X 8 cubes before transforma-
tion. In addition, two bits are used for each 16 X 16 X 8 cube as side information for the decoder.

Experiments show that this approach proposed in [22] outperforms the fixed length 3-D DCT cod-
ing scheme, especially for those video data contains little motion activities and homogenous areas in
spatial directions. However, for video sequences containing slow motions, the cubes can be classified
as 16 X 16 x 1 type and only the first frame is encoded. That is, duplication is applied to produce the
other frames in the block, which are identical to the first frame. In this case, sudden scene changes in-
stead of gradual motions may happen to consecutive cubes in temporal dimension, which in turn de-
grade the subjective video quality.

The 3-D DCT was also applied to the multiview stereo image compression. An adaptive 3-D DCT
scheme is designed in [67] for image sets that form multiview stereo images. This study is limited to
multiview image sets containing only eight images. That is, the eight images in the image sets set up
the third dimension for multiview stereo images. First, the sum of square difference between the first
frame and the last frame in each cube is calculated. Secondly, if the sum of square difference is small-
er than a pre-defined threshold, this cube is characterized as background. Otherwise, it belongs to the
foreground. Then, this variability map is used in the quantizer unit in order to determine the proper
quantization level for the 3-D DCT coefficients. It is evident that coarser quantization can be applied
for background without significant degradation in the video quality. Finally, proper quantization and
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scan order are designed based on the calculated variability map and direction information for each
cube. Compared to [10], there are only two types of transforms, therefore it only requires one bit for
each cube to indicate the type of transform. However, since the selection of quantization and scan or-
der has to be determined for each cube, the computational complexity is highly increased.

4.3 PROPOSED ALGORITHMS

In [10], the side information that indicates scene changes within a video sequences are recorded
in a sequence of binary bits, and then further compressed by arithmetic coding method. Since the side
information and the 3-D DCT cubes in the current time window are encoded separately, there is a
great risk that if the side information and the related 3-D DCT blocks cannot be packed into the same
packet. During transmission, if the packets containing the side information are lost, all the packets
having the information of related 3-D DCT blocks would have to be dropped even they are properly
received. Therefore, the ability for error resilience would be seriously degraded. Otherwise, if the side
information and all the related 3-D DCT blocks are included into a single packet, the packet would be
too large and the sizes of different packets are not identical.

To solve this problem, a resizing 3-D DCT algorithm with variable size cubes was proposed in
[P5], where three modes are utilized to perform the transform in temporal direction. The mode selec-
tion is determined relying on the local motion activity within each cube. Two binary bits are required
for each cube to indicate the selection among the three modes. In [P5], the two bits are encoded to-
gether with each cube. If a packet is lost during transmission, it does not affect the content in the other
packets, no matter how the side information and the related 3-D DCT cubes are packed. Thus, the abil-
ity for error resilience is improved compared to the approach proposed in [10].

Based on the approach proposed in [P5], totally three transform modes are employed. In the first
mode, if the adjacent 2-D DCT coefficients in a cube are almost equal in the temporal dimension,
which means that the cube contains no motion or very low motion, we apply 2-D DCT only to the first
block instead of the whole cube. In the second mode, if the cube contains mild motion, we resize the
8 X 8 X 8 cube to a new 8 X 8 X 4 cube. Finally, in the third mode, if the cube contains high motion
activity, we take 3-D DCT for the two 8 X 8 X 4 cubes separately.

In the proposed method, the mode decision and the resizing operation are operated in the process
of temporal transform, thus the 2-D DCT can be first performed for each block.

A typical resizing algorithm in the DCT transform domain is described in Fig.4.3 as follows

o Take the N/2-point DCT for block b, and b,, respectively,

o Take the N/4-point inverse DCT for the N /4-point low frequency coefficients in B4, and the
same as B5;

o Combine the two N /4-point blocks bjand by into one block (b3, b3), then take its N /2-point
DCT. Finally, the two N /2-point blocks b,and b, are resized into a N/2-point DCT block B'".
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Fig.4.3. The traditional resizing algorithm at N = 8 and the proposed method replacing the computa-
tions inside the rectangle for the DCT-to-DCT algorithm in [P6].

The proposed 3-D DCT algorithm was tested against the approach proposed in [67] which is im-
plemented on video coding. Compared to [67], the proposed algorithm further refines the cube size
into three types. Besides the 8 X 8 2-D DCT and the original 8 X 8 X 8 transform, an additional
8 X 8 X 4 3-D DCT is utilized for cubes only containing mild motions. To avoid the sudden scene
changes due to the duplications in [67], the threshold for the 8 X 8 2-D DCT type is set to a relatively
small value and some cubes recognized as having no motion activity in [67] are classified into the
8 X 8 X 4 mode in [P5] in order to avoid direct duplication. Therefore, both better objective video
quality and subjective video quality can be expected.

In the experiments, different video sequences with various motion activities were encoded and
decoded. The proportions of the three modes are presented in Fig.4.4. As the threshold for mode 1 se-
lected as the 8 X 8 2-D DCT is irrelevant to the quantization, a fixed proportion of mode 1 is selected.
However, more cubes are resized to use the 8 X 8 X 4 transform with increase of quantization. In addi-
tion, the Peak Signal to Noise Ratio (PSNR) versus compression ratio (CR) curves are plotted based
on the obtained results as shown in Fig. 4.5. Experimental results show that the proposed algorithm
can give better compression performance for different types of sequences. Significant improvement
can be expected for sequences with low motion activity. For other sequences containing high motion
activity the proposed algorithm can gain 0.5-1.2dB for luminance components and 0.3-0.8dB for
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Fig. 4.4 Utilization ratio of proposed modes based on the average results on Akiyo, Foreman and
Glasgow.

chrominance components. Moreover, the proposed algorithm can even reduce the computations for
sequences with low motion activity. Take Akiyo for example, the required computations for 3-D DCT
in the proposed codec are less than 84.9% of the reference codec. For Glasgow, the increase does not
exceed 18.4% in the worst case.

The key advantage of the 3-D DCT video coding is the low complexity by replacing the motion es-
timation and compensation with an additional transform in temporal direction. Although the approach
[P5] achieves better compression performance than the fixed length 3-D DCT video coding scheme
and the method in [67], additional computations are introduced for selection of different transform
types. Therefore, it is of great interest to reduce the overhead computations.

A direct DCT-to-DCT algorithm was proposed in [P6]. Previously, inverse transform has to be per-
formed on both two DCT blocks if they are resized into one block. To alleviate the computational
complexity, the proposed method in [P6] enables direct calculation that the DCT block B’ is directly
obtained from the two blocks by and b, without inverse transform. Thus, the calculation for the in-
verse transform and other computations in the spatial domain are saved. The signal flow graph of tra-
ditional resizing method and the proposed resizing algorithm is shown in Fig.4.3.

Besides, this approach in [P6] employs non-uniform quantization method for the 3-D DCT coeffi-
cients instead of uniform quantization used in [P5]. Since human vision system is more sensitive to the
low frequency information, coarsely quantization for high frequency DCT coefficients can lead to high
compression performance but almost the same video quality than uniform quantization.

Therefore, using the same implementation of 3-D DCT and more efficient quantization technique
as [P5], experiments show the proposed method in [P6] achieves better coding efficiency as shown in
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Fig.4.6. Moreover, it requires less computations compared to [P5], particularly at low bitrates as
shown in Fig.4.7.

All of the above variable length 3-D DCT algorithms employ thresholds. Although the selection
of these thresholds considerably affects the algorithm performance, there is no framework to choose
them effectively. In practice, the thresholds are empirically determined. These thresholds are actually
trade-offs among different video sequences, but not necessarily the optimum thresholds for all the vid-
eo sequences. Therefore, it is of importance to develop an algorithm for variable size 3-D DCT with-
out empirically determining the thresholds.

An algorithm for variable 3-D DCT based video coding is proposed in [P7] to avoid empirical
determination of thresholds. This proposed model iteratively utilizes 3D-DCT and discrete Haar trans-
form (DHT) to remove the temporal redundancy and is able to find the different DCT modes for each
8 X 8 X 8 cube.

The DHT is applied to the temporal axis of 3-D DCT for each cube. Given an 8 X 8 X 8 cube, the
eight frames are first divided into two 8 X 8 X 4 cubes by applying DHT, which contain the low fre-
quency information and high frequency information, respectively. Then, 3-D DCT is performed on the
second 8 X 8 X 4 cube only with high frequency information, followed by quantization. If not all the
DCT coefficients are truncated to zeros. Similar transform is performed on the first cube and encode
the two cubes separately, which is regarded as mode 1. Otherwise, if all the coefficients are quantized
to zeros, this 8 X 8 X 8 cube is recognized as containing low motion activities. Therefore, DHT is ap-
plied again to separate the first 8 X 8 X 4 into two 8 X 8 X 2 cubes. If not all the coefficients in the
high frequency 8 X 8 X 2 cube are quantized to zeros, the two 8 X 8 X 2 cubes are separately encoded
as mode 2. Otherwise, the low frequency 8 X 8 X 2 cube will be further divided into two 8 x 8 blocks.
Similarly, if two blocks have to be encoded, it is regarded as mode 3. Otherwise, only one block is
encoded, which is mode 4.

In the proposed model in [P7], the mode decision is totally based on the truncated high frequency
information. Only if all high frequency contents in the residual cube are quantized to zeros, the hybrid
transform is repeated to form a smaller cube and thus produces a tighter information representation.
Compared to other variable length 3-D DCT schemes, the proposed model adaptively determines the
mode decision based on the quantization results on the high frequency cubes by applying DHT.

Compared to the approach in [P5], the selection of mode 4 in [P7], i.e., only the first block is trans-
formed in a cube, is dependent on the quantization, since the high frequency coefficients have higher
possibilities to be truncated to zeros at larger quantization set sizes. The utilization ration of different
modes is presented in Fig.4.8.

The proposed algorithm was tested against the reference 3-D DCT video coding and two ap-
proaches proposed in [22] and [67]. Experimental results show that the proposed algorithm can give
better compression performance for different types of sequences. Major improvements can be ex-
pected for those with low motion activity. In the experiments, we also evaluated the subjective visual
quality. The proposed model works well for small QP (e.g. 12, 30, 52) and no temporal coding arti-
facts are observed. However, as QP increases, visible temporal artifacts appear due to the hard trunca-
tion in high frequencies. Thus, future work includes further improvement of quantization strategy.

Although 3-D DCT coding is much superior to the video coding standards such as H.263 in
terms of computational complexity, it is still desired to further reduce the computations without visual
quality degradation. As the most complex part, three-dimensional DCT transform consumes more than
half of the computation in 3-D DCT encoding while a large number of transformed coefficients will be
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finally quantized to zeros. Thus, if we can reduce these redundant computations, the encoding process
will be much faster.

In [P8], we proposed an analytical model to skip redundant DCT and quantization without visual
quality degradation through a theoretical analysis of the dynamic range of DCT coefficients. Each
8 X 8 x 8 cube is first decomposed into a mean value and a residual 8 X 8 X 8 cube. The DC coeffi-
cient can be directly calculated from the mean value. Then, thresholds for each 1-D transform along
spatial and temporal directions are developed based on the theoretically maximum DCT values and the
following quantization step size. Finally, if the sum of the absolute residual pixels on each 1-D trans-
form is smaller than the thresholds, the calculation for the 1-D DCT is skipped and the coefficients are
predicted as zeros. Although the proposed model is implemented based on the baseline 3-D DCT vid-
eo coding, it can be used on other fast 3-D DCT schemes such as those in [S][73]. The experimental
results show that the proposed model can significantly improve the encoding efficiency without visual
quality degradation.

4.4 SUMMARY AND FUTURE WORK

As a potential alternative of hybrid 2-D transform based video coding, the main advantage of 3-D
DCT video coding is the considerable computational savings. Since the most complicated motion es-
timation and motion compensation are replaced by the temporal transformation in 3-D DCT video
coding, the overall encoding complexity is significantly reduced. The target applications could be
power-constrained portable devices and other applications having priority restrictions on computation-
al complexity.

However, coding efficiency is the main bottleneck that 3-D DCT video coding has not been ap-
plied in current video coding standards and industrial products. Even the most recent 3-D DCT video
coding scheme is still inferior to H.264/AVC. In addition, the temporal transformation requires both
the encoder and decoder to process multiple frames simultaneously, which requires additional memory
to store frames for 3-D video coding operation and therefore may increase the frame buffer size.

Moreover, so far most research work on 3-D DCT video coding focuses on improving coding effi-
ciency and a lot of other practical considerations have been neglected. For instance, as a very impor-
tant tool in video coding standards, error resilience has not been investigated in 3-D DCT video coding
so far.

In fact, a lot of work remains to be done to improve the 3-D DCT video coding, which covers a
wide range of topics. For example, a new rate-distortion cost scheme may significantly improve the
coding efficiency of 3-D DCT video coding. The new rate-distortion cost scheme can be used to select
the transform cube size and optimize the quantizer. In addition, more efficient entropy coding should
also be investigated to improve 3-D DCT video coding efficiency. Although motion estimation and
motion compensation are considered the most complicated part in 2-D transform video coding
schemes, it is still worth to investigate the possibility for motion compensation based 3-D DCT coeffi-
cients for video sequences with complex motion. From coding efficiency point of view, a kind of
combination of 3-D DCT and motion compensation may significantly improve the current 3-D DCT
video coding schemes.
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Chapter

Conclusions and Future Work

ISUAL communication via mobile devices is becoming more and more popular. However, cur-

rent video coding standards are not initially designed for this type of application area. Tradi-

tionally, high compression efficiency is usually achieved at the expense of increasing computa-

tions. As the newest standard, H.264/AVC significantly outperforms the others in terms of cod-
ing efficiency; its complexity is greatly increased. The high complexity limits its application on mo-
bile devices with low computational power and battery constraint as well as the real-time performance
of the encoder. Thus, there is great significance and interest in reducing the computations for video
coding. Currently, the emerging standard, i.e., HEVC, claims an aggressive goal to reduce the encod-
ing complexity by 50% with 25% improvement in visual quality.

The specifications of most video coding standards define only the bit-stream syntax and the decod-
ing process. The encoding process is not standardized to allow flexible implementations. The research
work proposes algorithms for both the encoder and the decoder with emphasis on complexity reduc-
tion for mobile applications.

Several algorithms for real-time encoding/decoding are proposed to reduce the computational
complexity for the transform and quantization operations. These techniques can be categorized into
two types: complexity reduction for inter mode and for intra mode. All the proposed techniques
achieve lower encoding or decoding complexity with the same or comparable rate-distortion perfor-
mance to the original codec. The targeted applications could be portable devices with constraints on
computing power and amount of memory.

In addition, new algorithms for 3-D DCT video coding are proposed for improving the coding effi-
ciency and computational complexity. First, a resizing algorithm was proposed for variable size 3-D
DCT depending on the local motion activities. Later on, this algorithm was further improved using
direct DCT-to-DCT technique and a more efficient quantization scheme to achieve better performance
in terms of both complexity and coding efficiency. All the variable temporal length 3-D DCT schemes
employ thresholds for the selection of different transform types, however, the thresholds are usually
empirically determined. To solve this problem, a new 3-D DCT approach was proposed to allow adap-
tive selection of thresholds for variable size of temporal transform. By applying the DHT, the trans-
form mode can be adaptively determined according to the quantization step size. Therefore, the thre-
sholds are not required any more. Finally, a new 3-D DCT video coding was proposed to reduce the
encoding complexity by exploiting the maximum thresholds of 3-D DCT coefficients based on the
information of quantization. For those DCT coefficients predicted smaller than the thresholds, the
computations are just omitted and they are directly set to zeros. Therefore, a lot of computations are
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saved. In addition, since the thresholds are obtained based on the theoretically maximum DCT values
at different frequencies, no video quality degradation is observed.

The proposed algorithms and implementations are successfully utilized in conjunction to other
related techniques based on conventional video coding methods in different video coding scenarios.
The new approaches can be used for multi-layer scalable video coding as well as the emerging video
coding schemes such as stereo video coding.

This thesis has concentrated on the analysis of the transform and quantization operations in video
coding, leaving other aspects, such as motion estimation/compensation, filtering, human visual system
based lossy coding, outside the scope of the research work. However, since motion estimation and fil-
tering also require intensive computations, it is also of great importance to advance the research in
these fields. For 3-D DCT video coding, the future work could focus on a new rate-distortion cost
based coding scheme, more efficient entropy coding techniques, reducing the required memories, and
even combination of 3-D DCT video scheme and the hybrid 2-D transform based video coding stan-
dards. Moreover, the human visual system based lossy coding is expected to provide better subjective
video quality to end-users of mobile devices. Thus, potential future work could provide more analysis
on aspects beyond transform and quantization.
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