Ju

" >, %‘ )
B = R i %ﬁk
R IAERE E RFEYLT
B Lk e

g * > H264/MPEG4-AVC 2 H 7 33 75 AR50 S ff 2
B SRR AT R

The Study of Bandwidth Efficient Motion Estimation for

H.264/MPEG4-AVC Video Coding and Its Scalable Extension

Y o

Eﬂii:j‘;"a?

Ip F g T R AR
LEER A S



i * % H264/MPEG4-AVC %2 H ¥ 2 sV 4020 %0 4% 2
BT R M R Y

The Study of Bandwidth Efficient Motion Estimation for
H.264/MPEG4-AVC Video Coding and Its Scalable Extension

bR S 11 Student : Gwo-Long Li
dp RipE Advisor : Tian-Sheuan Chang
L EER Mei-Juan Chen

A Dissertation
Submitted to Department of Electronics Engineering and
Institute of Electronics
College of Electrical and Computer Engineering
National Chiao Tung University
in partial Fulfillment of the Requirements
for the Degree of
Doctor of Philosophy
in

Electronics Engineering

August 2011
Hsinchu, Taiwan, Republic of China

pa

PEAR-FE AN



if * % H.264/MPEG4-AVC 2 £ ¥ 3 AR 3 %075 2
REEH B R

i RRE fdF s Epe 1
E L

I &

BEEFREZOBFEHRAL TR SRE > - E RN KB4

Y

m

FERAT LRI R0 EEFBFMBITARAP G T R4 B EBBEIFE

/ -

R TR R FER 0 D ARG RS B chE B R4 b 20 2R

ﬂ

_,_‘

Tt VA VAR GRS R MR EGERRES A BRI RS L

W

EANED S ‘F“"_,E'T;?}E;‘g}i ° & 1 3 A AR S A 2 "tﬁﬁ-ﬁg"ﬁ ATiE N S kg % Kurar T

L
N

ik
I

WAL AT R IE T TR S BB B G L TG
FUREE e

PHEERRBE R TR RN A k- 2 AL A SRR g
Fo BB GRS RS R R A RN AR A% o

1%ﬁw%%h9ﬁﬂﬁ@ﬁ:w@‘”%ﬂz R R B RS o s

3

PR R E R A BB - R RS E L EE R o L FE R L AN
FRAIER LT RFOLREE TR T EIFEZ D FhL B A K
2o FEABYATF B 2 T LETD] 78.82%AF B A K o

BV ANARNGAEY o d WHE R DR FIER N TR AFRES B B
BB R B KRR B E o T AB R NET B T B NN %S

ZBMEARRERBE I FEZ - BEN*Eo AT 23 M EIRF OTH



£ P A RS ST I o RS R 0 Ay RN T A AR S

ZBFAR LR FARRIFE 2 > 720 ED] 50.55% A R &g o

-~

FOT A AR R R g AR TR R TR R R LR
o A BE BT RE B T E AR 0 A R i S AR e B
T AL SRS Bk Mot o TRt 0 A

Bz o MO AERIE LT L 2 TR o H Y R RGN FERIIB R R
PAEABE R A AL EF MG s RO FT BHSERP - BB AR RN L

FEE AR S A B i A BRIV 5] 65.97%HGV R e

._j,
BEHE e EFHLE TR ¢ MR HF KjF 0 7 F IR 2 HELEF R

Bt o gd ALY TR ZHFFFEET VAT 582 0 T E T 90% iz F T R
S RES =

ARG 2 o BB AR TR E G0 T GRS TR T L R

TR U R A B AR R > A E D] FARM A i 2t d o



The Study of Bandwidth Efficient Motion Estimation
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Scalable Extension
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ABSTRACT

In the video coding system, the overall system performance is dominated by the motion
estimation module due to its high computational complexity and memory bandwidth intensive
data accesses. Furthermore, with the increasing demands of high definition TV, the system
performance drop caused by the intensive data bandwidth access requirement becomes even
more significant. In addition, the additional adopted Inter-layer prediction modes of scalable
video coding also significant increase the data access bandwidth overhead and computational
complexity. To solve the high computation complexity and intensive data bandwidth access
problems, this dissertation proposes several data access bandwidth and computational
complexity reduction algorithms for both of integer and fractional motion estimation.

First, this dissertation proposes a rate distortion bandwidth efficient motion estimation
algorithm to reduce the data bandwidth requirements in integer motion estimation. In this
algorithm, a mathematical model is proposed to describe the relationship between rate
distortion cost and data bandwidth. Through the modeling results, a data bandwidth efficient

motion estimation algorithm is thus proposed. In addition, a bandwidth aware motion
Vv



estimation algorithm based on the modeling results is also proposed to efficiently allocate the
data bandwidth for motion estimation under the available bandwidth constraint. Simulation
results show that our proposed algorithm can achieve 78.82% data bandwidth saving.

In scalable video coding standard, the additional included Inter-layer prediction modes
significantly deteriorate the video system coding performance since much more data have to
be accessed for the prediction purpose. Therefore, this dissertation proposes several data
efficient Inter-layer prediction algorithms to lighten the intensive data bandwidth requirement
problem in scalable video coding. By observing the relationship between spatial layers,
several data reusing algorithms have been proposed and thus achieve more data bandwidth
requirement reduction. Simulation results demonstrate that our proposed algorithm can
achieve 50.55% data bandwidth reduction at least.

In addition to the system performance dégradation caused by intensive data bandwidth
access problem, the high computational complexity of fractional motion estimation also
noticeably increases the system performance drop in scalable video coding. Therefore, this
dissertation proposes a mode pre-selection algorithm for fractional motion estimation in
scalable video coding. In our proposed algorithm, the rate distortion cost relationship between
different prediction modes are observed and analyzed first. Based on the observing and
analytical results, several mode pre-selection rules are proposed to filter out the potentially
skippable prediction modes. Simulation results provide that our proposed mode pre-selection
algorithm can reduce 65.97% prediction modes with ignorable rate distortion performance
degradation.

Finally, for the video coding system performance drop problem caused by the fractional
motion estimation process skipping due to hardware implementation consideration, this
dissertation proposes a search range adjust algorithm to adjust the search range for the motion
estimation so that the new decided search range can cover the absent reference data as much

as possible for fractional motion estimation. By mathematically modeling the relationship
Vi



between motion vector predictor and non-overlapping area size, the new search range can thus
be adjusted. In addition, a search range aspect ratio adjust algorithm is also proposed in this
dissertation by means of solving the mathematical equations. Through the proposed search
range adjust algorithm, up to 90.56% of bitrate increasing can be reduced when compared to
fractional motion estimation skipping mechanism. Furthermore, the proposed search range
aspect ratio adjust algorithm can achieve better rate distortion performance when compared to
the exhaustive search method under the same search range area constraint.

In summary, through the algorithms proposed in this dissertation, not only the data access
bandwidth but the computational complexity of integer and fractional motion estimation can

be reduced and thus improve the overall video coding system performance significantly.
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Chapter 1

Introduction



1.1. Introduction

With rapid development of information technology, the information technology products have
been widely used in our daily life. In the early information technology era, the information
communication is just happened in text form. However, thanks the contribution of advanced
information technology, our communication behavior has been significantly changed. In
nowadays, the popularity of multimedia communication allows us to send the multimedia
information including text, voice, picture, and video to our friends through electronic devices.
As aresult, our friends can real-time obtain our latest visual information wherever they are.

Videos, a form of visual information, are composed of a number of successive still images
[1]. By rapid displaying the consecutive still images, the effect of visual illusion originally
existed in our human visual system will leaded us to see a moving picture [1]. However, from
the ingredients of video, we can find that the video is composed of many still images and each
image is composed of a number of basic elements called pixels. For gray images, each pixel
only requires one byte to represent it:: However, for the color images, each pixel needs several
bytes to represent depending on the color space they used. Quantitatively, for a video
sequence which has the specifications of 352x288 image resolution, RGB color space, and
30fps frame rate. It consumes 352x288x3(RGB)*x30=9123940Bytes=9810Kbytes data
bandwidth per second. However, for the larger image resolution, the data bandwidth issue
becomes much more difficult to deal with [1].

To deliver the video information through the bandwidth limited transmission channel, the
video coding technique has been developed in the decades to reduce the data amounts of
video signal and thus lighten the overheads of transmitting noticeable amounts of video signal.
As a result, many video coding standards [2]-[8] have been standardized to unify the encoded
video signal format in order to increase the compatibility between the video application

products of different companies. In these video coding standards, the state-of-the-art video



coding standard called H.264/AVC [7] standardized by Joint Video Team (JVT) can achieve
unbelievable video compression ratio when compared to previous video coding standards due
to the adoption of a number of advanced optimization techniques. However, the adoption of
the advanced technologies also significantly results in the design difficulty and
implementation cost increasing [8]. In addition, to support application diversities, a video
coding standard called Scalable Video Coding (SVC), as an extension of H.264/AVC, has
been standardized recently to satisfy the requirement of end user heterogeneities. As a result,
not only the benefit of outstanding compression ratio of H.264/AVC has been inherited but the
significant computational complexities have been also accepted without question. Therefore,
this dissertation focuses on the issues of high computational complexity and data access
bandwidth of H.264/AVC and SVC. In the following subsections, the H.264/AVC and SVC

will be introduced briefly and the issues we faced will also been described in detail.

1.2. Introduction of H.264/AVC

Fig. 1-1 shows the overall architecture of H.264/AVC and the detailed explanations can be
found from [9]. The operation of H.264/AVC is briefly described as follows. First, the input
image is decomposed into the non-overlapping basic coding unit called macroblock (MB)
with the size of 16x16. For the first incoming image, it usually has been recognized as Intra (I)
prediction frame and the Intra Prediction is applied for the intra frame to obtain the intra
prediction results. In H.264/AVC, three block sizes of 16x16, 8x8, and 4x4 have been
adopted in intra prediction mode and each block size individually supports four, nine, and
nine prediction modes from different prediction angles. Afterwards, the prediction results will

be subtracted from the current MB to derive prediction errors (residuals) and the derived



prediction errors will be fed into Transform and Quantization to obtain quantized coefficients
that will be used to generate coded bitstream. In H.264/AVC, two entropy coding approaches
called Context-Adaptive Variable Length Coding (CAVLC) and Context-Adaptive Binary
Arithmetic Coding (CABAC) have been adopted to achieve entropy coding. Simultaneously,
the quantized coefficients will be inverse quantized and transformed to derive the lossy
prediction errors. The obtained lossy prediction errors will be therefore added to prediction
pixels to get the reconstructed images. Hence, the reconstructed images will be deblocking
filtered to remove the blocking effects and the filtered images will be stored into
Reconstructed Frame Buffer for the following prediction usage. Once all MBs of the first
incoming frame (I frame) have finished the coding process, the second incoming frame will
be recognized as inter prediction frame (P or B frame) and both of intra and Infer Prediction
operations will be applied for the inter frame. Like the intra frame, the intra prediction in inter
frame is the same as the intra prediction in I frame. However, the Inter prediction should be
additional applied for inter frame. In the Motion Estimation, it consists of Inter Motion
Estimation (IME) and Fractional Motion Estimation (FME). For IME, H.264/AVC supports
seven block size motion estimation including the size of 16x16, 16x8, 8x16, 8x8, 8x4, 4§,
and 4x4. In addition, up to five reference frames can be searched in the motion estimation
process in H.264/AVC. Literature [10] reported that 0.5dB to 1dB PSNR improvement can be
achieved by searching five reference frames. For FME, the half-pixel position motion
estimation 1is first applied to find out the best outcome surrounding the best result of IME.
Afterwards, the quarter-pixel position motion estimation is executed to obtain the final
predictions surrounding the best result of half-pixel position. Once the best results of intra and
Inter prediction have been decided, the prediction mode with smallest rate distortion cost will
be selected as the best result. Henceforth, the reconstruction process is the same as the intra
prediction except that the prediction mode and motion vectors should be involved in the inter

frame reconstruction process.



Macroblocks of input image

Transformed Quantized
Residuals coefficients coefficients
-1 Transform Quantization l__. CAVLC |=__ , H.264
- CABAC bitstream
[ Inverse Quantization |
m Lo [ Intra Prediction | Inverse Transform |
= Intra/lnter /\
5 | Motion Compensation N
3 [ Deblocking Filter |..,~”
d
—’[ Motion Estimation Reconstructed
Frame Buffer [
Reconstructed image

Prediction information

Fig. 1-1 Opverall architecture of H.264/AVC

1.3. Introduction of H.264/AV.C Scalable Extension (SVC)

To satisfy the application diversities, the SVC can achieve image resolution, frame rate, and
bitrate adaptation by using the spatial, temporal and quality scalability. The spatial scalability
1s aimed at by coding several different image resolutions and the temporal scalability is
achieved by hierarchical B frame concept. For quality scalability, two approaches called
coarse grain scalability (CGS) and medium grain scalability (MGS) have been adopted to
support the bitrate adaptation. However, as mentioned early that the SVC is an extension of
H.264/AVC. The SVC inherits all computational modules from H.264/AVC including its
coding efficiency as well as coding complexity. Fig. 1-2 exhibits an overall architecture of
SVC with three spatial layers. However, the detailed explanations for SVC can be found in
[11]. To achieve H.264/AVC compatibility, the SVC spatial base layer is completely
composited of all H.264/AVC computations and therefore the SVC spatial base layer is also
called H.264/AVC bitstream. However, to fully exploit the relationship between successive

spatial layers, the SVC additional supports Inter-layer prediction (ILM) to achieve better rate



distortion performance. The operation of SVC is briefly described as follows. At the begging,
the higher resolution input image is scaled down into several lower resolution images
depending on how many spatial layers that the application needed. Afterwards, the lowest
resolution image is firs encoded by H.264/AVC compatible SVC encoder to generate the
bitstream of SVC spatial base layer. Once all MBs have been encoded in spatial base layer,
the fine resolution image is encoded by SVC spatial enhancement layer coding approach.
Similar to the operations defined in H.264/AVC, the SVC spatial enhancement layer coding
approach executes all operations specified in H.264/AVC except the additional operations of
Inter-layer predictions and all operations required for generating quality scalability. To
support Inter-layer prediction in SVC enhancement layer, some information including texture,
motion information, and residuals are scaled up to the target size according to the image
resolution ratio between two consecutive spatial layers. In general, the dyadic spatial layer
relationship is commonly used due to_its implementation simplicity. However, for non-dyadic
spatial layer relationship situation, the extended spatial scalability (ESS) [12] should be
applied to derive the spatial layer relationship with the expense of complex computations.
Once all required images have been successfully encoded, a multiplexer is used to pack all

generated bitstreams from different spatial layers to derive a single SVC bitstream.
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Fig. 1-2 Overall architecture of SVC with three spatial layers

1.4.

7

Analysis for H.264/AVC and Its Scalable Extension

SVC bitstream

In this subsection, we will first analyze the computational complexity and data access
bandwidth requirements for H.264/AVC and SVC encoders and try to find out the most

computation and data access intensive parts which dominate the overall video coding system



performance. If the system performance dominating parts can be found, we can use as much

as effort to optimize them and thus to increase the video coding system performance.

1.4.1 Computational Complexity Analysis for H.264/AVC
As mentioned above that the H.264/AVC is organized by the hybrid motion compensated
DCT encoding scheme. Therefore, the main functions can be classified as motion estimation
(ME), motion compensation (MC), transform and inverse transform (DCT7/IDCT),
quantization and inverse quantization (Q/IQ), entropy coding (Entropy), interpolation for
fractional motion estimation (/nterpolation), rate control (RC), reconstruction (REC), and
other terms such intra prediction (Other). Fig. 1-3 shows the CPU occupancy of H.264/AVC
main functions [13]. From this figure, we can observe that the ME and MC occupy 41% of
CPU usage in total. However, since .thew ‘Interpolation is also used during the motion
estimation process to derive the: fractional motion estimation results, the portion of
Interpolation should be also included into ME-and MC. Therefore, the total portion of 54% is

occupied by the ME, MC, and Interpolation.
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Fig. 1-3 CPU occupancy of H.264/AVC main function



1.4.2 Memory Access Requirement Analysis for H.264/AVC
Fig. 1-4 exhibits the memory access requirements of H.264/AVC [14]. From this figure, it can
be seen that the /ME part dominates up to 77.54% memory access bandwidth. However, if the

FME part is further included, up to 98.51% memory access bandwidth will be occupied by the

Inter prediction.
Entropy Coding Pre-deblocking
0.03% 3.06%
Intra and
Reconstruction
1.01%

Memory access of H.264/AV

Fig. 1-4 Memory access occupation of H.264/AVC
From the above analyses, we can conclude that the Inter prediction including /ME and FME
is the system performance dominating part. Therefore, we can put a lot of efforts on
optimizing the performance of Inter prediction to improve the overall video coding system

performance.

1.43 Memory Access Requirement Analysis for SVC
Fig. 1-5 shows the percentage of external memory bandwidth requirements of SVC analyzed
in [15]. In this figure, the components of all operations are roughly classified into
Pre-deblocking filter, Entropy coding, Intra and Reconstruction, and Inter and Inter-layer
prediction parts. From this figure, it can be seen that the Inter and Inter-layer prediction part

occupies more than 67% of external memory access in SVC.
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1.4.4 Problem Statement
As analyzed before that the most computation and memory access intensive portions of
overall video coding system are the:Inter prediction parts including IME and FME. However,
with the rapid demands of high~ definition =TV, the problem of video coding system
performance will be getting bad since much more video data need to be processed.
Fortunately, thanks the advancing of VLSI technology, the computation speed can be
increased significantly and thus lighten the coding speed problem. Fig. 1-6 reveals the CPU
performance improvement year by year. From this figure, it is very obvious that the CPU
performance is linearly improved year by year. This performance improvement of CPU
implies that the computation will be the problem no more since we can use the devices with
higher computation speed to accelerate the computation and thus increase the overall video
coding system performance. However, unfortunately, the memory performance improvement
seems not good sufficiently as Fig. 1-6 shown. From this figure, we can find that the memory
performance improve is increased very slightly year by year due to the growth of memory
spaces to support data intensive applications. Fig. 1-7 shows the memory bandwidth

requirements of motion estimation part for different resolution video sequences. The
10



horizontal axis indicates the frame resolution and the numbers inside the brackets are the
search range size. In addition, the vertical axis is the memory bandwidth requirements in the
unit of mega bytes per second. This figure is resulted by using 30fps frame rate and Level C
data reuse full search motion estimation scheme [16]. From this figure, it can be seen that the
memory bandwidth requirements of motion estimation are significantly grew up with the
increase of frame resolution.

100,000

10,000

1000

Performance

100

10

Year
© 2003 Elsavier Science (LISA). All rights reserved.

Fig. 1-6 CPU and memory performance gap comparison
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Fig. 1-7 Memory bandwidth requirements of different video resolution

From above analyses, we know that the memory performance hasn't been improved
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efficiently and the memory bandwidth requirements have been increased significantly.
Therefore, although the computation speed improvement can release the burdens of heavy
computations of video coding system, the intensive memory bandwidth issue will finally
become the most critical part in video coding system and thus significant affect the overall
video coding performance. Therefore, this dissertation pays the most attentions on the
memory bandwidth issues. In addition, some optimization techniques are also proposed in this

dissertation to further improve the coding speed of video coding systems.

1.5. Organization of this Dissertation

This dissertation is organized as follows. In Chapter 2, we propose a rate distortion bandwidth
efficient motion estimation algorithm to solve the intensive data access problem of motion
estimation. In addition, a bandwidth .aware motion estimation algorithm is also proposed in
this chapter to efficiently allocate the memory bandwidth for motion estimation according to
the available bandwidth constraints. For SVC; some data efficient Inter-layer prediction
algorithms have been proposed in Chapter 3 to increase the data reusability between spatial
layers and thus increase the SVC system performance. In Chapter 4, a mode pre-selection
algorithm is proposed to skip the potentially ignorable prediction modes before entering the
fractional motion estimation so that the heavy computational complexity of fractional motion
estimation can be released. In addition, to further increase the motion estimation performance,
a search range adjust algorithm and search range aspect ratio decision algorithm with
considering both of IME and FME information is proposed in Chapter 5 to improve the
coding performance of motion estimation. Finally, some conclusions and future works are

given in Chapter 6.
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Chapter 2

RD Bandwidth Efficient Motion
Estimation and Its Hardware Design
with On-Demand Data Access
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2.1. Introduction

Motion estimation (ME) not only contributes to the most of coding efficiency but also is the
most computational intensive as well as data bandwidth intensive component in modern video
encoding design [9]. ME finds out the best matching block by matching its current coding
macroblock (MB) (a block with 16x16 pixels) with search candidates within the search range.
A direct approach called full search, which searches all candidates, has been widely used in
hardware implementations [17] due to its simplicity and regularity. With its regularity, it is
easy to fully reuse the overlapped search range data between different searches [16] to reduce
the required access and several hardware architectures were proposed in [18]-[20] to take the
advantages of search range data overlapping. However, the bandwidth requirement is still
high due to its content independent data loading. Other approaches like fast ME algorithms
[21]-[27] can reduce the computational complexity but they do not help a lot to reduce the
required bandwidth for irregular search pattern.

To deal with data bandwidth problem, works in [28]-[33] proposed various efficient ME
architectures to reduce data bandwidth requirements. In [28], the authors proposed a modified
MB processing order to further increase the data reuse of Level C data reuse scheme [30]. For
multiple reference frames motion estimation in H.264, [29] proposed a single reference frame
multiple current macroblocks (MBs) scheme to reuse the reference data. An alternative
direction to reduce the data bandwidth requirement was introduced in [30], [31] by decreasing
the size of search range centered at the motion vector predictor (MVP). In [30], the authors
efficiently selected the search area to reduce the data bandwidth requirement by tracing the
motion vectors. [31] used a two-step windowing approach to dynamically decide whether to
load more reference data for motion estimation. In hardware design, [32], [33] proposed the
hardware architectures to reduce the memory bandwidth overhead by adopting the binary

motion estimation mechanism which executed the matching process on the generated bit map
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instead of on the pixels. However, these works still require large and constant bandwidth
support from a system because of the adopted full search algorithm. Large bandwidth
requirement increases the cost as well as power consumption. Besides, assumption of constant
bandwidth support is not practical for a modern complex system-on-a-chip due to high
varieties of processing tasks. In addition, they do not consider how to efficiently use the
available bandwidth or adapt the search process according to available bandwidth, which
would be vital to portable video applications like video phones due to costly DRAM power
consumption. As a result, above bandwidth policy implies two consequences: either over
design to meet the demands or design unchanged with insufficient bandwidth supply that
results in quality degradation or coding time increase.

To solve above problems without the side effects, this paper presents an on-demand data
access efficient ME and its hardware realization under the rate distortion (RD) framework.
Based on the introduced bandwidth-rate-distortion model, the proposed approach can
minimize and predict the data bandwidth requirement, and access required data on demand
while maximizes the rate-distortion performance within available bandwidth constraint. The
on-demand data access can reduce the unnecessary data access and thus minimize the search
range buffer. The simulation results show that the proposed algorithm can effectively allocate
and reduce the required data bandwidth with negligible quality loss. Such efficiency also
brings the low cost benefits for the resulted hardware implementation for its smaller search
range buffer than other designs.

The organization of this section is as follows. Section II first briefly reviews the previous
work and modeling the memory bandwidth of ME. Section III presents the proposed
bandwidth aware ME algorithm and the simulation results are shown in Section IV. The
hardware design and its implementation results are exhibited in Section V to demonstrate the

efficiency of our proposal. Finally, a conclusion is given in Section VI.
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2.2. Data Bandwidth Modeling for ME

2.2.1. Search Algorithms and Its Memory Bandwidth Modeling
In ME search algorithms, the full search ME loads all pixels inside the search area from
external memory to find out the best matching MB by exhaustively checking every candidate
position. The data bandwidth per frame for full search ME (DBps) can be calculated as

follows.
DBrs = [(SRy X 2 +16) X (SRy X 2 + 16)] X #MBsgrqme
(2-1)
where SRy and SRy indicate the search range in the vertical and horizontal direction, r
espectively and #MBSpame refers to the number of MBs per frame.

Due to the high computational complexity and data access of full search ME, several fast
algorithms [21]-[24] tried to reduce the number of candidate positions instead of exhaustive
checking to decrease the computational complexity of full search ME and thus lessen the
bandwidth requirements with less data to be loaded. However, these fast algorithms suffer
from the irregular data access and complex data access control and consequently result in the
difficulty of hardware realization and ill data reuse.

In addition to check point reduction approach, search range data can be reused to decrease
the bandwidth requirement since the adjacent MBs will share a large portion of overlapped
search range as shown in Fig. 2-1. A systematic analysis for data reuse in full search algorithm
has been proposed in [28]. In which the Level C data reuse scheme as shown in Fig. 2-1 is
widely used for ME design due to its high data reuse property. Hence, the data bandwidth per

MB for full search with Level C reuse (DBFs reveic) can be computed as follows.

DB - {(SRV X2+16) X (SRy X2+ 16)...... VMB € left most MB column
FSLevelC = |(SRy X 2 4+ 16) X 16 ... .. ..o cee vev e oo. ... Other MBs

(2-2)

For an example with QCIF image format and +8 search range, the data bandwidth
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requirements are 33Kbytes and 99Kbytes per frame for full search with and without Level C
data reuse, respectively. Although full search with data reuse scheme can greatly reduce the
bandwidth requirements for ME, it still needs high bandwidth requirements in case of large
search window, which could occur in large size video. Besides, the search range for full
search in hardware implementation is usually larger than other algorithms to keep the quality
since hardware regularity forces its search center at (0, 0) instead of motion vector predictor
[34]. For an example of 480p frame size, the bandwidth will be 3849.19 Kbytes per frame if
the search range of 64 is used.

Non-overlapped area
Search area of MB; One MB wide
A

S aat
Search area of MB,

Fig. 2-1 Illustrationof data reuse scheme for ME

2.2.2. Nearest Neighbours Search Algorithm and Its Bandwidth Modeling
To gain the benefits both from data reuse scheme and search range size reduction with MVP,
this paper adopts nearest neighbours (NN) ME [35] for its highly data reuse in consecutive
search and small search range due to MVP.

Fig. 2-2 shows the concept of nearest neighbours algorithm. It first calculates the MVP for
search process and the Sum of Absolute Differences (SAD) of five positions centered at MVP
(labeled by 1). If the minimum SAD is located at center position, the search operation is
finished and the coordinate of center position is set as motion vector of current coding MB.
Otherwise, the position with minimum SAD is set as the search center and another three
positions labeled by 2 are checked. This operation is repeated until the position with minimum
SAD is located at center or the search boundary is reached.

17



With above operations, Fig. 2-3 shows the data overlapping cases for different nearest
neighbours search results. In this figure, the lighter pixels indicate the overlapped area and the
dark pixel row or column is referred to the additional pixels to be loaded. From this figure, we
can observe that there is a large portion of data overlapping between any two adjacent search
positions, which leads to highly regular data reuse for hardware implementation. Therefore,
by adopting nearest neighbours search pattern, only one extra column or row of pixels have to

be loaded for search process.
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Fig. 2-2 Example of nearest neighbours search algorithm
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Fig. 2-3 Data overlapping for different nearest neighbours search results

The bandwidth requirements of nearest neighbours pattern are analyzed as follows. In the
first step, 18%18 reference pixels for first five search points should be loaded from external
memory to evaluate the SADs. If the minimum SAD is located at the center position, no more
pixels are needed from external memory. Otherwise, 18 additional pixels are needed to be
loaded from external memory for evaluation, if the position with minimum SAD is located at
any one of four corner positions. Therefore, the data bandwidth per MB of nearest neighbours
search pattern (DByy) can be formulated as follows.

DByy = (18 X 18) +n x 18

(2-3)
18



where /8% 18 indicates the required pixels for computing the SADs for first five positions and
the n is the remaining steps to search the best result. With this, we can model the data
requirements of nearest neighbours search pattern with step n. With step n, the data

requirement for ME can be adjusted freely for different quality.

2.3. Proposed Framework

2.3.1. RD Bandwidth Modeling for Video Contents and Search Steps

The SAD is commonly used as similarity measurement in ME process due to its
computational simplicity, but failed to consider the coding rate brought by motion vector
encoding. Therefore, the commonly used Rate-Distortion cost (RDCost) is adopted in this
paper and can be calculated as follows.

RDCost(MV, Ayorion) = SAD(S, c(MV)) + AmorionR(MV — MV P)

(2-4)
where Aypiion indicates the Lagrange multiplier and the term R(MV-MVP) represents the
number of bits for coding the motion vector difference between the motion vector (MV) and
the predicted motion vector. Through the adoption of RDCost, the best rate-distortion
performance can be achieved.

Fig. 2-4 shows the relationship between the rate distortion performance improvement and
search steps of the nearest neighbours search. In which the vertical axis is the percentage of
RDCost improvement and the horizontal axis is the steps of n in nearest neighbours pattern
ME. This simulation uses JM11 reference software [36], quantization parameter (QP) with 28,
+16 search range and only 16x16 block size for simplicity. The mechanism of variable block
size is not included for simplicity due to the SADs of other small block size can be obtained
from the data of 16x16 block size in SAD tree based hardware realization, and it will not

affect the data bandwidth. Thus, the RDCost improvement can be derived as follows.
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RDCost, — RDCost,
) x 100

ARDCost,, = ( RDCost
0

(2-5)
where RDCosty and RDCost, indicate the RDCosts after the first and n+1 steps search of
nearest neighbours search, respectively. From these figures we can observe that the ARDCost
is increased significantly in the first few steps. However, the ARDCost is increased slightly
after more steps. For example, for the Akiyo sequence in Fig. 2-4(a), the ARDCost would be
stable after three steps. For Football sequence in Fig. 2-4(b), sixteen steps are required for the
ARDCost stabilization. Therefore, it is unnecessary to search too many steps since the
improvement would be negligible after checking certain number of steps. Meanwhile, this
also helps to save the data bandwidth requirement if the required steps can be properly
predicted.

From Fig. 2-4, we can obtain three.properties. First, the convergence speed of the sequence
is content dependent. For example, the high motion sequence such as Football has slower
convergence speed than the slow motion sequence such as Akiyo. This property mainly comes
from that the high motion sequence needs more search steps to find out the best result. The
second property is that the magnitude of ARDCost is also content dependent. For instance, the
ARDCost of Akiyo sequence is smaller than that of the Football sequence since most MVs in
low motion sequence have their best MV highly around the MVP. The last property is that the
magnitude of RDCost significant influences the ARDCost convergence speed. That is, the
sequences with smaller RDCost like Akiyo would have faster ARDCost convergence speed
than the sequences with larger RDCost like Football.

By combining three above properties, we can use the RDCost and ARDCost of the first few
steps to predict the data bandwidth requirement of ME process while maintain best rate
distortion performance. Therefore, the convergence speed influenced by ARDCost can be

modeled by the following equation.
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ARDCostimprovea = @ X exp [(ARDCost, — ARDCost;) X f]

(2-6)
where o is RDCost controlling factor which is related to initial RDCost and defined by
Eq.(2-7) and the f stands for the bandwidth adjustment factor to achieve trade-off between
rate distortion performance and data bandwidth requirements. That is, the larger the f is, the
less the data bandwidth is necessary. Oppositely, the larger f also results in more rate
distortion performance degradation. The £ is set to 0.1 in this paper empirically to achieve
best trade-off.

Furthermore, since different RDCost magnitude might result in different convergence speed
as mentioned in the last property, the RDCost, is used to derive the factor of a by following
equation.

a.='RDCosty, Xy

(2-7)
The y 1s set to 0.001 empirically:. Therefore, through Eq.(2-6), the relationship between
RDCost improvement and search steps can be described and its fitting results are shown as the
curve labeled with “Model” in Fig. 2-4. Finally, the steps needed for executing nearest
neighbours search while keeping acceptable rate distortion performance degradation can be
decided by the following equation by considering the maximum allowed search range size.

n = ARDCostimprovea X SRyax

(2-8)
where SRy, indicates the maximum size of search range. After the step number n has been
estimated by Eq.(2-8), the allocated data bandwidth for current MB (DB 4iiocatea ms i) can be
obtained as follows.

DBuiiocatea mp_i =1 X 18
(2-9)

In summary, we can model the relationship of rate distortion performance and bandwidth
21



by the search steps, initial RDCost and subsequent RDCost improvement according to (2-6).
These two RDCost terms faithfully reflect the characteristics of video content. By this
modeling, we can further determine the optimal steps to maximize the rate distortion
performance under bandwidth constraints.

However, it is worth to mention that any other fast algorithm can also be used in the
optimization framework of this paper if it satisfies the property of highly data reuse in its
consecutive search, such as Full search, Logarithmic search [37], and One-at-a-time search
[38]. To fit different kinds of search algorithms, Eq.(2-3) and Eq.(2-6)-(2-9) should be really
remodeled. For example, the one-at-a-time search algorithm checks three candidates in the
first step so that 16x18 pixels are loaded from external memory. For each search candidate, 16
pixels in average are demanded to be loaded for cost evaluation. Therefore, Eq.(2-3) can be
rewritten as (16x18)+nx16 and Eq.(2:6)-(2-9) should be remodeled. The modeling of
Eq.(2-6)-(2-9) can be done by a curve fitting tool once the relationship between rate distortion

cost and search step is derived.

2.3.22. Proposed Bandwidth Aware ME Algorithm
Fig. 2-5 shows the flow chart of proposed bandwidth aware ME algorithm. It operates as
follows. First we initialize the available bandwidth for current frame. Then, we execute
nearest neighbours search for the step0, stepl, and step2 to obtain ARDCost; and ARDCost;.
If the minimum RDCost 1s located at center position, the search process is finished. Otherwise,
the ARDCost; and ARDCost; from previous steps are used to calculate the corresponding data
bandwidth requirement of current MB. Afterwards, more steps are applied to search the best
result according to the allocated data bandwidth. After finding the best result, the available
data bandwidth pool is updated for further usage. The details of proposed algorithm are

described as follows.
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Fig. 2-5 Flowchart of proposed:bandwidth aware ME algorithm
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2.3.2.1. Bandwidth Initialization

In the first step, the total data bandwidth (DB7,,,;) for a certain encoding period is calculated
by considering the available system bandwidth as follows.

Bus

B
DBTOtal = FR

X GOP

(2-10)

DByseq = 0
(2-11)
where BWp,, is the data transmission rate (Bytes/Second) of bus, FR indicates the frame rate,
and the DBy;.q indicates the used data bandwidth. In this paper the certain encoding period is
defined as the group of pictures (GOP) and GOP refers to the number of frames per coding
group. This total data bandwidth, DBy, stands for the available bandwidth per GOP.

However, the available bandwidth for ME should subtract the bandwidth requirements for
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basic quality coding. Thus, the available data bandwidth (DB 44iiap.) should be as follows.
DBuyaitavie = DBrotai — DBpasic
(2-12)
where DBp,. is the necessary data bandwidth requirements for step(, I, and 2 in nearest
neighbours search algorithm and can be calculated by Eq. (2-3) so that DBpu. =

(18x18)+2x18 = 360 bytes.

2.3.2.2. Bandwidth Allocation for Current MB

After initialization step, the data bandwidth usage, DB, ;, for current MB i is allocated as

follows.
DBAvailable - DBUsed
{DBAllocated_MB_i lf DBAllocated_MB_i < MB
DB . Remained
MBL = DByaitapie — DB
Available Used .
e e nie Otherwise
MBRemained

(2-13)
where DB yiipcarea mp i Stands for the allocated data bandwidth for current i-th MB by Eq.
(2-6~2-9) and the MBgremainea 18 the number of un-encoded MBs. In this allocation, the
allocated bandwidth by Eq. (2-9) will be adopted only if the allocated bandwidth is smaller
than average remaining data bandwidth per MB. Otherwise, the data bandwidth usage is
restricted to average remaining data bandwidth per MB. By this restriction, the problem of
over allocation can be avoided. After bandwidth allocation for current MB, the allocated
bandwidth should be converted to the corresponding steps in nearest neighbours ME

algorithm. The allocated steps can be calculated as follows.

(2-14)
For the following step, the nearest neighbours search method is applied according to the

allocated steps.
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2.3.2.3. Data Bandwidth Update

The allocated data bandwidth might not be fully reused due to early termination condition of
the search algorithm. Thus, the unused bandwidth can be recycled for further use. Therefore,
an additional data bandwidth update stage should be added into the whole system. The data

bandwidth update operations are as follows.

i—-1
DBysea = z DBUsed_MB_j

7=0
(2-15)
DBremaineamb_i = DBup_i = DBysea_mp_i
(2-16)
DBuyaitavie = DBavaitavie + DBremainea mB_i
(2-17)

where DBRremainea mp i Tefers to the remained data bandwidth for current MB i and DBysea ms i

is used data bandwidth after executing nearest neighbours search.
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2.4. Simulation Results

Table 2-1 and Table 2-II show the simulation environment settings and test sequences. This
simulation uses two scenarios to demonstrate the efficiency of our proposed algorithm. One
scenario is to show the data bandwidth savings without data bandwidth constraint. In this
scenario, we use the search range to represent BWp,, for simplicity and compare with the full
search with Level C data reuse scheme since it can achieve the highest data reuse
[27],[39],[40]. Another scenario is to demonstrate the rate distortion performance under the
data bandwidth constraint. This scenario compares three algorithms including full search (FS),
nearest neighbours (NN) [35], and block-based gradient descent search algorithm (BBGS) [41]
under the data bandwidth constraints of 20Kbytes and 38Kbytes for CIF sequences and

385Kbytes and 765Kbytes for 1080p sequences.

Table 2-1 Environment settings for simulation
Platform IMI1
Frame structure IPPPP....
Frames to be encoded 300 for CIF and 4CIF, 100 for 1080p
Frame rate 301fps
Frame resolution CIF, 4CIF, and 1080p
Quantization Parameter (QP) 8, 18,28, 32,38
Group of Picture (GOP) 16
Entropy coding CABAC
Rate Distortion Optimization (RDO) Simple
Table 2-11 Brief content description for test video sequences
Motion behavior | Size Sequence Property
Sunflower Complex texture in background and slow moving in object
1080p
Rush hour
Slow motion Mother Daughter Quiescent motion in background and slow motion in moving
CIF & . .
ACIF (MD)., Hall, City, objects
Akiyo, News
Tractor Median motion in background and high motion in moving object
1080p Station2 Zoom out motion in all scene
Riverbed Monotonic texture in all scene
Median motion CIF Table tennis Median motion in contents with scene changes
Mobile Complex texture and different motion direction
CIF & - -
4CIF Foreman Zoom in and zoom out motion
Coastguard Median motion in background and moving objects
1080p Blue sk'y High motion in all scene
High motion Pedestrian, . L . .
CIF & Soccer, Stefan High motion in moving objects
4CIF Football,
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Fig. 2-6 demonstrates the efficiency of bandwidth allocation for our method. For low
motion Akiyo sequence in Fig. 2-6(a), the variation of allocated bandwidth is small, only
0.5Kbytes, for each frame. However, the variation of allocated bandwidth becomes larger for
medium and high motion sequences. For example in Table tennis sequence, more bandwidth
has been allocated to the scene change frame (frame index 131) to satisfy the demands of
motion search.

Table 2-III to Table 2-V show the comparisons of Peak Signal-to-Noise Ratio (PSNR),
bitrate and consumed data bandwidth with search range £16 and +32 for CIF resolution, £64
for 4CIF resolution and 128 for 1080p resolution. The MVP is adopted as the prediction
center for simulations of all algorithms. The data bandwidth here only considers the data
amount accessed from external memory. The effect of DRAM latency will be discussed in the
next Section. The result shows that the ‘proposed algorithm consumes 18.00% less data
bandwidth for the search range +16:case. The saving becomes larger, 61.58% and 78.82%, for
larger search range (search range £32 for CIF) and larger frame size (search range +64 for
4CIF) respectively. The bandwidth saving is also content dependent: more saving in low
motion sequences and less saving in high motion sequences due to different allocated search
steps. Above results show that the proper data bandwidth requirement can be dynamically
allocated for different video content through our proposed algorithm. With less consumed data
bandwidth, the PSNR degradation of our proposed algorithm is only 0.12dB for all search
range size in maximum, with only 0.37% bitrate increase on average. As a result, the proposed
algorithm can efficiently predict the suitable data bandwidth requirements for ME and thus

result in less rate distortion performance degradation.
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Table 2-1I  Comparison of average PSNR without bandwidth constraint
CIF 4CIF
Sequences SR: £16 SR: £32 Sequences SR: +64
FS Pro. | A(dB) FS Pro. | A(dB) FS Pro. | A(dB)
Akiyo 41.44 41.42 -0.02 41.44 41.42 -0.02 Akiyo 44.02 43.99 -0.03
Coastguard | 37.54 37.54 -0.00 37.54 37.54 -0.00 City 38.20 38.19 -0.01
Football 38.75 38.78 +0.03 38.74 38.76 +0.03 |Coastguard| 40.04 40.03 -0.01
Foreman 38.76 38.74 -0.02 38.76 38.74 -0.02 Football 41.33 41.38 +0.05
Mobile 38.31 38.19 -0.12 38.19 38.19 -0.00 Foreman 41.43 41.41 -0.02
MD 42.01 41.99 -0.02 42.00 41.99 -0.01 Hall 42.39 42.38 -0.02
News 41.21 | 41.20 | -0.01 41.21 41.20 -0.01 Mobile 38.90 38.89 -0.01
Table tennis | 38.33 | 38.32 | -0.01 38.34 38.32 -0.01 News 42,51 42.54 +0.03
Table 2-V ~ Comparison of average bitrate without bandwidth constraint
CIF 4CIF
Sequences SR: +16 SR: £32 Sequences SR: +64
FS Pro. A (%) FS Pro. A (%) FS Pro. A (%)
Akiyo 550.67 550.53 -0.03 550.67 550.53 -0.03 Akiyo 1380.74 | 1379.57 -0.08
Coastguard | 2988.49 | 2985.74 -0.09 2987.58 | 2985.75 -0.06 City 10840.42 | 10741.38 -0.91
Football 3349.39 | 3410.22 +1.82 3330.66 | 3389.97 | +1.78 | Coastguard | 6915.81 | 6919.85 +0.06
Foreman | 2311.85 | 2324.39 +0.54 2311.89 | 2323.88 | +0.52 Football 7106.68 | 7284.16 +2.50
Mobile 5091.61 | 5072.55 -0.37 5099.20 | 5073.05 -0.51 Foreman 5380.74 | 5459.90 +1.47
MD 135534 | 1356.12 +0.06 1355.10 1355.71 | +0.04 Hall 5460.56 | 5453.84 -0.12
News 1125.50 | 1126.60 +0.10 1125755 1126.65 | +0.10 Mobile 9431.67 | 9424.50 -0.08
Table tennis | 2006.60 | 2025.80 +0.96 200739 | 2026.84 | +0.97 News 2319.75 | 2326.26 +0.28
Average 2347.43 | 2356.49 +0.37 2346.01 | 2354.05 | +0.35 Average 6104.55 | 6123.68 +0.39
Table 2-V Comparison of data bandwidth saving
Sequences CIF Sequences 4CIK
SR: £16 SR: £32 SR: +64
Akiyo 22.19% 63.55% Akiyo 80.24%
Coastguard 17.69% 61.44% City 79.05%
Football 10.18% 57.94% Coastguard 78.91%
Foreman 15.92% 60.55% Football 75.48%
Mobile 16.26% 60.77% Foreman 77.99%
MD 20.61% 62.81% Hall 79.79%
News 21.39% 63.16% Mobile 79.17%
Table tennis 19.78% 62.41% News 79.96%
Average 18.00% 61.58% Average 78.82%

Table 2-VI to Table 2-VIII show the BD-PSNR and BD-Bitrate comparisons for low,

median and high motion sequences under different data bandwidth constraint. All these results

are relative to the results of the FS algorithm. In our simulation, the total data bandwidth is

evenly distributed to each MB in FS, NN, and BBGS motion estimation algorithms and is

dynamically allocated to each MB in our proposed algorithm. For low motion sequences, the

rate distortion performance of our proposed algorithm is near the same as FS since the best

MYV can be easily found near MVP from a limited data bandwidth support. For median motion
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sequences, the BD-PSNRs of our proposed algorithm become better than FS algorithm and
the BD-Bitrates of some sequences are decreased. In Table 2-VII, we can observe that the
BD-Bitrate saving of Station? sequence is much higher than other sequences since this
sequence has zoom out motion over entire frame. As a result, the data bandwidth requirement
of MBs is different from the others due to the MBs in the outer have higher motion than the
MBs in the center. Our proposed algorithm can detect such variation and allocate suitable
amounts of data bandwidth to each MB. For high motion sequences in Table 2-VIII, the
BD-PSNR and BD-Bitrate of our proposed algorithm are much better than FS algorithm due
to better detection of data bandwidth requirement of each MB. The BD-Bitrate saving of our
proposed algorithm can achieve up to 7.143% for Stefan sequence in maximum and 2.44% in
average for all high motion sequences. In summary, our proposed algorithm has higher
performance in high motion sequences which are also the hardest sequences to deal with.

Fig. 2-7 to Fig. 2-9 show the frame by frame bitrate usage of different algorithms. This
simulation condition is the same- as previous one but with unevenly distributed data
bandwidth to each MB. This condition is to simulate the traditional ME design with fixed and
pre-allocated bandwidth. In that condition, the ME design has fixed search range and expects
the search range data arrival in time for computation. However, if the real allocated bandwidth
1s lower than expected due to bandwidth competition from other devices, the operations of
motion estimation will be skipped and the intra mode will be selected as best prediction mode
when the allocated data bandwidth has run out. For the bandwidth usage, the simulation
shows that both of FS and our proposed algorithm would use up all the available bandwidth
but the BBGS and NN algorithm wouldn’t. The PSNR results are similar to the previous one
but with quite different bit rate. The result shows that the bitrate usage of the proposed
algorithm is much less than those in other algorithms due to fewer intra block coding. This
proves that our algorithm can properly allocate bandwidth to MBs according to their content

and use up the available bandwidth but never exceed the budget to support ME operations.
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Table 2-VI  Comparison of BD-PSNR and BD-Bitrate for low motion sequences
Image BD-PSNR (dB) BD-Bitrate (%)

sizg DBy Sequence NN BBGS | Proposed NN BBGS | Proposed

385KB Sunflower -0.032 -0.025 +0.097 +0.550 +0.386 -0.832

1080p Rush hour -0.049 -0.033 +0.034 +0.916 +0.615 -1.467

765KB Sunflower -0.001 -0.001 +0.016 +0.020 +0.026 -0.294

Rush hour -0.006 -0.006 +0.021 +0.046 +0.046 -0.669

Akiyo -0.013 -0.044 -0.002 +0.276 +1.046 +0.021

20KB News -0.031 -0.051 -0.014 +0.825 +1.421 +0.743

CIF MD -0.030 -0.051 -0.027 +0.626 +1.030 +0.287

Akiyo -0.011 -0.035 -0.001 +0.298 +0.877 +0.022

38KB News -0.023 -0.056 +0.003 +0.452 +1.129 -0.057

MD -0.040 -0.063 -0.010 +1.109 +1.739 +0.259

Table 2-VII  Comparison of BD-PSNR and BD-Bitrate for median motion sequences
Image BD-PSNR (dB) BD-Bitrate (%)

sizeg DBroa Sequence NN BBGS | Proposed NN BBGS | Proposed

Tractor -0.029 -0.016 +0.007 +0.439 +0.244 -0.144

385KB Station2 -0.243 -0.145 +0.069 +4.586 +2.902 -1.467

1080p Riverbed -0.002 -0.003 -0.002 +0.009 +0.020 +0.021

Tractor -0.001 -0.001 +0.004 +0.006 +0.006 -0.068

765KB Station2 -0.031 -0.031 +0.129 +0.454 +0.454 -2.048

Riverbed -0.000 -0.000 +0.001 +0.005 +0.005 -0.017

Table tennis -0.128 -0.164 -0.100 +2.680 +3.337 +2.053

20KB Mobile -0.000 -0.039 +0.019 +0.024 +0.605 -0.248

Foreman -0.182 -0:106 +0.043 +3.670 +2.222 +0.839

CIF Coastguard -0.005 -0.038 +0.010 -0.027 +0.631 -0.156

Table tennis -0.113 -0.139 -0.051 +2.287 +2.817 +1.046

35KB Mobile +0.019 -0:018 +0.000 -0.247 +0.318 +0.009

Foreman -0.293 -0.159 +0.021 +6.304 +3.268 -0.514

Coastguard +0.004 -0.029 +0.024 -0.052 +0.595 -0.494

Table 2-VIII Comparison of BD-PSNR and BD-Bitrate for high motion sequences

Image DB Sequence BD-PSNR (dB) BD-Bitrate (%)

size = q NN BBGS | Proposed | NN BBGS | Proposed

185K Bluc sky 20449 | -0.151 | +0.035 | +6.669 | +2.235 | -0.439

1080 Pedestrian 0017 | -0016 | +0.146 | +0316 | +0273 | -2.707

6SKEB Blue sky 20.027 | -0.027 | 40079 | +0361 | +0361 | -1.509

Pedestrian 20.004 | -0.004 | +0.033 | +0.055 | +0.055 | -0.645

Football 20203 | -0.126 | +0.038 | +3.011 | +1.853 | -0.631

20KB Soccer 20215 | -0.150 | +0.105 | +3.929 | +2.689 | -1.880

CIF Stefan 20152 | -0.153 | 10544 | +2.161 | +2.143 | -7.143

Football 20149 | -0.061 | +0.085 | 42220 | 40927 | -1.295

38KB Soccer 20209 | -0.112 | +0.086 | +3.760 | +2.090 | -1.517

Stefan 20.085 | -0.067 | 40516 | +1.158 | 40876 | -6.599
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2.5. Proposed Architecture

Fig. 2-10 shows the proposed architecture and its operation is described as follows. First, the
current pixels and 22x22 reference pixels will be respectively loaded into Current buffer and
Reference buffer through the help of Memory controller. Here, the scheduling policy of
Memory controller is first-in-first-serve so that the requests are processed in the request order.
Afterwards, the pixels stored in Current buffer and Reference buffer will be used to calculate
SADs through the SAD calculation module which will combine the motion vector costs
generated from MV cost generator to obtain rate distortion costs of RDCosty, RDCost;, and
RDCost,. In our design, the SAD calculation module is composed of 16 PE 4x4s(Fig. 2-11),
and each PE 4x4(Fig. 2-12(a)) computes the SAD value of a 4x4 block so that the SAD of
one candidate position can be generated per cycle. The rate distortion costs generated from
SAD calculation module are stored.in” RDCost buffer for the following usage. Once the
RDCosty, RDCost;, and RDCost, have been calculated, the modeled information of search
steps will be computed as Eq.(5) to"Eq.(9) by the Bandwidth modeling module and sent to
Bandwidth aware ME controller. Afterward, the Bandwidth aware ME controller will execute
the computations as Eq.(10) to Eq.(17) with the calculated search steps, and generate the
memory address to Memory Controller to load the required reference pixels for the following
search steps. Once the allocated bandwidth has been run out or the termination criterion of

nearest neighbours search has been met, the motion estimation search will be finished.

| External Memory |
—+—32

Memory gontroller —> Bandwidth aware ME controller

I S

CbL:Jr;err]t — SAD calculation Bandwidth
module RDCost -
Reference [ bufier modeling
buffer MV cost generator module

Bandwidth Aware Motion Estimation

Fig. 2-10 Architecture of proposed bandwidth aware ME
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2.5.1. Bandwidth Modeling Module Design

» SAD

The required search steps of our bandwidth aware ME is mainly computed by Eq.(2-5) to

Eq.(2-9). However, these equations need five multipliers, three dividers, three subtractions

and a look-up table to generate the corresponding search steps by a direct implementation

approach, which is too costly. Therefore, some approximations are applied to reduce the

hardware cost. First, the operation of ARDCost,; - ARDCost; is computed as in Eq.(2-18) so

that the subtractions can be reduced from three to two with an additional left-shift operation.

ARDCost = ARDCost, — ARDCost, = (

35
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DCost,

RDCost, — RDCosty; — 2RDCost,
) x 10

(2-18)



In addition, since the f is set to 0.1, the ARDCostipprovea can be rewritten as follows.
ARDCostimprovea = @ X exp (ARDCost X 0.1)
(2-19)
From Eq.(2-7), we observed that y is set to 0.001 empirically. However, we can rewrite

Eq.(2-7) as follows.

RDCost, Xy | ¥ = 0.001 1 RDCost,
= = . = — = —_—
® OSto 2V 1Y 1000 %~ " 1000

(2-20)
To reduce the hardware cost of division operation, the division operation of 1/1000 is simply
approximated by 1/1024 in our design. The benefit of this approximation is that experimental
results show that there is no rate distortion performance difference between the operations of
1/1000 and 1/1024 but the division operation of 1/1000 can be simply replaced by a right-shit
operator to reduce the hardware cost. (The results in Section IV already include this

approximation into simulation.) Finally, the ARDCost;,roves can be rewritten as follows.

RDCost, RDCost, — RDCost; — 2RDCost,
ARDCostimprovea = X exp [( ) X 10]

1024 RDCost,

(2-21)
Fig. 2-13 shows the architecture of our proposed Bandwidth modeling module. In which the
Exp. LUT module is a look-up table to implement the exponential operation, and it is
organized by 46 entries with 12 bits per each. With above approximation, the hardware cost
can be reduced significantly due to our proposed architecture only needs two multipliers, two
subtractions, one divider, three shifters, and a look-up table when compared to direct

implementation approach.

2.5.2.  Design of the On-demand Reference Buffer
Fig. 2-14 shows the design of the Reference buffer. In our reference buffer design, the rc_sel

signal is used to determine where a row of 22 pixels or a column of 22 pixels should be
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replaced in 22x22 Pixels buffer. In addition, the addr x and addr y signals play the role of
determining which 256 pixels should be selected to output for SAD calculation according to
ME search algorithm. Note that the size of Reference buffer is only 22x22 pixels which can
cover the first three steps and help the data reuse in the remaining steps. In addition, another
benefit of 22x22 buffer size is that the reference data loading request can be issued
simultaneously to memory controller to load future necessary reference data once the search
direction has been decided and SAD calculation module starts to compute SAD. As a result,
the stalled cycles can be eliminated.

Fig. 2-15 shows the mechanism of reference data updating for our Reference buffer. In our
Reference buffer design, we adopt the circular addressing mode so that the new loaded
reference data will be stored in most-top-row (Fig. 2-15(a)), most-bottom-row (Fig. 2-15(b)),
most-left-column (Fig. 2-15(c)), or most=right-column (Fig. 2-15(d)) registers depending on
the required search direction. Through this updating mechanism, only one row or column
reference data should be updated instead of overall reference data and consequently reducing
the power consumption for updating Reference buffer contents.

With above scheme, the required buffer size is independent of required search range. This
is quite different from other designs for fast algorithms [18],[19],[20],[32],[33] that load all
search range data into on-chip memory. However, a common issue for above scheme is the
DRAM access latency if the accessed data pattern is a column access as Fig. 2-3(b) and (c). If
these access data patterns are required, the DRAM access latencies will be increased due to
the required column of pixels are not stored continuously in DRAM. Therefore, the required
cycle counts to load the data will be analyzed in the following subsection with the

consideration of DRAM access latency.
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2.5.3. Timing Analysis with DRAM Access Latency
Fig. 2-16 shows the timing diagram of the proposed design. This timing diagram accurately
includes the necessary memory latency caused by DRAM access into the simulation
framework by adopting the Micron SDRAM model [42] in our design. In general, the DRAM
latency is mainly from the row miss.and pagemiss due to the cross page or cross row access
in a data access. Such misses in our algorithm could occur in the same step access or the
different step access if the required data are loeated in different pages or rows. Therefore, the
video data mapping in DRAM uses the nearly optimal data mapping proposed in [43] to gain
the benefit of high spatial locality of neighboring MBs to reduce the access penalty by row
miss or page miss. Fig. 2-17 shows the data mapping of our design. In which the luminance,
chrominance, and motion vector components of four adjacent MBs are grouped and stored at
the same memory row. With above data mapping, the external DRAM is interconnected to the
proposed ME module via a 32bits data bus so that four pixels can be loaded from external
memory per cycle. Thus, initial 22x22 reference data loading needs 241 cycles in average
according to the simulations. With these data, 11 cycles are needed to calculate the RDCosts
for five candidates at the first step and three candidates at the second and third step. Once the
RDCosts of step0, 1, and 2 have been calculated, 5 cycles are used to derive necessary search
steps and bandwidth for the following ME search. Finally, the nearest neighbours search is
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executed to obtain the best results according to the decided search steps n. It is worth to
mention that the required cycles for each step are only the external memory access cycles, 22
cycles in maximum under our operating frequency, since the SAD computation cycles are less
than external memory access cycles and thus these operations can be parallel executed.

Table 2-IX shows the memory bandwidth saving comparison per MB for our proposed
algorithm and Level C data reuse full search ME scheme. Both of memory access latencies
and data amounts are considered to derive the real memory bandwidth saving in this
simulation results. From this table, we observed that the memory bandwidth savings for
search range £16, 32, and +64 are 13.51%, 59.47%, and 77.43%, respectively. In contrast to
memory bandwidth saving listed in Table 2-V, we can observe 3% data bandwidth saving
difference on average caused by DRAM latency. For the high motion sequence, the memory
bandwidth saving of Football sequence is very different from the data bandwidth saving
analyzed in Table 2-V The reason is that the most of data accesses in the Football sequence
are tended to load a column of pixels for SAD calculation from external DRAM since it has
higher motion behavior in objects and moving in horizontal direction so that many search
steps are allocated in this direction. Unfortunately, the memory access cycles for a column of
pixels are much higher than a row of pixels in case of the same data access amounts, when
constrained by the external DRAM data mapping mechanism. Therefore, the memory
bandwidth saving of Football sequence is lower than other sequences and different from the
data bandwidth saving listed in Table 2-V However, it still has 2.08% memory bandwidth
saving. For the median and low motion sequences, the difference between these two tables is
not noticeable. As a result, the impact on the bandwidth usage depends on the motion of the
sequences instead of the frame resolution, said the higher impact on higher motion sequences.

In summary, the simulation results demonstrate that our proposed algorithm can still work

well and achieve efficient bandwidth usage even considering the DRAM latency.
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2.5.4. Implementation Results
The proposed design is implemented and synthesized by the UMC 90nm technology. Table
2-X shows the design comparison with other architectures. As shown in the table, the
proposed design can process CIF and 4CIF sized video at 30fps when running at 5.6MHz and
23MHz operating frequency, respectively. It is worth to mention that the on-chip SRAM size
is usually increased with the growth of search range size for most of ME hardware due to

noticeable reference pixels have to be stored temporally in on-chip SRAM for SAD
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computation process. However, the main difference and contribution of our proposed
architecture is that the demanded on-chip SRAM size is irrelevant to the search range size due
to the reference pixels are loaded from external memory on real demand. When compared to
other designs, our proposal can support large search range with very slight hardware overhead,

said 75.27K gate counts.

Table 2-IX ~ Comparison of memory bandwidth saving per MB with DRAM latency

Sequences Gl Sequences 4CIF
SR: £16 SR: £32 SR: +64
Akiyo 17.59% 61.40% Akiyo 79.15%
Coastguard 14.52% 59.96% City 78.29%
Football 2.08% 54.13% Coastguard 78.07%
Foreman 11.72% 58.52% Football 71.73%
Mobile 13.60% 59.53% Foreman 76.38%
MD 16.39% 60.83% Hall 78.71%
News 16.79% 61.00% Mobile 78.37%
Table tennis 15.41% 60.35% News 78.77%
Average 13.51% 59.47% Average 77.43%

Table 2-X Comparison of hardware implementation results
Max. | Gate |Averag| On-chip

Algorithm Support.ing Search [ Counts |e PSNR| SRAM LT TR Process
: LR LD Range | (K) loss [ (Bytes) (MHz)
[18] D1@25fps [ 16X16]|°1659"| 0.00 1.66K 180 0.25um
[19] CIF@30fps | 16X16| 89.39 | 0.08 3.01K 27.8 0.35um
[20] CIF@30fps | 16X16| 250 0.10 5K 13.5 0.13um
[32] CIF@30fps | 16X16| 68.5 0.19 1.23K 1.67 0.18um
[33] CIF@30fps | 16X16| 62.6 | 0.23 1.08K 1.67 0.18um
CIF @301fps|32X32 0.003 5.6 90nm
Proposed 75.27 0
4CIF@30fps| 64X64 0.005 23 90nm

2.6. Summary

In this paper, an on-demand data bandwidth efficient ME with rate distortion efficient
algorithm is proposed. Three properties are revealed in our proposal. First, the on-demand
reference data acquiring mechanism leads our proposal only accessing reference data
on-demand and can avoid unnecessary reference data loading. Second, through modeling the

relationship between the data bandwidth and rate distortion performance, the data bandwidth
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can be efficiently allocated to the ME process according to the characteristics of video content
under the bandwidth constraint. Finally, via the efficient prediction of proposed method, the
low data bandwidth requirement ME can also be achieved. Simulation results show that our
proposed method can save 79.15% of data bandwidth requirements in maximum with only
0.03dB PSNR drop and 2.50% of bitrate increase when compared with the full search method
for search range +64 in 4CIF resolution. Furthermore, our proposed algorithm can achieve
2.43%, 0.08%, and 0.20% BD-Bitrate saving with 0.17dB, 0.01dB, and 0.01dB BD-PSNR
increase on average for high, median, and low motion sequences under the available data
bandwidth constraint when compared to the full search motion estimation algorithm. The
resulted hardware implementation with simplified bandwidth control scheme reveals that our
proposed ME design can process 30 frames in 4CIF resolution per second when running at
23MHz operating frequency with only:75.27K gate counts and search range independent

buffer.
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Chapter 3

Data and Computation Efficient Inter
Predictor Design for H.264/AVC
Scalable Extension
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3.1. Introduction

To achieve frame resolution adaptation, the SVC [11] adopts layered coding structure with
pyramid relationship between success images as shown in Fig. 3.1 to aim at spatial scalability.
However, since the content between consecutive frame layers is almost equal to each other
except the resolution changing, it strongly exists data similarities between two image layers
and thus leading to the possibility of reusing the information for prediction. To fully exploit
the data similarities between spatial layers, the SVC additional includes Inter-layer prediction
modes to help the exploiting of further rate distortion performance improvement. In
Inter-layer prediction mode, the information of spatial base layers is used as the reference for
the prediction of spatial enhancement layers. However, the inclusion of additional Inter-layer
prediction modes significantly increases the computational complexity as well as data
bandwidth requirements and thus tesults in the hardware design and implementation
difficulties. To solve high computation complexity problem of Inter-layer prediction, many
literatures [44]-[47] have been proposed. However, these literatures didn't address the issue of
data access bandwidth which is the most critical part in video coding system hardware
implementations. Works [48]-[49] proposed some low data bandwidth approaches to lighten
the problem of heavy data access of Inter-layer prediction mode in SVC. However, the data
access bandwidth still remains high in SVC especially for HDTV applications. Therefore, the
main target of this chapter is to propose several data efficient algorithms to reduce the data
access bandwidth of Inter and Inter-layer prediction modes. In the following subsections, we
will introduce all supported Inter-layer prediction modes adopted in SVC in detail and point
out what the design and implementation problems they brought to. Afterwards, several data
efficient algorithms are proposed and introduced in detail. In addition, two commonly adopted
low data bandwidth motion estimation algorithms are reviewed since they will be adopted in

our proposed low data bandwidth Inter predictor design.
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Fig. 3.1. Layered coding structure of SVC spatial scalability

3.1.1. Introduction to Inter-Layer Prediction Modes in H.264/AVC
Scalable Extension

In addition to the inherent prediction modes supported in H.264/AVC (Inter16x16, Inter16x8,
Inter8x16, Inter8x8, Inter8x4, Inter4x8, Inter4x4, Intral6x16, Intra8x8, and Intra4x4), four
more macroblock prediction modes called Inter-layer motion, Inter-layer residual, InterBL,
and Inter-layer intra prediction, which can be arbitrary combined together to form a specific
prediction mode as shown in Fig. 3.2, are additionally supported to encode the macroblocks
of enhancement layers in SVC. In these Inter-layer prediction modes, the base layer
information is used as reference for the prediction purpose in spatial enhancement layers to
further increase the coding performance. In the following subsections, the four Inter-layer

prediction modes adopted in SVC are briefly described as follows.

46



Reference frame

» Inter-Layer Motion

A

GD_,\_> Inter-Layer Residual

7'y
Inter | N _ .
Prediction | | - \IJ— » Inter-Layer Inter-BL Residual
C-ll-\ T 1 = Inter-Layer Inter-BL
»
—@ » Inter-Layer Intra-BL
Up-sample T Up-sample Up-sample Up-sample

Texture Motion Vector MB type Residual

Fig. 3.2. Supported prediction mode combination of Inter-layer prediction

3.1.1.1. Inter-layer Motion Prediction

<D—> Inter-Layer Motion Residual

In this prediction mode, when the enhancement layer as well as the base layer is Inter

prediction mode, the motion information of base layer can be used as reference for prediction

in enhancement layer as shown in Fig. 3.3. In this prediction mode, the macroblock partition

of the enhancement layer is acquired from the corresponding 8x8 block of the base layer

associated with a scaling operation. For example, if the prediction mode of corresponding 8x8

block size is 4x8, the block size of 4x8 is scaled to 8x16 block size when the frame resolution

ratio is two between base layer and enhancement layer. In addition to the block size, the

motion vectors of the enhancement layer are obtained by multiplying the motion vectors of

corresponding 8x8 block size in base layer by two. Furthermore, the up-sampled motion

information is used to refine the search results.
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Spatial base layer

Fig. 3.3. Illustration of Inter-layer motion prediction

3.1.1.2. Inter-layer Residual Prediction
Fig. 3.4 shows the concept of Inter-layer residual prediction mode. When Inter-layer residual
prediction is applied, the residual data is up-sampled from corresponding 8x8 block of the
base layer by bilinear interpolation.” Afterwards, the up-sampled residuals are used for

predicting the residuals of the current macroblock inthe enhancement layer.

Spatial Enh. layer

Up-sampling

\
Spatial base layer

Fig. 3.4. Tllustration of Inter-layer residual prediction

3.1.1.3. Inter-layer Intra Prediction

Inter-layer intra prediction can be employed for the macroblock in the enhancement layer if
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the corresponding block in base layer is intra mode block. That is, the enhancement layer
macroblock can be predicted by up-sampling the reconstructed macroblock of the base layer
and the concept of Inter-layer intra prediction is shown in Fig. 3.5. For up-sampling the
reconstructed macroblock in base layer, one-dimensional four-tape and bilinear filer are used

for up-sampling the luminance and chrominance components, respectively.

Spatial Enh. layer

Fig. 3.5. Tllustration of Inter-layer intra prediction

3.1.2. Problem Description
As mentioned in previous section that the Inter prediction dominates the overall video coding
system performance due to external memory access. Consequently, this situation is more
significant in SVC due to the additional adoption of Inter-layer prediction modes. From the
operation of Inter-layer motion prediction, it can be found that the search procedure of
Inter-layer motion prediction is almost the same as the Inter prediction except that the motion
vector predictors are different. In other words, the different motion vector predictors imply
that different reference data should be loaded separately for the search process and thus
increase the data access requirements. In addition, the Inter-layer residual prediction also
significant increases the data access requirements due to it is more reasonable to store the

residual information in external memory instead of internal memory when implementing the
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Inter prediction hardware. Fig. 3.6 shows the external memory bandwidth requirement
comparison for H.264 and SVC video coding standards in terms of Inter prediction. This
figure is derived by using QCIF image format and £8 search range. From this figure, it can be
seen that the external memory bandwidth requirements of Inter prediction in SVC is increased
up to 186.4% larger than that of the external memory bandwidth requirements of H.264. It has
to be pointed out that only two spatial layers with equal frame resolution have been used to
conduct the results of Fig. 3.6. However, if more spatial layers have been supported in SVC,
the external memory bandwidth requirements will be increased significantly and thus
seriously affect the overall performance of video coding system. Therefore, investigating the
possibility of reducing the external memory bandwidth of Inter prediction in SVC to improve
the coding performance gains the highly demands in the research field of SVC. As a result,
the primitively goal of this chapter is.to ‘propose several low data bandwidth requirement
prediction techniques for Inter-layer prediction in -SVC to lighten the problems mentioned

above.
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Fig. 3.6. External memory bandwidth requirement comparison for H.264 and SVC
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3.1.3. Introduction to Bandwidth Efficient Motion Estimation Algorithms
To alleviate the heavy data bandwidth problem of motion estimation, many literatures have
been proposed recently. However, the most suitable and commonly adopted approach in
implementing motion estimation hardware is the Level C data reuse scheme [16]. For short, as
mentioned in previous chapter, the main concept of Level C data reuse scheme is tried to
avoid the loading of overlapped reference data. Although the Level C data reuse scheme can
achieve better data bandwidth requirement reduction, the needs of data bandwidth still high
especially in high resolution video applications. As a result, an alternative way is to adopt the
multi-level [50] concept to realize the motion estimation hardware. Fig. 3.7 illustrates the
concept of three-level motion estimation design with different resolutions and different search
range sizes. The Level 0 is the finest level which has no pixel sub-sampling and use search
range of -8 to +7 to search the best result surtounding the motion vector predictor. The Level
1 adopts quarter-pixel sub-sampling technique to reduce the reference data access
requirements and it uses the search range of -64 to +62 to find out the best result surrounding
the origin position (0,0). The concept of Level 2 is very similar to Level 1 approach except
that the sixteenth-pixel sub-sampling technique and search range of -128 to +124 have been
adopted for the search procedure. The benefits of multi-level motion estimation can be listed
as follows. For the slow and medium motion sequences, the motion estimation in Level 0 is
able to catch best result due to the helpfulness of motion vector predictor. However, for the
high and extreme high motion sequences, the widest search range size supported in Level 1
and Level 2 motion estimation can help to catch the best results which can't been caught by
Level 0 motion estimation. In addition, since the search origin of Level 1 and Level 2 motion
estimation is surrounding the (0,0) position, the Level C data reuse scheme can be further
applied in Level 1 and Level 2 to reduce the reference data access requirements. Furthermore,
the sub-sampling technique adopted in Level 1 and Level 2 motion estimation is also helpful

for the reference data access requirements reduction.
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3.1.4. Organization of this Chapter
The rest of this chapter is organized as follows. In subsection 3.2, we described our proposed
data reuse algorithm for Inter and Inter-layer residual prediction in detail. The proposed low
data bandwidth Inter and Inter-layer motion prediction algorithm is introduced in subsection
3.3. Subsection 3.4 explains our proposed data efficient InterBL prediction algorithm in detail.
Furthermore, all proposed algorithms are combined together to form a complete Inter
prediction algorithm for SVC and the combined algorithm will be presented in subsection 3.5.

Finally, the summary is given in subsection 3.6.

3.2. Inter and Inter-Layer Residual Prediction Data Reuse Method

In the Inter-layer prediction, the information including motion information, texture, and
residuals are up-sampled from the base layers and used for the prediction in enhancement

layers. From our observation, we found that some common parts of data and computation can
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be reused during the Inter-layer prediction process. Therefore, in this subsection, we first
analyze the matching criteria of different prediction modes to find out the common parts and
distinct parts. Afterwards, based on our analysis, we propose our data reuse method for Inter

and Inter-layer prediction.

3.2.1. Matching Criteria of Different Prediction Modes

To evaluate which prediction mode should be selected as best mode or which position should
be chosen as the best matching position, the rate distortion cost is widely adopted in most of
video coding standards to achieve best tradeoff between coding rate and distortion. The rate
distortion cost (RDCost) can be expressed as follows.

RDCost =D+ A-R (3-1)
where 4 is the Lagrange multiplier, R refers to the rate for coding the motion information, and
D is the distortion which can be defined as follows.

D(x }/) _ Zblockx block_le(l ]) —F(X+l y+1)| (3_2)

where C and F are the current and reference pixels, respectively.
However, for different prediction modes, the calculation of distortion term D has slight

difference. The distortion term of Inter prediction Dy, can be calculated as follows.
Diner (%,y) = L6 EIT Y 1CG ) = Fx + i,y + )] (3-3)
For Inter-layer residual prediction, the distortion term Dj;z can be calculated as follows.
Dir(x,y) = LG I NCGE ) =BG ) — Foe+ i,y +)) (3-4)

where B is the residuals up-sampled from base layer.

For Inter-layer motion prediction, the distortion term Dy, can be calculated as follows.
Du,m(x’,y') Zblock X block y IC(l ]) F(x + L y +])| (3_5)
For Inter-layer motion + residual prediction, the distortion term Dz can be calculated as
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follows.
Dimr(x,y) = SR T 1€ ) = BGj) = F(x'+ 4,y + )| (3-6)

From above distortion terms calculation, we can observe some properties. First, for the
Inter and Inter-layer motion prediction mode, the only difference between Dy, and Dy
calculation is only on that the motion vector predictor. However, although only slight
difference has been observed from the equations of Dy, and Dy, the reference data is
quite different actually between these two prediction modes since different motion vector
predictors will acquire different reference data for the search process. Therefore, there is
nothing except current data can be reused when computing the Dy, and Dy .. Second, for
the Inter and Inter-layer residual prediction modes, we can observe that the only difference
between these two prediction modes is that the residual information should be subtracted
from the current data ahead as Fig. 3.8 shown. In other words, the current and reference
data can be reused for both of Inter:and Inter-layer residual prediction modes. Similarly, the
same situation can also be seen from the Inter-layer motion and Inter-layer motion +
residual prediction modes as Fig. 3.9 shown. As a result, through the reusing of current and
reference data for different prediction modes, the data bandwidth requirements and

computational components can be reduced significantly.
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Fig. 3.8. Illustration of distortion terms calculation for (a) Inter prediction : Dy, and (b)
Inter-layer residual prediction : Dy x

54



Reference MB pixels Current MB pixels

Current MB pixels

Base layer residuals

Z

e o
(D)
IME module\V
1

Dy Dymr

¢
Inter-layer motion +
residual module

(a) (b)
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3.2.2. Proposed Data Reuse Method
Fig. 3.10 exhibits our proposed data reuse scheme for different prediction modes. Compared
to the original form of distortion terms calculation, we only slightly change the subtraction
order of distortion terms calculation in our ptoposal. The benefits of our proposal are
described as follows. First, the- computational “modules can be shared in hardware
implementation. In the original form, two hardware modules may be implemented to generate
the distortion terms of Dy and Dy or Dyyr and Dy, intuitively. However, through our
proposed data reuse scheme, the distortion term of one prediction mode can be generated first
and the other one will be generated right after so that the unnecessary repeated computations
can be avoided. For example, through our proposal, the distortion term of Dy can be
calculated following the calculation of D;,.,. Hence, the repeated subtractions for current and
reference data can be saved. Second, the reference data can be reused for different prediction
modes. More precisely, the reference data for Inter mode prediction can be reused for the
Inter-layer residual prediction. Similarly, the reference data for Inter-layer motion prediction
can be reused for the Inter-layer motion + residual prediction as well. As a result, the
distortion terms calculation can be redefined as follows when applying our proposed data

reuse scheme.
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For Inter-layer residual prediction, the distortion term Dy x can be calculated as follows.
Dir(x,y) = SR BT N1CL ) — Flx + i,y +) — B(, ) (3-7)

For Inter-layer motion + residual prediction, the distortion term Dy can be calculated as

follows.

Dmr(x,y) = TP ST 1CG ) - F(x'+ 4,y + ) — B(, ) (3-8)
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Fig. 3.10. Proposed data reuse scheme for (a) Inter and Inter-layer residual prediction and
(b) Inter-layer motion and Inter-layer motion + residual prediction

3.2.3. Results
Since our proposed data reuse scheme is lossless approach, there is no rate distortion

performance difference between our proposal and original form. However, for the data
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bandwidth savings, our proposal can achieve 44.45% data bandwidth savings per macroblock

when search range of +8 is applied.

3.3. Low Bandwidth Inter and Inter-Layer Motion Prediction
Algorithm

In the supported prediction modes in SVC, the Inter and Inter-layer motion prediction have
almost the same operations except that the different motion vector predictors have been
individually applied as the search center. However, since the difference between successive
spatial layers is only the variation of frame resolution, it can be expected that the motion
vector predictors of Inter and Inter-layer motion prediction mode may be very closer to each
other. In this situation, there might has large portion of overlapped area between two search
windows as Fig. 3.11 shown. Motivated from this phenomenon, we are tried to analyze the
relationship between motion vector predictor of Inter (MVPy,.,) and motion vector predictor
of Inter-layer motion (MVPy.,,) prediction modes, and seeking out the possibility that can be

used to reduce the data bandwidth requirements.

Reference frame in enhancement layer

Search area of Inter

Fig. 3.11. Illustration of search window overlapping between the search area of Inter and
Inter-layer motion prediction
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3.3.1. Analysis for Motion Vector Predictors
In this subsection, we first analyze the relationship between motion vector predictor of Inter
and Inter-layer motion prediction. To measure how close that two motion vector predictors is,
we define the term of motion vector predictor difference as follows.

Dif fuyp (i) = IMVPipter (D) — MV Py (D],0 € x,y (3-9)
where MVPj,.,(i) stands for the motion vector predictor of Inter prediction along i direction
and MVPpu(i) is the motion vector predictor of Inter-layer motion prediction along i
direction.

Fig. 3.12 reveals the accumulated probability of Diff)p for different test sequences. In this
figure, the vertical axis is the accumulated probability and the horizontal axis is the motion
vector predictor difference Diff)vp. From this figure, we can observe that if the motion vector
predictor difference between Inter and. Inter-layer motion predictions is less than eight, the
accumulated probability can be reached up to 90% for all sequences both in vertical (Fig. 3.12
(a)) and horizontal (Fig. 3.12 (b)) directions. Therefore, it is highly possible to find out the
best result for either prediction mode from the reference data of another prediction mode due
to the MVPs’ differences between two prediction modes are very small. Consequently, the
search data of Inter and Inter-layer motion can be reused for the prediction usage if the
Diffyivp 1s less than a predefined threshold.

From above analyses, it is very clear that the motion vector predictor differences are very
small between Inter and Inter-layer motion prediction modes. However, reusing the reference
data of Inter prediction or Inter-layer motion prediction for the search process is one issue. In
our proposal, the reference data of Inter prediction mode is reused for the prediction of
Inter-layer motion prediction since the motion estimation for Inter prediction mode is ahead of
Inter-layer motion prediction.

Although the reference data of Inter prediction mode can be reused for the Inter-layer

motion prediction, the issue is therefore became how large the search range is sufficient to
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cover the final motion vector difference of Inter-layer motion prediction (MVDj.,). If the
search range is too small, the proposed data reuse scheme might still result in the ill coding
performance. However, if the search range is too large, it wastes the data bandwidth.
Therefore, in the following analyses, we discuss the relationship between Diffyp and MVDyp
by using the conditional probability as defined as follows.
P(SR|S) = P(MVDy; (i) < SRIDif fuyp = S)|SR € {1,4,8,12,16},S € [1~20]  (3-10)
MV Dy (§) = |MVyy (D) — MV Ppyger (D1, 0 € x,y (3-11)
where SR is the search range and MV (i) stands for the final motion vector of Inter-layer
motion prediction mode along the i direction. It should be mentioned that since the reference
data of Inter prediction mode is reused for Inter-layer motion prediction mode, the MVDy;,, is
thus calculated by using the motion vector predictor of Inter prediction mode MVPy,.,. Table
3-1 tabulates the statistical results of Eq.10 and Fig. 3.13 shows the graphical version. In Fig.
3.13, the horizontal axis is the index of S and vertical axis refers to the probability. In addition,
each curve represents a case of different SR size. From these statistical results, we can observe
some properties. First, the probability is decreased with the growing of S. However, it is very
easy to explain this situation. From the definition of §, it can be seen that the S is used to
represent Diffyyp. For larger S, it stands for that the motion vector predictor difference
between Inter and Inter-layer motion prediction modes is much larger and thus harder to find
out the best results from the reference data of Inter prediction mode. Second, the probability is
dropped off slowly for the larger SR. For example, when the search range is fixed to 16, the
probability can reach 80% even the S is up to 16. This property can be explained that the
larger SR is much easier to cover the final results intuitively.
From the above analyses, we derive two conclusions. The first conclusion is that up to 90%
of Diffywp 1s less than +8 for the search range SR larger than that of eight. Second, when the
search range is fixed to +8, the probability can reach up to 80% while the Diffy,yp is smaller

than eight. As a result, both of the threshold and search range are set to eight in our proposal.
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Table 3-1 The analytical results obtained by Eq.3-10
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Fig. 3.13. The statistical results of Eq.10 in (a) vertical and (b) horizontal direction

3.3.2. Proposed Low Bandwidth Data Reuse Method for Inter-Layer
Motion Prediction

Based on the observations and analytical results shown in previous subsection, the data reuse
scheme for Inter and Inter-layer motion prediction mode is proposed in this subsection. Fig.
3.14 exhibits the flowchart of our proposed algorithm. At the beginning, both of motion
vector predictors of Inter and Inter-layer motion prediction are derived individually. For Inter
prediction mode, the regular motion estimation operation is executed with its reference data to
find out the best result of Inter prediction mode. However, for the Inter-layer motion
prediction mode, the motion vector predictor difference Diffyyp is calculated first. Afterwards,
the Diffyvp is compared with a predefined threshold #4; (the ¢h; is set to 8 in this dissertation)
to determine whether the Diffyyp is less than the th; or not. If Diffyyp is larger than th;, the
rate distortion cost of Inter-layer motion prediction mode RDCostj ) 1s set to infinite to skip

the Inter-layer motion prediction mode. Otherwise, the regular motion estimation operations
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are executed for the Inter-layer motion prediction mode by using the reference data of Inter
prediction. Once both of Inter and Inter-layer motion prediction modes have finished their
own prediction processes. The best result will be selected in the last step and the best result

will be transmitted to the following coding usage.
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2 S +

Derive MVP, Derive MVP)pe,
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—bl Select best result

End

NO

Set RDCosty to o

Fig. 3.14. Flowchart of proposed data reuse scheme for Inter and Inter-layer motion prediction
mode

In our proposed flowchart, we skip the Inter-layer motion prediction mode if the Diffyp is
smaller than t4,. To exam how the skipped Inter-layer motion prediction mode affects the rate
distortion performance, we conduct some simulations to verify and the simulation results are
shown in Table 3-II. In this our simulation, two scenarios are proposed to test. The first
scenario, we called Casel, is that the Inter-layer motion prediction is executed with reference
data of Inter prediction mode. In other words, the Inter-layer motion prediction is forced to

search the best result from the reference data of Inter prediction mode. The second scenario,
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we called Case 2" is that the Inter-layer motion prediction mode is thus skipped. From Table
3-II, we can observe that the rate distortion performance of both cases are almost the same.
Therefore, we adopt the Case 2 in our proposed algorithm due to skipping the Inter-layer
motion prediction mode can further save the computational complexity when compared to

adopting Case 1.

Table 3-II The simulation results of two cases for 480p sequences (Blue_sky, Tractor,
Station2, Pedestrain area, Rush hour, Riverbed)
Case 1 Case 2
QP | APSNR | A Bit-rate (%) APSNR | A Bit-rate (%)
28 -0.102 0.590 -0.103 0.575
32 -0.103 0.535 -0.103 0.540

3.4. Data Efficient InterBL Prediction Algorithm

In SVC, a specific prediction mode call InterBL is also supported to achieve better coding
performance. In InterBL prediction mode;-all-motion information including motion vectors,
partition sizes, and reference index are up-sampled from base layer for the prediction in
enhancement layer. Similar to the motion compensation, the up-sampled motion vectors in
InterBL prediction mode will be used to indicate where to derive prediction pixels from the
reference frame for current macroblock as Fig. 3.15 shown. Therefore, inspired by the high
content similarity between successive spatial layers, we are tried to find out the possibility
that whether the reference data of Inter prediction mode can be reused to derive the prediction
pixels of InterBL prediction mode. In the following subsections, we first analyze the motion
vector relationship between Inter and InterBL prediction mode and propose our data reuse

method for Inter and InterBL prediction mode.
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Fig. 3.15. Illustration of InterBL prediction mode

3.4.1. Analysis for Motion Vector Predictor and Motion Vector
Unlike Inter-layer motion prediction mode, the motion vectors in the base layer in InterBL
prediction mode are used to derive: reference data directly without any motion vector
refinement. Therefore, instead of analyzing the motion vector predictor difference just like
Inter-layer motion prediction mode does, we analyze the motion vector relationship between
motion vector of InterBL prediction mode and motion vector predictor of Inter prediction
mode. The motion vector difference for measuring the relationship between motion vector of
InterBL prediction mode and motion vector predictor of Inter prediction mode is defined as
follows.

Dif fyuy (D) = IMV Pipter (D) — MVipperp (DI, 0 € x,y (3-12)

where MVy.51, 1s the motion vector of InterBL prediction mode.
Fig. 3.16 shows the statistical result. From this figure, we can observe that when the motion
vector difference between MVPpy., and MViy,epr 1s smaller than eight pixels, the probability
can reach 90% and 80% for vertical and horizontal direction in average, respectively. Since

the InterBL mode has high probability to be selected as best mode in enhancement layer, to
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avoid great performance degradation, it is unreasonable to abandon this prediction mode as
data efficient Inter-layer motion prediction algorithm done in case of the reference data
outside the search range. Therefore, based on such high correlation between MVPp,,, and
MViersr, we further propose an efficient InterBL prediction algorithm by adding an
additional checking mechanism which plays the role of determining whether the required

reference data of InterBL prediction mode should be loaded from external memory or not.

100.00% " s . . ~—

90.00% |

80.00% |
..70.00% |-
= 60.00% I blue_sky
© o sunflower
©50.00% r station2
S.40.00% |- pedestrian_area
2 o rush_hour
© 30.00% tractor
g 20.00% riverbed
2 10.00% —e—average
o . (o] B
< 0.00%

0 4 8 12 16 20 24 28 32
Diff,,,(ver)
(a)
100.00% 2 - G

90.00% | A

80.00% |-
>70.00% -
5 60.00% blue_sky
° sunflower
o B
o 50.00% station2
_2'40.00% - pedestrian_area
Q i rush_hour
) 30.00% tractor
g 20.00% riverbed
210.00% | —e— average
3 10.
< 0.00%

0 4 8 12 16 20 24 28 32
Diffy,(hor)
(b)

Fig. 3.16. The accumulated probability of MV difference between Inter and InterBL
prediction modes (a) vertical and (b) horizontal axis
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3.4.2. Proposed Data Efficient InterBL Data Reuse Prediction Algorithm
Fig. 3.17 exhibits the flowchart of proposed data efficient InterBL data reuse prediction
algorithm. At the beginning, both of MVP},., and the number of partitions in the base layer of
InterBL prediction mode are derived first. For Inter prediction mode, the regular motion
estimation algorithm is applied to search the best result with the help of its reference data.
However, for InterBL prediction modes, an iterative operation is executed depending on the
number of partitions. For each partition of InterBL prediction mode, the corresponding motion
vector is derived in order to obtain the Diffy;. Once the Diffyy has been calculated
successively, the Diffy, will be compared to a predefined threshold t4, (the th; is set to 8 in
this dissertation) to determine whether the reference data of Inter prediction mode should be
reused or not. If Diffyy is less than thy, it implies that the reference data for forming the
prediction pixels of InterBL prediction modeé‘can be obtained from the Inter prediction mode
reference data memory. As a result, the reference data inside the Inter prediction mode
reference data memory will be used to compute the RDCost of partition n in InterBL
prediction mode. Otherwise, if Diffy 1s larger than or equal to th,, it stands for that the
reference data for deriving prediction pixels of InterBL prediction mode can't be found in the
Inter prediction mode reference data memory. Consequently, the reference data of InterBL
prediction mode should be loaded from the external memory individually for the purpose of
computing the RDCost. Once the RDCost of partition n has been successfully calculated, the
RDCost of partition n will be accumulated to compose the actual RDCost of an macroblock
since the adoption of variable block size motion estimation technique leads to the situation
that an macroblock could be organized by several portions. Afterwards, the next unprocessed
partition n+/ will be treated as previous operation stated. After all partitions have been
processed, the final RDCost will be obtained and will be used in the final mode decision

process.
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Fig. 3.17. Flowchart of proposed data reuse scheme for Inter and InterBL prediction mode

3.5. Combination of All Low Bandwidth Inter-Layer Prediction
Algorithms

In previous subsections, we proposed several data reuse schemes for Inter-layer prediction
modes. However, although our proposal can reduce the data access bandwidth significantly,
the Inter prediction mode also consumes large portion of data access bandwidth and all our
proposed data efficient Inter-layer prediction algorithms have reused the reference data of
Inter prediction mode. Therefore, we further discuss the approach for data bandwidth
reduction in Inter prediction mode. Afterwards, we propose a frame size adaptive motion

estimation switching algorithm to further achieve better data bandwidth reduction. Finally, all
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proposed algorithm will be combined together to form a complete low data bandwidth Inter

predictor design.

3.5.1. Discussion of Data Bandwidth Reduction for Inter Prediction Mode
As mentioned in previous subsection that the most efficient and commonly adopted low data
bandwidth motion estimation algorithms are the Level C data reuse full search motion
estimation and multi-level motion estimation algorithm. For Level C data reuse full search
motion estimation algorithm, although it can achieve noticeable data bandwidth reduction, the
data bandwidth requirements are still high especially for high resolution video sequence.
Oppositely, the multi-level motion estimation algorithm can reduce large amount of data
bandwidth when high resolution video sequences have been applied but the amount of data
bandwidth reduction is insignificant in smaller resolution video sequences. As a result, in this
subsection, the goal is to find out how large of image resolution is better for Level C data
reuse full search motion algorithm and how large of image resolution is better for multi-level
motion estimation algorithm. Table 3-III tabulates the data access bandwidth requirements of
different frame resolutions and different data efficient motion estimation algorithms. The
corresponding search range size in different search level of different frame resolution for
multi-level motion estimation algorithm is listed in Table 3-1V. In Table 3-III, the term of Inter
layer data reuse stands for whether our proposed low data bandwidth Inter-layer prediction
algorithms have been applied or not. From this table, we can observer a very interesting
phenomenon that the Level C data reuse full search motion estimation algorithm is much
suitable for small resolution sequences such as QCIF and CIF. However, for larger resolution
video sequences, such as 408P, 4CIF, 720P, and 1080P, the multi-level motion estimation
algorithm has better data bandwidth savings when compared to Level C data reuse full search
motion estimation algorithm. Therefore, from the observation, we propose a frame size

adaptive motion estimation switching algorithm for better data bandwidth savings. That is, if
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the video sequence resolution is larger than or equal to 480P, the multi-level motion
estimation algorithm is applied. Otherwise, the Level C data reuse scheme is applied.

Table 3-III  Data access requirement in different frame resolutions (Kbyte/frame)

Interlayer | (cqp | crp | 40P | 4cIF | 720p | 1080P
data reuse

N (Method 1)] 173.77 | 1300.16 | 10626.66 | 12472.60 | 83592.05 |636766.44
Y (Method 2)] 78.63 425.39 | 2201.31 | 2586.85 | 9975.65 [41894.34

Level C

N (Method 3)] 215.62 | 1435.77 |10525.77|12351.20 | 80243.69 [617101.49

Multi-level 5 o ethod 4) 115.67 | 541.74 | 2034.76 | 2388.41 | 6452.18 | 21835.40

"Data access savings (%)] 54.74 67.28 80.85 80.85 92.28 96.57

" Compared to Method 1

Table 3-IV  Corresponding search range size of different frame resolution and search level

QCIF CIF 480P 4CIF 720P 1080P

Level 0 +8 +8 +8 +8 +8 +8
Level 1 0 +16 +32 +32 +64 +128
Level 2 0 0 0 0 0 +128

3.5.2. Algorithms Combination
Fig. 3.18 exhibits the overall flowchart of our proposed data efficient algorithm. At the
beginning, the frame size is determined to decide which data efficient algorithm should be
applied. If the frame size is less than 480P, the Level C based data efficient algorithm is
applied. Otherwise, the multi-level based data efficient algorithm is applied. Fig. 3.19 and Fig.
3.20 show the detail flowchart of our proposed multi-level based and Level C based data
efficient algorithm. From the figures, the main difference between two algorithms is only that
the reference data reusing. In Level C data reuse scheme, the overall reference data can be
reused for other Inter-layer prediction modes. However, for the multi-level data efficient
algorithm, since the reference data memory of Inter prediction mode includes the reference
data of Level 0, Level 1, and Level 2, only the reference data of Level 0 have be reused for

other Inter-layer prediction modes due to the reference data of Level 1 and Level 2 are the
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sub-sampled version and they are unsuitable to be used for Inter-layer prediction. In addition,
the residual information is also loaded to compute the corresponding RDCosts of Inter-layer

residual prediction.
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Fig. 3.18. Flowchart of proposed data efficient algorithm
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3.6. Simulation Results

In this subsection, several simulation results are conducted to demonstrate the efficiency of
our proposed data efficient Inter-layer prediction algorithms. The simulation settings are
shown in Table 3-V. Fig. 3.21 and Fig. 3.22 show the rate distortion curve comparisons for
different frame resolution. In Fig. 3.21 the frame size of spatial base and enhancement layer is
QCIF and CIF, separately. For non-dyadic spatial resolution relationship between spatial
layers, Fig. 3.22 shows the case that the frame size of spatial base layer is QCIF and the frame
size of spatial enhancement layer is 480P. In the simulation results, the multi-level based and
Level C based motion estimation algorithm with our proposed Inter-layer data efficient
algorithm are individually compared to the JSVM reference software 9.14 [52]. However,
although there are many test sequences have been used to conduct our simulation result, only
few rate distortion curves of some. test sequences have been listed in our dissertation.
Nevertheless, all listed rate distortion curves cover all motion behavior ranged from slow to
high motion. From the rate distortion curve comparisons, we can observe that both of
multi-level and Level C based data efficient motion estimation algorithms result in near the
same rate distortion performance when compared to JSVM reference software.

Table 3-VI and Table 3-VII show the detailed rate distortion comparisons for different
spatial relationship configuration. In Table 3-VI, the frame size of base and enhancement
layers is QCIF and CIF, respectively. In Table 3-VIL, the frame size of QCIF and 480P is
individually applied for the spatial base and enhancement layer. From these tables, we can
observer some interesting phenomena from the rate distortion results. First, it can be seen that
the rate distortion performance of multi-level based data efficient motion estimation algorithm
i1s worth than that of the rate distortion performance of Level C based data efficient motion
estimation algorithm in the small frame resolution coding configuration due to Level C data

reuse scheme can easily find out the best result from the limited search area when frame size
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is small. Therefore, this is the reason that why the rate distortion performance of Level C
based algorithm is much better than multi-level based algorithm in small frame resolution
case. However, for the larger frame resolution case, the multi-level based data efficient
algorithm can achieve much better rate distortion performance when compared to Level C
based algorithm. Second, from the Table 3-VII, we can observe that the Level C based data
efficient algorithm results in very significant rate distortion performance drop. Fortunately,
thanks the help of our proposed adaptive motion estimation switching algorithm, the Level C
based data efficient motion estimation algorithm will not been applied in our Inter prediction
operation when frame size is larger than 480P. Therefore, the rate distortion performance drop
of Level C data efficient algorithm will not presented in our proposed algorithm in larger
frame resolution case.

On average, the rate distortion performance drop of our proposed Level C based data
efficient motion estimation algorithm is only 0.161% bitrate increasing and 0.002 dB PSNR
decrease for CIF frame resolution. For the higher frame resolution sequence 480P, our
proposed multi-level based data efficient motion estimation algorithm only results in 0.91%

and 0.09 dB bitrate increasing and PSNR decrease, respectively.

Table 3-V Encoding setting configuration

Codec JSVM 9.14
Akiyo, Coastguard, Container, Foreman, Mobile,
Test sequences Silent, Blue sky, Tractor, Station2, Pedestrain_area,
Rush hour, Riverbed
QP 16, 20, 24, 28, 32
Resolution QCIF and CIF, CIF and 480p
Search range +16 and +32
Frame rate 15 Hz
GOP 8
Inter-layer prediction Adaptive Inter-layer prediction
Frames to be encoded 100
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Table 3-VI

Detailed rate distortion comparisons for different encoding configuration
settings (BL:QCIF, EL:CIF)

CIF sequences@15Hz QP

16 20 24 28 32
Level C APSNR -0.003 -0.002 -0.003 -0.001 -0.001
Al ABitrate(%)] -0.007 -0.029 -0.166 0.180 0.116
PMRME APSNR -0.036 -0.052 -0.064 -0.063 -0.104
ABitrate (%)] 0.660 0.816 1.157 1.706 1.547
Level C APSNR -0.001 -0.003 -0.004 -0.010 -0.015
Coastguard ABitrate (%)] 0.385 0.506 0.614 1.045 1.293
PMRME APSNR -0.031 -0.037 -0.048 -0.054 -0.056
ABitrate (%)] 0.376 0.445 0.493 0.580 0.781
Level C APSNR 0.001 -0.003 0.000 -0.002 -0.008
Container ABitrate (%)] -0.010 0.031 -0.041 -0.026 -0.128
PMRME APSNR -0.027 -0.027 -0.039 -0.053 -0.049
ABitrate (%)] 0.231 0.695 0.797 0.927 1.313
Level C APSNR 0.000 -0.006 -0.002 -0.016 0.000
Foreman ABitrate (%)] 0.112 0.175 0.259 0.158 0.335
PMRME APSNR -0.105 =0.130 -0.155 -0.180 -0.180
ABitrate (%)] 1.388 1.978 2.318 2.480 2478
Level C APSNR 0.001 0.002 -0.003 0.003 0.000
Mobile ABitrate (%)] -0.001 0.014 -0.044 -0.026 -0.105
PMRME APSNR -0.051 -0.053 -0.070 -0.079 -0.084
ABitrate (%)] 0.547 0.667 0.852 1.197 1.553
Level C APSNR 0.033 0.029 0.008 -0.028 -0.059
Stefan ABitrate (%)] 2.787 3.977 5.090 5.928 6.811
PMRME APSNR -0.053 -0.049 -0.058 -0.089 -0.108
ABitrate (%)] 0.569 0.925 1.476 1.660 2.376
Level C APSNR 0.000 -0.002 -0.002 -0.005 -0.004
ABitrate (%)] 0.092 0.120 0.089 0.228 0.276
Average PMRME APSNR -0.051 -0.061 -0.076 -0.085 -0.090
ABitrate (%)] 0.719 0.978 1.149 1.355 1.415

Level C average : ABitrate = 0.161%, APSNR = -0.002 dB

PMRME average : ABitrate = 1.123%, APSNR =-0.073 dB
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Table 3-VII  Detailed rate distortion comparisons for different encoding configuration
settings (BL:QCIF, EL:480P)

QP
480 15H
P sequences@15Hz 16 20 24 28 32
APSNR 0.178 0.135 0.084 0.048 0.027
Level C :
ABitrate(%) 2.849 5.021 7.713 10.851 13.791
Blue sky A
PMRME PSNR -0.037 -0.043 -0.051 -0.059 -0.070
ABitrate (%)]| 0.414 0.497 0.704 0.824 1.060
APSNR 0.263 0.209 0.172 0.139 0.147
Level C
. ABitrate (%)| 0.725 0.927 0.987 1.269 2.281
Pedestrian
PMRME APSNR -0.077 -0.100 -0.110 -0.116 -0.117
ABitrate (%)| 0.594 0.612 0.446 0.277 0.194
APSNR 0.343 0.318 0.284 0.259 0.244
Level C -
. ABitrate (%)| 0.006 -0.006 0.007 0.001 0.002
Riverbed A
PMRME PSNR -0.012 -0.010 -0.009 -0.010 -0.013
ABitrate (%)| 0.000 0.023 0.033 0.049 0.074
APSNR 0.226 0.188 0.143 0.127 0.105
Level C
ABitrate (%)] 0.208 0.385 0.396 0.885 1.213
Rush_hour
PMRME APSNR -0-131 -0.135 -0.142 -0.149 -0.135
ABitrate (%)] 0.458 0.637 0.495 0.549 0.350
APSNR 0.406 0.066 0.015 0.023 0.025
Level C -
. ABitrate (%)] 3.695 5.702 6.933 7.793 6.845
Station2 A
PMRME PSNR “0.131 -0.097 -0.129 -0.178 -0.227
ABitrate (%) 1.268 1.550 1.902 2.044 1.928
APSNR 0.339 0.260 0.173 0.101 0.049
Level C
ABitrate(%) 0.359 0.520 1.235 1.162 0.931
Tractor
PMRME APSNR -0.077 -0.092 -0.109 -0.120 -0.122
ABitrate (%)] 0.713 0.920 0.937 0.776 0.724
APSNR 0.276 0.186 0.141 0.122 0.123
Level C
ABitrate (%)] 2.703 3.825 4.835 6.501 8.061
APSNR -0. -0.081 -0. -0.1 -0.1
Average PMRME SN 0.075 0.08 0.093 0.103 0.103
ABitrate (%)] 0.663 0.826 1.093 1.040 0.987
Level C average : ABitrate =5.19%, APSNR = 0.17dB
PMRME average : ABitrate = 0.91%, APSNR = -0.09 dB

Table 3-VIII exhibits the data access bandwidth saving comparison for different algorithms
and frame sizes. From this table, 50.55, 64.78, 80.07, 80.06, 90.18, and 95.00 % data access

bandwidth savings can be achieved by our proposed data efficient Inter-layer prediction
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algorithm for frame resolution of QCIF, CIF, 480P, 4CIF, 720P, and 1080P, respectively on

average.
Table 3-VIII Data access bandwidth savings comparison (%)
Proposal QCIF CIF 480P 4CIF 720P 1080P
Level C based' 54.74 67.28 79.29 79.26 88.07 93.42
Multi-level based’ 46.35 62.27 80.85 80.85 92.28 96.57
Average 50.55 64.78 80.07 80.06 90.18 95.00

" Compared to Level C data reuse scheme without our proposed data efficient IL algorithm
? Compared to multi-level scheme without our proposed data efficient IL algorithm

3.7. Summary
In this section, we proposed several data efficient Inter-layer prediction algorithms to lighten
the data access bandwidth overheads. For Inter-layer residual prediction, we propose an
efficient data reuse scheme for helping the derivation of RDCosts of Inter-layer residual
prediction. Through our proposed algorithm, not only the reference data can be reused but the
RDCosts of Inter/Inter-layer motion and Inter+residual/Inter-layer motiontresidual can be
derived by single motion estimation module. For Inter-layer motion and InterBL prediction
algorithms, we propose an efficient data reuse scheme for saving the data bandwidth by
reusing the reference data of Inter prediction mode. In addition, we also propose an adaptive
motion estimation switching algorithm to dynamically select the motion estimation algorithm
by determining the frame size. Several simulation results show that our proposed Level C
based data efficient motion estimation algorithm only results in 0.161% bitrate increasing and
0.002 dB PSNR decrease for CIF frame resolution. Besides, our proposed multi-level based
data efficient motion estimation algorithm only leads to 0.91% and 0.09 dB bitrate increasing
and PSNR decrease, respectively. For data access bandwidth savings, 50.55, 64.78, 80.07,
80.06, 90.18, and 95.00 % data access bandwidth savings can be achieved by our proposed
data efficient Inter-layer prediction algorithm for frame resolution of QCIF, CIF, 480P, 4CIF,

720P, and 1080P, respectively on average.
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Chapter 4

An Efficient Mode Pre-Selection
Algorithm for Fractional Motion
Estimation in H.264/AVC Scalable
Video Extension
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4.1. Introduction

To efficiently exploit the temporal relationship between successive frames, the video coding
system usually adopts the technique of Inter prediction to remove the temporal redundancies.
In the older video coding systems, the Inter prediction usually stands for the integer pixel
position motion estimation based on the assumption that the object moving is only occurred in
the integer position. However, some literatures shown that taking sub-pixel position into
account in the Inter prediction can further improve the coding performance since the object
moving would not be always in the integer accuracy. Therefore, the concept of fractional
accuracy motion estimation is thus getting popular and literature [53] shown that 4+ dB in
PSNR improvement can be achieved by adopting fractional motion estimation (FME). As a
result, the fractional motion estimation .is:thus been widely adopted in the existing video
coding standards [7].

Fig. 4.1 illustrates the concept of FME and its operation is explained in detail as follows.
The operation of FME is mainly composed by two steps called half pixel and quarter pixel
position motion estimation. After the best integer position has been decided by integer pixel
motion estimation (IME) as labeled by circle symbols, the half pixel position motion
estimation will be executed around the best integer pixel position. The half pixel position
motion estimation checks eight additional candidate positions, as labeled by square symbols,
to find out the best search results. During the checking process of half pixel position motion
estimation, the absent pixels on the half pixel position will be interpolated by a six-tape
interpolator with the coefficients of [1, -5, 20, 20, -5, 1]. Once the best half pixel position has
been decided, the quarter pixel position motion estimation will be executed around the best
position decided by the half pixel position motion estimation. Similar to the half pixels
position motion estimation, the quarter pixel position motion estimation also checks eight

additional candidate positions, as labeled by triangle symbols, to derive the final results of
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Inter prediction. However, different from the half pixel position motion estimation, the absent
pixels during the quarter pixel position motion estimation will be generated by a bi-linear
interpolator. Therefore, from the operation of FME, we can find that the interpolation

operations should be involved in both of half-pel and quarter-pel search stages.

/]|\ O Integer pixel position
—O O
\|/ . Half pixel position
1 t
BLE B 1s -
} } A Quarter pixel position
|
%%i%%l{%—
LA
L I L
t /]\—A: A:‘ :‘_4
(\ 11
J \|/ \/

Fig. 4.1. Illustration of factional motion estimation

Although FME only checks several positions around the best motion vectors resulted by
integer motion estimation, the computational complexity of IME and FME are almost equal to
each other especially in the hardware realization due to the complex interpolation process and
lots of prediction modes need to be checked by FME [53][54]. To measure the computational
complexity of fractional motion estimation, Fig. 4.2 shows the percentage of CPU usage
profile for Mobile sequence reported in [55]. From this figure, we observed that the CPU
usage of sub-pixel motion estimation is much higher than that of integer pixel motion
estimation. Totally, 76% of CPU usage has been occupied by the fractional motion estimation
component. As a result, the operations of IME and FME are usually divided into two different
pipeline stages in hardware design [56] to balance the computational complexity of pipeline

stage and thus aim at higher coding performance.
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% of CPU usage for Mobile

Integer pixel ME
12%

Fig. 4.2. Percentage of CPU usage profile of H.264 encoder. For Mobile sequence at CIF
size, using CAVLC, £16 search range, fast motion estimation, and no RD mode selection.

In H.264 video coding standard [7], variable block size motion estimation is supported in
Inter prediction mode and each partition size has to be checked by IME and FME one by one
to select the best prediction result as shown in Fig. 4.3. Thus, 41 blocks have to go through
IME and FME operation. In addition to the inherent prediction modes in H.264, the
mechanism of Inter-layer prediction modes-adopted-in SVC [11] including Inter-layer motion
prediction (ILM), and Inter-layer motion residual prediction (ILM+R) also significantly
increases the computational complexity of FME as shown in Fig. 4.4. As a result, 41x4=164

blocks have to be examined by FME in SVC.

L 4x8 8x4 4x4

16x16 16x8 8x16  8x8 .7

- pp——
- —————

[ IME for Inter mode |

| FME for Inter mode |

[ Best mode selection |

Best %ode

Fig. 4.3. Illustration of mode selection process of H.264
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— . e —

FME for FME for In.ter EME for ILM FME fqr ILM +
Inter mode mode + Residual Residual
- - = - - =

| Best mode selection |

Best mode

Fig. 4.4. Illustration of mode selection process of SVC

To simplify the design complexity in hardware design, the small blocks ranged from 8x8 to
4x4 are early decided in IME stage to-derive a.Submode and thus only partition sizes of
16x16, 16x8, 8x16, and Submode (9 blocks in minimum and 21 blocks in maximum) have to
be examined by FME operation as Fig."4.5(a) shown. Similarly, the idea of Submode early
decision can be also applied to SVC for easing the overheads of hardware implementation. As
a result, only 36 to 84 blocks have to be examined by FME in SVC as shown in Fig. 4.6.
Although the early decision method for Submode can efficiently reduce the overheads of
FME, the computational complexity of FME is still high. Several works [57]-[60] have been
proposed to increase the coding speed of FME through the hardware implementation. In
contrast to check all prediction modes, [61],[62] proposed a mode pre-selection method as
shown in Fig. 4.5(b) to pre-selecting the potential skippable prediction modes before entering
FME prediction process in H.264. However, none of above literature has addressed the issues
of SVC. Thus, this chapter proposes an efficient mode pre-selection algorithm to lighten the
computational complexity of FME for SVC by using the concept of mode pre-selection. In

our proposed algorithms, the rate distortion cost relationship between different prediction
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modes are first analyzed and observed to find out the clues that we can use to pre-select the
potentially ignorable prediction modes. Based on the analytical results, several mode

pre-selection rules are proposed in this chapter.

16x16 16x8 8x16  Sub-mode 16x16 16x8 8x16 _ Sub-mode

=
= [ IME for Inter mode |

| IME for Inter mode | = =
[ Mode filtering for FME |
[FME for Inter mode | — e
[ Best mode selection | [ Best mode selection |

Best :’lode Best *ode
(a) (b)
Fig. 4.5. TIllustration of (a) mode selectionprocess for H.264/AVC and (b) mode pre-selection
concept for H.264/AVC
16x16 16x8 8x16 Sub-mode

< ~ = - ~- = -

IME for IME for Inter IME for ILM +
Inter mode | | mode + Residual IME for ILM Residual
- = - = - = - =

FME for FME for In_ter EME for ILM FME fo_r ILM +
Inter mode | | mode + Residual Residual
e - = - = - =

| Best mode selection |

Best %ode
Fig. 4.6. Illustration of mode selection process for SVC
The rests of this chapter are organized as follows. In Section 4.2, some observations are
introduced to indicate the rate distortion cost relationship between different prediction modes.
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Afterwards, the mode pre-selection algorithms are proposed according to the observations in
Section 4.3. Simulation results are shown in Section 4.4 to demonstrate the efficiency of our
proposed algorithms. The hardware architecture design is presented in Section 4.5. Finally, the

conclusions are made in Section 4.6.

4.2. Analysis of Rate Distortion Cost between Prediction Modes

To find the valuable clues for helping the derivation of FME mode pre-selection algorithm,
we conduct several analyses for the rate distortion cost of IME and FME between different
prediction modes. Afterwards, we carry out several simulations to confirm the observed
results. The reason why we choose the rate distortion cost to observe is that the best prediction
mode is judged by the magnitude of rate distortion cost in mode selection process. Therefore,

it is very intuitive to choose rate distortion cost for observation.

4.2.1. Observing the RDCost Relationship between Different Prediction
Modes

In this subsection, we analyze the rate distortion cost (RDCost) relationship of IME and FME
for four different prediction modes combination. These four combinations are "Inter versus
Inter-layer motion (Typel)", "Inter+residual versus Inter-layer motion+residual (Type2)",
"Inter versus Inter+residual (Type3)", and "Inter-layer motion versus Inter-layer
motion+residual (Type4)". Fig. 4.7 to Fig. 4.9, Fig. 4.10 to Fig. 4.12, Fig. 4.13 to Fig. 4.15,
and Fig. 4.16 to Fig. 4.18 individually show the rate distortion cost relationship of /ME and
FME for Typel, Type2, Type3, and Type4 prediction modes combinations with different
partition sizes. In these figures, the vertical axis indicates the RDCosts and the horizontal axis
is the index of macroblocks. The terms of /, M, and R individually stand for the Inter,
Inter-Layer Motion (ILM), and Inter-layer Residual prediction mode. From these figures, we

can observe two properties called spatial locality and no spatial locality property. The spatial
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locality here is roughly defined as that the macroblocks which satisfy the condition that rate
distortion costs of IME and FME are very close to each other. For example, the RDCost of
IME is very close to the RDCost of FME for Inter mode and the same situation can be seen
from ILM prediction mode in Typel prediction mode combination. That is, for example, if the
IME RDCost of Inter mode is sufficiently larger than that of IME RDCost of ILM mode, it has
high probability that the FME RDCost of Inter mode will be larger than FME RDCost of ILM
mode and vice versa due to the spatial locality property. On the other hand, the no spatial
locality property is defined as that the macroblocks don't have the spatial locality property.
From these figures we can observe that the most of macroblocks have the spatial locality
property for block size of 16x16, 16x8, and 8x16. However, for the block size of Submode,
such spatial locality property can not been observed easily from the figures.

From the above observations, we can'summarize the following observations. First, the
mode pre-selection process should take the block prediction size into consideration. That is,
the block sizes of 16x16, 16x8, and-8x16 are jointed into account for deriving the FME mode
pre-selection algorithm because these block sizes have much similar behavior. For the
Submode block size, it should be treated individually for better prediction performance due to
it reveals different behavior when compared to block sizes of 16x16, 16x8, and 8x16. Second,
the macroblocks should be dealt with separately depending on what property they belong to.
In other words, the macroblocks which have the spatial locality property should be processed
by one mode pre-selection algorithm which considers the spatial locality property, and the

other macroblocks have to be processed by another mode pre-selection algorithm.

87



12000

Inter vs Inter-layer motion (Football) S IME() ——FME()
——IME(M) ——FME(M)
10000 |
8000 |
§ | I\
8 6000 ‘ J‘ ‘
o |
5

\ | n |

v U M

/ o S
o . e — .
T Nl RRR R R YRS SR BGRB8 ERRRREREBRESRRRERE88581
Macroblock index
12000
Inter vs Inter-layer motion (Football) —=—IME(l) ——FME(l)
A —IME(M)  ——FME(M)
10000
8000
il
= ==
%
3
“
o
3

6000 A ’ > ‘ r
Y v I i <

2000 ‘ A ‘ J - N
b \
> e \

=5 V 7
2000 J NS = WA \S \
== | 2% \‘l o A—
o] S e B B e e o B o S B e e e e o o o o e
m e OO MR A O MmN O MM S @ S PN O N NN SR M E DN MmN oM Do MmN E® 2 =
SNUNAEIAILRITRILES SOYSIEIRRLFAEEBEBRRRRERINLBEREIRESEE8385883
Macroblock index
10000
Inter vs Inter-layer motion (Football) 1 +—IME()) FME()
9000 A —IME(M)  —FME(M) |

RD Cost

iiiimn Hn[\f\ AN
| [

I A
RN AT 72 A S WA SR T O B P A
U M N VUt Y

1000

S=S=5==

Macroblock index

(©)

8000

Inter vs Inter-layer motion (Football) —IME(l)  —FME(l)
7000 ——IME(M)  — FME(M)
6000
5000 A l
I i
E | | | i
g & R — | i
A/ [ \ [ ﬁ | i |‘ n
N s
3000 f / A L .} [} A S
l“l‘ ' Iu\'\ | \ UL N ) ’: A
[ Y A=Al g\ f NSV ]
2000 ||| R z R \ A
i A au ¥ 1 \ < A | X\
1 . -~ f ' I‘ i o Sm— &7
1000 L [TAY 1 - Al v I T—¥
J—— I
0
mmmmmmmmm N e s

SRR SRARASRSSRAMmmEFEEYSEIAALAR T aaggsSE o

Macroblock index

(d)
Fig. 4.7. Relationship between RDCosts of IME and FME of Football sequence for Typel
prediction mode combination (a) 16x16, (b) 16x8 (c) 8x16, and (d) Submode
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Fig. 4.9. Relationship between RDCosts of IME and FME of Soccer sequence for Typel
prediction mode combination (a) 16x16, (b) 16x8 (c) 8x16, and (d) Submode
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Fig. 4.10. Relationship between RDCosts of IME and FME of Football sequence for Type?2
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Fig. 4.11. Relationship between RDCosts of IME and FME of Foreman sequence for Type2
prediction mode combination (a) 16x16, (b) 16x8 (c) 8x16, and (d) Submode
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4.12. Relationship between RDCosts of IME and FME of Soccer sequence for Type?2
prediction mode combination (a) 16x16, (b) 16x8 (c) 8x16, and (d) Submode
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Fig. 4.13. Relationship between RDCosts of IME and FME of Football sequence for Type3
prediction mode combination (a) 16x16, (b) 16x8 (c) 8x16, and (d) Submode
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Fig. 4.14. Relationship between RDCosts of IME and FME of Foreman sequence for Type3
prediction mode combination (a) 16x16, (b) 16x8 (c) 8x16, and (d) Submode
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Fig. 4.15. Relationship between RDCosts of IME and FME of Soccer sequence for Type3
prediction mode combination (a) 16x16, (b) 16x8 (c) 8x16, and (d) Submode
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Fig. 4.16. Relationship between RDCosts of IME and FME of Football sequence for Type4
prediction mode combination (a) 16x16, (b) 16x8 (c) 8x16, and (d) Submode
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Fig. 4.17. Relationship between RDCosts of IME and FME of Foreman sequence for Tipe4
prediction mode combination (a) 16x16, (b) 16x8 (c) 8x16, and (d) Submode
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Fig. 4.18. Relationship between RDCosts of IME and FME of Soccer sequence for Type4
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As mentioned above that if the macroblocks with the spatial locality property can be
detected, the unnecessary FME mode checking can be skipped and thus achieve the
computational complexity reduction. However, quantitatively defining the threshold of
"sufficiently large" is not an easy task since different video sequences have different rate
distortion cost behavior. There are two directions that can be used to define the term of
"sufficiently large" threshold. The first one is to run a large number of simulations and find a
properly good value to be the term of "sufficiently large" threshold quantitatively. However,
this approach lacks of flexibility to sense the content variation of target images and thus result
in the ill rate distortion performance. An alternative approach is to dynamically adjust the
threshold according to the image content. To do so, we utilize the relationship between
prediction modes to derive the thresholds for different FME mode pre-selection algorithms.

The threshold deriving principle for different prediction modes is listed in Table 4-I.

Table 4-1 Information used for deriving thresholds for different prediction modes

combination
Block
Mode size Typel Type2 Type3 Typed
16x16 YES NO NO YES
Inter 16x8 YES NO NQ YES
8x16 YES NO NO YES
Submode;, NO NO NO NO
16x16 NO NO YES YES
16x8 NO NO YES YES
Inter+R—g. 16 NO NO YES YES
Submode NO NO NO NO
16x16 YES YES NO NO
LM 16x8 YES YES NO NO
8x16 YES YES NO NO
Submode| O NO NO NO
16x16 NO YES YES NO
16x8 NO YES YES NO
ILMER 8x16 NO YES YES NO
Submode NO NO NO NO
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To confirm the validity of our observation, several simulations are conducted by using the

conditional probability of P(4|E) listed below.

P(ANE)

P(A[E) = P

(4-1)
For different prediction mode combinations, the probability of each event is individually

defined as follows.

For Typel
P(E) = PUME(Dwmoge + @ < IME(M)moge
(4-2)
P(A) = P(FME(Dmoge < FME(M)moge
(4-3)
or
P(E) = P(IME(M)Mode +w<=< IME(I)Mode
(4-4)
P(A) = P(FME(M)ygge < FME(Dmoge
(4-5)
1
=3 > IME(D,, = IME(M),|
W= me{16x16,16x8,8X16} Mode€{16x16,16x8,8x16}
w, =0, Mode € {Submode}
(4-6)
For Type2
P(E) = PUME(R + Dyoge + @ < IME(R + M) mode
(4-7)
P(A) = P(FME(R + I)Mode < FME(R + M)Mode
(4-8)
or
P(E) = PUMER + M)yoge + @ < IMER + Dyoge
(4-9)
P(A) = P(FME(R + M)modge < FME(R + Dyode
(4-10)
1
=3 Z IIME(R + I),, — IMER + M),,|
w = me{16x16,16X8,8X16} Mode€e{16x16,16x8,8X16}
w, =0, Mode € {Submode}
(4-11)
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For Type3
P(E) = PUME (Dpmoge + @ < IME(R + Dyoge

(4-12)
P(4) = P(FME(DMode < FME(R + I)Mode

(4-13)

or
P(E) = P(IME(R + Dyoge + @ < IME(IDMoge

(4-14)
P(4) = P(FME(R + Dmodge < FME (I ymoge

(4-15)

wp= 3 [IME(D),, — IME(R + D),

w = me{16x16,16x8,8x16} Mode€{16x16,16x8,8X16}
w, =0, Mode € {Submode}

(4-16)
For Type4
P(E) = PUME(M)poge + @ < IME(R + M) yoge
(4-17)
P(4) = P(FME(M)msie < FME(R + M)moge
(4-18)
or
P(E) = PUME(R + M)moge + w < IME(M)mode
(4-19)
P(A) = P(FME(R + M)Mode < FME(M)Mode
(4-20)
1
=3 Z \IME(M),,, — IME(R + M), |
W= me{16x16,16x8,8X16} Mode€e{16x16,16x8,8x16}
w, =0, Mode € {Submode}
(4-21)

4.2.2. Statistical Results
The statistical results are shown in Table 4-1I to Table 4-V. For Typel, Type2, Type3, and
Type4 prediction mode combinations, the conditional probability can achieve 82.39%, 72.27%,
96.21%, and 95.93% on average, respectively. Therefore, from these tables, we can make sure
that our observations work well and the conditions listed above can be used to derive our
FME mode pre-selection algorithm to skip the potentially ignorable prediction modes and

thus achieve computational complexity savings.
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Table 4-11

Statistical results of Typel

Sequences 16x16 16x8 8x16 Submode
Akiyo 96.75 98.22 96.39 96.02
Table 76.48 79.59 75.63 82.10
News 95.45 97.93 95.10 94.45

Tempete 78.53 82.68 76.43 74.46
Football 71.02 85.31 70.18 72.31
Foreman 74.11 81.55 73.05 74.84
M&D 95.58 97.10 94.75 95.00
Soccer 69.27 76.77 69.10 75.72
Stefan 71.25 80.43 71.31 70.96
Average 80.94 86.62 80.22 81.76
Table 4-111  Statistical results of Type?2

Sequences 1616 16x8 8x16 Submode
Akiyo 83.31 99.31 86.99 94.78
Table 62.24 81.27 64.80 58.01
News 70.84 93.03 66.29 64.67

Tempete 75.56 79.32 73.23 58.73
Football 63.35 86.66 66.12 61.26
Foreman 64.77 72.21 73.41 72.59
M&D 76.66 81.71 71.01 64.02
Soccer 56.74 76.30 61.73 60.40
Stefan 67.41 79.23 65.71 67.94
Average 68.99 83.23 69.92 66.93
Table 4-IV * Statistical results of Type3

Sequences 16x16 16x8 8x16 Submode
Akiyo 93.55 94.46 91.60 88.37
Table 99.47 98.97 98.72 96.50
News 99.77 99.88 99.96 98.24

Tempete 95.20 93.96 92.73 87.57
Football 99.63 99.25 98.94 92.41
Foreman 99.25 99.35 99.59 96.93
M&D 99.18 98.33 97.30 74.39
Soccer 99.63 98.97 99.04 96.91
Stefan 99.12 96.88 96.88 92.56
Average 98.31 97.78 97.20 91.54
Table 4-V Statistical results of Type4

Sequences 16x16 16x8 8x16 Submode
Akiyo 89.35 100.00 93.62 88.07
Table 99.08 99.10 99.14 95.59
News 99.83 99.94 99.77 98.14

Tempete 94.63 93.74 92.69 89.39
Football 99.21 97.81 97.46 90.05
Foreman 99.70 99.11 99.17 93.22
M&D 95.79 99.88 97.21 78.01
Soccer 99.50 99.31 99.35 96.52
Stefan 97.51 95.29 95.94 91.46
Average 97.18 98.24 97.15 91.16
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4.3. Proposed FME Mode Pre-selection Algorithm

Fig. 4.19 shows the proposed FME mode pre-selection concept for SVC. In our proposed
FME mode pre-selection algorithm, the IME is executed for the prediction modes of Inter,
Inter+residual, Inter-layer motion, and Inter-layer motion+residual first. Afterwards, the
proposed FME mode pre-selection algorithm is applied for all prediction modes coming from
the results of IME to skip the potentially ignorable prediction modes before entering the FME
operation. Once the candidate prediction modes have been decided by the proposed FME
mode pre-selection algorithm, the selected candidate modes will be fed into the FME module

to choose the best prediction mode.

16x16 16x8 8x16 Sub-mode

~ - = = ~ - = -

IME for IME for Inter IME for ILM +
Inter mode | | mode + Residual IME for ILM Residual
< L < L < L i
| Mode filtering for FME |
| FME |
- = -

| Best mode selection |

Best %ode

Fig. 4.19. Illustration of mode FME mode pre-selection for SVC

Fig. 4.20 shows the flowchart of our proposed mode pre-selection algorithm which includes
four types of mode pre-selection algorithm. In this flowchart, the candidate set of prediction
modes O is defined as follows.

® = {®;|i € {Inter,ILM, InterR,ILMR},j € {16 X 16,16 X 8,8 X 16, Submode}}

(4-22)
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Typel FME mode pre-selection for @

Type2 FME mode pre-selection for @

Type3 FME mode pre-selection for @

Type4 FME mode pre-selection for @

| Execute FME for @ .

Fig. 4.20. Flowchart of proposed FME mode pre-selection algorithm for SVC

Fig. 4.21 shows the detailed flowchart of proposed FME mode pre-selection algorithm for
Typel. In this flowchart, the weightings of w; and @; are computed first. Afterwards, the IME
rate distortion cost relationship between Inter-and Inter-layer motion is compared for all block
size one by one to skip the potentially ignorable prediction modes. Once the Typel mode
pre-selection algorithm has been done, the candidate set of @ will be fed into the next mode
pre-selection algorithm to further pre-select possible modes. Fig. 4.22 exhibits the detailed
flowchart of proposed FME mode pre-selection algorithm for 7ype2. The flowchart of Type?2
mode pre-selection algorithm is very similar to the mode pre-selection algorithm of Typel
except that the rate distortion cost relationship is compared between [Inter+residual and

Inter-layer motion+residual.
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Fig. 4.21. Detailed flowchart of proposed 7ypel mode pre-selection algorithm
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Fig. 4.22. Detailed flowchart of proposed Type2 mode pre-selection algorithm

Fig. 4.23 and Fig. 4.24 show the detailed flowchart of proposed Type3 and Type4 mode
pre-selection algorithm, respectively. From these figures, the most determination processes
are similar to the determination processes of Typel and Type2 mode pre-selection algorithms.
However, there are some addition determination processes labeled by bold line have been
further included. The additional included determination processes here are in charge of
avoiding unnecessary determination operations since some candidate prediction modes might
have been already disabled in the previous Typel and Type2 mode pre-selection algorithms.
Therefore, by adding additional determination processes into the mode pre-selection flowchart,

the unnecessary operations can be avoided and thus achieve computational complexity saving.
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4.4. Simulation Results

In this section, several simulation results are shown to demonstrate the performance of our

proposed FME mode pre-selection algorithm. The simulation settings are summarized in

Table 4-V1.
Table 4-VI  Simulation settings
Reference software JSVMO9.17 [63]
QP for spatial base layer 18, 28, 33, 38
QP for Spatial enhancement layer 12,22,27, 32
Frame size in spatial base layer QCIF and 540P
Frame size in spatial enhancement layer CIF and 1080P
Frames to be encoded 300 and 150
Frame rate 30 and 15
Adaptive inter-layer prediction ON
Search range size +8
GOP 8
Akiyo, Dancer, Coastguard, Table tennis,
QCIF and CIF | Tempete, Football, Foreman, MD, Mobile,
Test
SO News; Soccer, Stefan . .
540P and 1080P Blue sky, Pedestrian, Riverbed, Station2,
Sunflower, Tractor

Table 4-VII shows the BD-PSNR and BD-Rate comparisons for our proposed FME mode
pre-selection algorithm subject to full mode FME. In this table, the quantization parameter
values of 12, 22, 27, and 32 are adopted to derive the results. It should be mentioned that
since the only highest quality (including spatial, temporal, SNR) layers would be decoded
from the SVC bitstream, we only show the QP values for highest spatial layers. For QCIF and
CIF case, the average BD-PSNR degradation and BD-Rate increasing is 0.034 and 0.0777%,
respectively. In addition, for the 540P and 1080P case, 0.037 and 0.914% BD-PSNR
degradation and BD-Rate increase can be achieved. From this table, it is obvious that our
proposed FME mode pre-selection algorithm results in ignorable rate distortion performance
loss when compared to full mode FME. Table 4-VIII further shows the detailed PSNR
degradation and bitrate increasing for different QP values. On average, our proposed

algorithm only results in 0.005dB PSNR degradation and 0.89% bitrate increasing.
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Table 4-VII

BD-PSNR and BD-Rate comparisons for proposed algorithm subject to full

mode FME
Resolution | Sequences BD-PSNR BD-Rate (%)
Akiyo -0.025 +0.774
Coastguard -0.030 +0.469
Dancer -0.056 +0.754
Football -0.041 +0.733
Foreman -0.052 +1.619
BL: QCIF Mobile -0.037 +0.636
EL: CIF MD -0.031 +1.141
News +0.056 -0.783
Table tennis -0.045 +0.920
Tempete -0.032 +0.586
Stefan -0.051 +1.112
Soccer -0.069 +1.364
Average -0.034 +0.777
Blue sky -0.051 +1.216
Pedestrian -0.017 +0.038
BL: 540P Riverbed -0.006 +0.006
EL: 1080P Station2 -0.043 +1.520
Sunflower -0.067 +2.547
Tractor -0.035 +0.156
Average -0.037 +0.914

Table 4-VIII Rate distortion performance comparisons for proposed algorithm

PSNR degradation (dB) Bitrate increase (%)

QP=12 | QP=22 | QP=27 | QP=32 | QP=12 | QP=22 | QP=27 | QP=32
Akiyo 0.00 0.00 0.00 0.01 0.28 0.94 1.48 1.26
Dancer 0.01 0.00 0.00 -0.01 0.47 0.68 1.11 1.34
Coastguard | 0.00 -0.01 -0.01 -0.01 0.22 0.37 0.56 0.66
Table 0.00 0.00 -0.01 0.00 0.41 0.92 1.23 1.72
Tempete 0.00 0.00 -0.01 -0.01 0.31 0.55 0.71 1.07
Football 0.00 0.00 0.00 0.00 0.34 0.45 0.88 1.58
Foreman 0.00 -0.01 0.00 -0.02 0.51 1.17 1.42 1.90
MD 0.00 0.00 0.00 0.02 0.42 1.25 1.77 2.22
Mobile 0.00 -0.01 -0.01 0.00 0.33 0.40 0.56 0.86
News -0.01 -0.01 0.00 -0.02 0.23 0.65 0.54 1.06
Soccer -0.01 0.00 -0.02 -0.01 0.33 1.67 1.59 0.91
Stefan 0.00 -0.01 0.00 -0.01 0.35 1.14 0.75 0.59
Blue sky 0.01 -0.01 -0.02 -0.03 0.79 0.67 0.96 1.27
Pedestrian 0.01 -0.01 -0.01 -0.01 0.28 0.49 0.85 0.90
Riverbed 0.01 0.01 0.01 0.01 0.05 0.17 0.43 0.79
Station2 0.02 -0.01 -0.02 -0.02 0.43 1.04 1.51 1.92
Sunflower 0.02 -0.02 -0.01 0.00 0.56 1.16 1.96 2.72
Tractor 0.01 -0.02 -0.04 -0.03 0.50 0.30 -0.84 3.17
Average 0.003 | -0.006 | -0.008 | -0.008 0.38 0.78 0.97 1.44
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Table 4-IX tabulates the mode reductions of our proposed algorithm. On average, our
proposed algorithm can achieve 65.97% mode reduction whatever what quantization

parameters have been used.

Table 4-IX  Mode reductions for proposed algorithm subject to full mode FME
(%) QP=12 | QP=22 | QP=27 | QP=32
Akiyo -75.00 | -75.00 | -75.00 | -75.00
Dancer -75.00 | -75.00 | -75.00 | -75.00
Coastguard | -62.50 | -62.50 | -62.50 | -62.50
Table -62.50 | -62.50 | -62.50 | -62.50
Tempete -75.00 | -75.00 | -75.00 | -75.00
BL:QCIF Football -62.50 | -62.50 | -62.50 | -62.50
EL:CIF Foreman -62.50 | -62.50 | -62.50 | -62.50

MD -75.00 | -75.00 | -75.00 | -75.00
Mobile -62.50 | -62.50 | -62.50 | -62.50
News -75.00 | -75.00 | -75.00 | -75.00
Soccer -62.50 | -62.50 | -62.50 | -62.50
Stefan -62.50 | -62.50 | -62.50 | -62.50

Blue sky -62.50-| -62.50 | -62.50 | -62.50
Pedestrian | -62.50 [ -62.50 | -62.50 | -62.50
BL:540P Riverbed -62.50" |- -62.50 | -62.50 | -62.50
EL:1080P Station2 -62.50 | -62.50 | -62.50 | -62.50
Sunflower | -62.50 | -62.50 | -62.50 | -62.50

Tractor -62.50 | -62.50 | -62.50 | -62.50
Average -65.97 | -65.97 | -65.97 | -65.97

4.5. Hardware Architecture Design

Fig. 4.25 reveals the hardware architecture design of our proposed FME more pre-selection
algorithm. When designing a modern video encoder system, the IME and FME are usually
separated into two individual pipeline stages as Fig. 4.25(a) shown due to the reason of
balancing the computational loads for each stage. Therefore, the proposed FME mode
pre-selection algorithm should be placed in the middle of two pipeline stages. However, there
are two places where we can use for arranging our proposed FME mode pre-selection

algorithm. The first place is at the same pipeline stage of IME and the alternative place is at
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the same pipeline stage of FME. However, placing our proposed FME mode pre-selection
algorithm in different places would result in different effects on hardware implementation
costs. Intuitively, since our proposed algorithm is used to pre-select potentially ignorable
modes for FME, the proposed FME mode pre-selection algorithm is placed at the same
pipeline stage of FME naturally. However, although the pre-selected modes can be passed to
the FME module for the forthcoming processing directly, there are significant amounts of
mode prediction information should be passed from the IME pipeline stage. Hence, in this
case, not only the module hardware costs but the pipeline registers would be increased
noticeably for storing all information of mode prediction. As a result, it is unreasonable to
arrange our proposed FME mode pre-selection algorithm at the same stage of FME. Therefore,
our proposed FME mode pre-selection algorithm is thus arranged at the same stage of IME.

Fig. 4.25(b) shows the overall hardware . architecture of our proposed FME mode
pre-selection algorithm which is mainly composed by four major modules called Typel, Type2,
Type3, and Type4 FME mode pre-selection module. The four major modules corresponding to
four major mode pre-selection algorithms mentioned in Section III. For 7ypel and Type2 FME
mode pre-selection modules, the mode pre-selection rules are applied to valid the possible
modes for the following process. Once the Typel and Type2 modules have finished their mode
pre-selection tasks, some mode valid signals will be generated and passed to the other
modules. Similarly, the 7ype3 and Type4 modules have the same operations just like Typel
and Type2 modules do, but they further take the mode valid signals received from Typel and
Type2 modules into consideration. Once all modules have finished their mode pre-selection
operations, all generated mode valid signals will send to a multiplexer to select the mode
prediction information for output.

The detailed hardware architecture design of proposed Typel/Type2 and Type3/Type4 FME

mode pre-selection algorithm is shown in Fig. 4.26 and Fig. 4.27, respectively.
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From the detailed hardware architecture figures shown in Fig. 4.26 and Fig. 4.27, we
observed that our design needs a division to calculate the weighting of w;. In the hardware
design perspective, the operations of multiplication and division are usually avoided to reduce
the hardware implementation costs. Therefore; we use a mathematical way to approximate the

result of division. Mathematically, our division operations can be expressed as follows

(4-23)
where x and s stand for the computed result and the dividend, respectively. From this equation,
it can be seen that although the division operation still existed in the equation, the division
operations can be easily implemented by the right sift operations since the divisors are all the
square of two. As a result, the hardware cost of division can be saved. However, we can
further observe that a variable # is existed in the Eq. (4-23). This variable # is used to define
the precision of the computed result. In other words, the larger the variable 7 is, the higher the

computed precision can be achieved. However, the larger n also results in the increasing of the
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computations and hardware costs. Therefore, the 7 is set to four in our design since n=10 is

sufficient.

4.6. Summary

In this chapter, we propose an FME more pre-selection algorithm to skip potentially ignorable
prediction modes before FME to lighten the computation complexity. The rate distortion cost
relationship between different prediction modes is analyzed first to exploit the possibility of
ignoring some prediction modes. Afterwards, several statistical results are conducted to
confirm our observation and the results prove the high possibility that some prediction modes
can be skipped before FME by using observed properties. Based on the observations and
statistical results, we propose several FME mode pre-selection algorithms to pre-select modes
before entering FME operation. Simulations results show that our proposed FME mode
pre-selection algorithm only results in'0.036 and 0.496% BD-PSNR degradation and BD-Rate
increase, respectively. On average, our proposed algorithm can achieve 65.97% mode

reduction.
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Chapter 5

Rate Distortion Oriented Search
Range Adjustment for Motion
Estimation Hardware Design
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5.1.Introduction

To achieve better rate distortion performance, the motion estimation usually consists of IME
and FME. The IME first executes search process to find out the best position and the FME is
followed to refine the final results. In H.264/AVC, seven block sizes (16x16, 16x8, 8x16, 8x8§,
8x4, 4x8, and 4x4) are supported for better rate distortion performance consideration.
However, the adoption of variable block size motion estimation also increases difficulty of
hardware realization. As a result, many literatures [64]-[67] proposed many VLSI architecture
designs to implement variable block size motion estimation. In these literatures, the SAD-tree
architecture was commonly adopted for realizing the SAD calculation for different block sizes.
The main concept of SAD-tree is that the SADs of smaller block size 4x4 are calculated first
and the SADs of larger block size such as 4x8 to 16x16 are derived by summing up the
corresponding SADs of 4x4 blocks. . Through the SAD-tree architecture, the variable block
size motion estimation can be easily realized. However, from the specification of H.264/AVC
[8], it specifies that each block size has its”own motion vector predictor due to the
consideration of high rate distortion performance. To solve the problem of using individual
motion vector predictor for each block size, the SAD-tree architecture usually adopts the
concept that all block sizes use the motion vector predictor of block size 16x16 as their
motion vector predictor. Once the motion vector predictors of other block sizes have been
derived at the end of the MB processing, an addition compensation procedure will be applied
for other block sizes to derive the correct motion vectors of each block size.

However, as mentioned before that the IME and FME are usually separated into two
distinct pipeline stage [53][54]. The FME has to check every block size for deriving the final
prediction results. In this coding flow, a problem is thus arisen in hardware realization. In the
motion estimation prediction hardware design, a fixed size reference data buffer is

intrinsically allocated for storing the pixels of search area. In the normal motion estimation
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flow, the search area data is initially loaded from the external memory before the process of
IME began. From this point, the system has no insight about what reference data that FME
required for finishing the operation since the IME has not been finished and the best position
of each block size has not been derived as well. In this case, it will result in a situation that the
reference data required by FME is absent in the reference data buffer as Fig. 5.1 shown due to
the IME has found out the best position for each block size and the motion vector predictor of
each block size has been compensated. As a result, the FME will face the reference data

absence problem in the coding process.

|' e NN RRNNN |
T

I:I Reference data buffer

Required reference data by FME (16x16)

D Required reference data by FME (8x16)

Required reference data by FME (16x8)

MM Required reference data by FME (8x8)

Fig. 5.1. TIllustration of reference data absence from reference data buffer

As mention early that if the reference data is absent in the search window buffer, the FME
either re-fetching the absent reference data from external memory or skipping the checking
process for the unavailable candidates. If the absent reference data is re-fetched from external
memory, the FME module must be idled for waiting the reference data to be fetched and
consequently result in the system performance degradation. In addition, the irregular memory
accesses caused by re-fetching required reference data for each block size also deteriorate
overall system performance. However, if FME module skips the checking for the unavailable
candidates (we called this mechanism as FME Skipping), it will lead to the significant rate
distortion performance decrease. Fig. 5.2 shows the rate distortion performance comparisons
for JM and FME skipping approach for different sequences, different frame resolutions and

different search range sizes. From these figures, we can observe very significant rate
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distortion performance degradation resulted by FME skipping mechanism when compared to

JM approach.
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Fig. 5.2. Rate distortion performance degradation of FME skipping for (a) Soccer with
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As stated before that if the absent reference data inside the reference data buffer is
re-fetched from external memory, the overall system performance will be degraded due to the
irregular reference data accesses. However, if the FME checking for the unavailable pixels is
skipped, significant rate distortion performance degradation will be received. Therefore, to
solve the above problems, this chapter proposes a search range adjust algorithm which tries to
re-decide the search range size before motion estimation such that the new decided search
range area can cover the reference data required by FME as much as possible. To do so, we
first analyze the relationship between motion vector predictor and non-overlapping area size.
Based on the analytical results, a mathematical model is proposed to describe the relationship
between motion vector predictor and non-overlapping area size. Afterwards, the modeled
equations can be used to derive our proposed search range adjust algorithm and search range
aspect ratio adjust algorithm.

The organization of this chapter 1s described as follows. In Section 5.2, we present the
analysis for the motion vector predictor and non-overlapping area size. The proposed search
range and search range aspect ratio adjust algorithm is introduced in Section 5.3 in detail.
Section 5.4 exhibits several simulation results to demonstrate the efficiency of our proposed

algorithms. Finally, the conclusion is given in Section 5.5

5.2.Analysis for MVP and Non-overlapping Area Size

In this subsection, we would like to analyze the relationship between the motion vector
predictor and the non-overlapping area size. The reason why we choose the motion vector
predictor as the reference to observer the effects of non-overlapping area size is explained as
follows. First, the motion vector predictors are the information that we can obtain before the

motion estimation process and therefore no additional computations are required. Furthermore,
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the motion vector predictor can efficiently reflect the motion behavior of the video content so
that we can use it to roughly estimate the motion activity of the video sequence. In the
following, we conduct several simulations to observe the relationship between motion vector
predictor and non-overlapping area size. Before conducting our simulation, the term of

non-overlapping area size should be exactly defined as follows.

NOTLOvaode_x =

(MVPyoge x + Sizeyoge x) — (posy +16)  if (MVPyoge x + Sizeyoqe x) > (p0sy + 16)
—p0Sy — MV Pyoge x if —pos, > MVPMode_x
0 Others

(5-1)

NonOvppyoge y

(MVPyode y + Sizemoge y) — (P0osy#16), if (MVPyoge y + Sizeyoge y) > (pos, + 16)

= —posy, — MVPypqge y if - posy > MVPyoqe y
0 Others
(5-2)
where
pOosy = MVPigx16.n + SRyl € {x, ¥} (5-3)
—posp, = MVPigy16 n — SRy|n € {x, ¥} (5-4)
Mode € {16 X 8,8 X 16,8 X 8,8 X 4,4 X 8,4 X 4} (5-5)

where MVPy,q. 1s the motion vector predictor of certain prediction mode, Mode. The SR
stands for the search range. Fig. 5.3 illustrates the calculation of non-overlapping area size in
x direction. However, for the y direction, the non-overlapping area size calculation is the same

as the x direction as shown in Fig. 5.4.
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(c)

Fig. 5.3. Illustration of NonOvpyseae « calculation for (a) MVPyode xtSizerode » > posc+16,
(b) —posy > MVPyp4e x, and (c) Others

Fig. 5.5 and Fig. 5.6 show the analytical results for the relationship between motion vector
predictor and non-overlapping area-size. In the figures, the x axis is the magnitude of motion
vector predictor and the y axis is the average non-overlapping area size calculated by (5-1)
and (5-2). The test sequences of Soccer, 'Stefan, Silent, Foreman, Football, Flower, and
Coastguard with various motion activities are used to derive our simulation results. In
addition, the video sequence resolution is in CIF format and two search range sizes are
applied. From the figures, several very interesting phenomena can be observed. The first
phenomenon is that the relationship curve of the motion vector predictor and non-overlapping
area size is very similar to the Gaussion function curve [68]. Second, the non-overlapping
area size is increased with the growth of the absolute magnitude of motion vector predictors.
This phenomenon can be explained as follows. In the previous subsection, we stated that the
motion vector predictor can be used to roughly estimate the motion behavior of the video
content since the motion vector predictor is derived from the motion vectors of neighboring
macroblocks. If the motion vector predictor is larger, it implies that the video sequence has

higher motion behavior and therefore the larger motion vectors are required to represent the
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movement of the video objects. Unfortunately, the larger motion vector predictors also
increase the possibility of non-overlapping area size growing. The last phenomenon is that the
search range size affects the degree of sharpness of the curve. For example, the curve of SR8
is much sharper than the curve of SR16. This situation can be easily explained by that the
smaller search range size speeds up the possibility of on-overlapping area size increasing.

In summary, the above observations inspire us that we can use a Gaussion-like equation to
express the relationship between motion vector predictor and non-overlapping area size. In

addition, the search range can be further considered to adjust the sharpness of the modeled
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Fig. 5.5. Relationship between motion vector predictor and non-overlapped area for (a)

Foreman and (b) Stefan
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Fig. 5.6. Relationship between motion vector predictor and non-overlapped area in (a) X and
(b) Y direction

5.3.Proposed Search Range and Aspect Ratio Adjust Algorithm

In previous section, we have analyzed the relationship between motion vector predictor and
non-overlapping area size. Based on the analytical results, we proposed a search range adjust
algorithm which recalculates the search ‘range size for the upcoming motion estimation
process. Instead of adjusting the search range size of motion estimation, the proposed
algorithm mainly focuses on determining how many additional non-lapping area sizes are
required so that the necessary reference data of FME can be covered as much as possible. In
addition, we also proposed a search range aspect ratio adjust algorithm which determines the
search range size aspect ratio so that the asymmetric search range size in horizontal and

vertical direction can be derived. The proposed algorithms are described in detail as follows.

5.3.1. Search Range Adjust Algorithm
In this subsection, the proposed search range recalculation algorithm is described in detail.
From the analysis section of 5.2, we find that the relationship between motion vector predictor

and non-overlapping are size can be described by a Gaussion-like function. Therefore, we use
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the following equations to express the relationship between motion vector predictor and
non-overlapping area size. The non-overlapping area size in the x direction can be derived as

follows.

s (48]} 25

(5-6)
For the y direction, the non-overlapping area size can be obtained as follows.
2 2
1[0 1y — uy)By
100 = e 3o |- e |52
(5-7)

where the parameters of a,a, i, u,, oy, and o, are derived experimentally and they have been
setas ay = a, =18, uy =, =0, and o, = o, = 5.0.
To sense the effect of different search range size on the calculated non-overlapping area

size, the initial search range size SR is further taken into consideration as follows.

Aol € ) 2o e
(5-8)
Finally, the adjusted search range SR’ can be calculated as follows.
SR,' = SR, + f(W)|v € {x,y}
(5-9)

Fig. 5.7 exhibits the flowchart of our proposed search range adjust algorithm. First, for the
incoming macroblocks, the motion vector predictors are derived by the regular motion vector
predictor derivation process specified in video coding standards. Afterwards, the
corresponding non-overlapping area sizes f(x) and f(y) in x and y direction are computed by
(5-6) and (5-7), respectively. Once the new search range size of SR," and SR," have been
calculated, the reference data subject to the new adjusted search range size are loaded from

external memory for the following IME and FME processes. The above operations are applied
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iteratively for all macroblocks.
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to SR, and SR,

I
|Execute IME and FME]|

Fig. 5.7. Flowchart of proposed search range adjust algorithm

5.3.2. Search Range Aspect Ratio Adjust Algorithm
Unlike most of dynamic search range adjust algorithms [69]-[73], the proposed search range
aspect ratio adjust algorithm tries to adjust the search range aspect ratio both in horizontal and
vertical directions under the constraint of the certain search range size so that the search range
size in horizontal and vertical direction can be asymmetric and memory bandwidth variation
can be consistent. Although some search range decision algorithms can achieve asymmetric
search range size decision, they lack of considering the available memory bandwidth and
reference data buffer size. As a result, they either result in the memory bandwidth access
burden due to the large decided search range size or the memory bandwidth variation. In our
proposed search range size aspect ratio adjust algorithm, we try to use the non-overlapping

area size both in x and y directions to derive the ratio first. Afterwards, the ratio is adopted to
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compute the final aspect ratio of new adjusted search range size. The detailed derivation
process of the search range aspect ratio is described as follows.
After successfully deriving the non-overlapping area size in x and y direction, we can

compute the ratio between the non-overlapping area size of x and y as follows.

1-0_2 1( — x).sz
R —
= - _2 — 2 —
o ayexp{—%_a%_ }—ayexp {_%[_(y G/;y)ﬁy]}
>a exp{ 1-0-2} a exp{ 1l(x_llx)ﬁxr}
sexp| =3[z el

— 110 : 1 (y_.uy)ﬁyz
=nyayexp _E O'_y — ayexp _E —o'y

(5-10)

where # is the ratio between two non-overlapping area sizes.
However, since our proposed algorithm needs to satisfy the constraint of certain search
range size, the initial search range size is:-included here and hence results in a new equation

shown as follows.

170 ’ 1 — Ux)Px 2
roron =faceen (- 3[2] |- acewp - [ <222 |

1r07? 1[07’
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The above equation states that the product of new adjusted search range size f(x) and f(y)
should satisfy the condition of twice search range size.

So far, by solving the operation of (5-10) — (5-11), we can obtain the following equation.

avernl-3[o H Hw]}

25R

wern -3 2]J e f-4[0=225

(5-12)
Afterwards, we can derive the new search range in y direction as follows with considering

the different aspect ratio.

foy= 28

(5-13)
By using f(y)' to substitute f(y) in (5-10), we can obtain new adjusted search range in x

direction as follows.

FOO =n ZSR

(5-14)

We can verify that the new adjusted search range satisfies the condition of follows.
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2SR
f)fly) =n /—n /—n =25R and 275 = \/ZTR =n
n

Through the aid of equations (5-13) and (5-14), we can derive a new search range size in x

(5-15)

and y direction.

Fig. 5.8 exhibits the flowchart of our proposed search range aspect ratio adjust algorithm.
First, for the incoming macroblocks, the motion vector predictors are derived by the regular
motion vector predictor derivation process specified in video coding standards. Afterwards,
the corresponding new search range sizes f(x)' and f(y)' in x and y direction are computed by
(5-13) and (5-14), respectively. Finally, the reference data subject to the new adjusted search

range size are loaded from external memory for the following IME and FME processes.
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Fig. 5.8. Flowchart of proposed search range aspect ratio adjust algorithm
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5.4.Simulation Results

In this subsection, numerous simulations are conducted to verify the efficiency of our
proposed algorithm. In addition, since we have proposed two algorithms for different
applications, two simulation scenarios are created to individually show the performance of our
proposals. The simulation settings are listed in Table 5-1.

Table 5-1 Simulation settings

Reference software IM12.2 [74]
Search range size +8 and 16
Quantization parameters | 18, 28, and 38
Frame resolution CIF and 4CIF
Frames to be encoded 300
City, Coastguard, Flower, Football, Foreman, Soccer, Stefan,
Test sequences .
and Mobile

5.4.1. Simulation Results of Search Range Adjust Algorithm
In this subsection, several simulation results of our proposed search range adjust algorithm are
exhibited to show the rate distortion performance. Unlike most search range decision
algorithms shown, we would like to show the rate distortion performance after fractional
motion estimation with and without our proposed algorithm. Therefore, it can be expected that
our proposed algorithm can result in the rate distortion performance improvement when
compared to the results without our proposed algorithm.

Table 5-1I shows the PSNR results of different approaches. In Table 5-1I, the PSNR results
are derived by exhaustive motion estimation without any FME skipping. For the case that the
reference data required by FME is absent in reference data buffer, the FME operation will be
skipped and the PSNR degradations are shown in Table 5-III. Table 5-IV exhibits the PSNR
degradations of our proposed algorithm. From these tables, we can observe that our proposed
algorithm and FME skipping approach respectively result in 0.01 and 0.08dB PSNR

degradation on average for CIF resolution. For larger resolution sequence 4CIF, 0.007 and
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0.07dB PSNR degradation will be resulted by our proposal and FME skipping approach,
respectively. In other words, our proposed algorithm can reduce ten times PSNR degradation

for 4CIF sequences when compared to FME skipping approach.
Table 5-11 PSNR results without FME skipping

SR8 SR16
PSNR (dB) 18 28 38 18 28 38

Flower 44.96 35.07 25.46 44.96 35.07 25.47
Football 45.01 37.25 30.29 44.97 37.21 30.25
CIF Foreman | 44.45 36.76 30.24 44.45 36.75 30.23
Soccer 44.58 36.75 30.77 44.56 36.71 30.72
Stefan 45.01 36.71 28.18 45.00 36.71 28.18

Average 44.802 36.508 28.988 44.788 36.49 28.97

City 44.61 36.11 29.11 44.61 36.11 29.15
Coastguard | 46.22 39.01 31.26 46.22 39.01 31.26
4CIF Football 47.23 40.58 33.54 47.11 40.43 33.44
Foreman 46.63 40.01 33.49 46.60 39.96 33.42

Mobile 45.57 37.57 29.72 45.57 37.57 29.73
Average 46.052 38.656 31.424 46.022 38.616 31.4
Table 5-1I ~ PSNR degradation of FME skipping approach
SR8 SR16
APSNR (dB) 18 28 38 18 28 38
Flower -0.03 -0.03 0.00 0.00 0.00 0.00
Football -0.09 -0.11 -0.08 -0.09 -0.08 -0.06
CIF Foreman | -0.06 -0.08 -0.05 -0.04 -0.06 -0.04
Soccer -0.17 -0.13 -0.04 -0.14 -0.06 -0.03
Stefan -0.06 -0.20 -0.18 -0.07 -0.20 -0.19
Average -0.082 -0.11 -0.07 -0.068 -0.08 -0.064
City -0.07 -0.20 -0.03 0.00 -0.02 -0.01
Coastguard -0.41 -0.36 -0.09 -0.05 -0.07 -0.01
4CIF Football -0.05 -0.07 -0.01 -0.05 -0.06 0.00
Foreman -0.13 -0.09 0.01 -0.10 -0.07 -0.01
Mobile -0.02 -0.02 -0.02 -0.01 0.00 -0.01
Average -0.136 -0.148 -0.028 -0.042 -0.044 -0.008

0 show the bitrate values of different approaches, and the bitrate increasing comparisons of
FME skipping approach and our proposed algorithm subject to no FME skipping approach are
revealed in Table 5-VI and Table 5-VII, respectively. For the FME skipping approach, since it
skips the FME operations when reference data is absent in the reference data buffer, the
bitrate is increased significantly. On average, 9.53% bitrate will be increased by the FME

skipping approach for CIF sequences. However, for the high motion sequence such as Stefan,
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the FME skipping approach even more results in up to 42.79% bitrate increasing. In our
proposed algorithm, the resulted bitrate increasing is only 0.90% on average for CIF
sequences. For the high motion sequence Stefan, the maximum bitrate increasing is only
4.99%. However, it should be mentioned that bitrate increasing amount of 4CIF sequence is
quite insignificant as CIF sequence shown due to the difference of the bitrate units. In other
words, the bitrate of CIF sequences is much less than that of the bitrate of 4CIF sequences.
Therefore, for the same increased bitrate amounts, the percentage of bitrate increasing of 4CIF
sequences will be much less than that of the percentage of bitrate increasing of CIF

sequences.

Table 5-IV ~ PSNR degradation of proposed search range adjust algorithm

SR8 SR16
APSNR (dB) 18 28 38 18 28 38
Flower -0.07 -0.03 0.01 0.00 0.00 -0.01
Football -0.03 0.00 0.00 0.00 0.00 0.00
CIF Foreman | -0.02 -0.02 <0.01 -0.01 0.00 0.01
Soccer -0.04 -0.02 0.01 0.00 -0.01 0.00
Stefan -0.01 -0.04 -0.01 0.00 0.00 0.00
Average -0.034 -0.022 0.000 -0.002 -0.002 0.000
City -0.02 -0.12 -0.03 0.00 -0.01 0.00
Coastguard -0.02 -0.04 0.00 0.00 0.00 0.00
4CIF Football 0.01 0.01 0.02 0.01 0.01 0.02
Foreman -0.02 -0.02 0.01 0.00 -0.01 0.02
Mobile -0.01 -0.01 -0.01 -0.01 0.00 -0.01
Average -0.012 -0.036 -0.002 0.000 -0.002 0.006

Table 5-VIII and Table 5-IX show the data access requirements of our proposed search
range adjust algorithm subject to reference data reloading approach for 4CIF and CIF
resolution sequences, respectively. Here, the reference data reloading approach stands for that
the FME reloads the absent reference data from the external memory. From these tables, it can
be seen that our proposed algorithm only occupies 18.42% and 46.99% data access
requirements subject to reference data reloading FME for 4CIF and CIF sequences,
respectively. In summary, our proposed search range adjust algorithm can significantly

improve the rate distortion performance with slight data access requirements increasing.
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Table 5-V

Bitrate results without FME skipping

. . SR8 SR16
Bitrate (kbits) 18 28 33 18 28 38
Flower | 6184.78 | 1989.36 | 284.80 | 6188.47 | 1988.15 | 285.00
Football | 4397.48 | 1484.51 | 401.93 | 4340.79 | 1444.79 | 383.92
CIF Foreman | 2678.82 | 468.50 94.83 2672.59 | 464.55 91.09
Soccer | 2753.21 725.78 179.58 | 2716.86 | 701.13 166.82
Stefan | 5025.83 | 1511.05 | 310.74 | 4918.84 | 143949 | 268.76
Average 4208.024 | 1235.84 | 254.376 | 4167.51 | 1207.622 | 239.118
City 16002.92 | 1843.98 | 215.62 | 16023.45 | 1838.61 | 214.34
Coastguard | 9052.03 | 2587.87 | 483.62 | 9054.16 | 2587.08 | 483.50
4CIF Football 9482.93 | 3180.77 | 1009.43 | 9142.90 | 2964.10 | 938.65
Foreman 6453.18 | 1138.58 | 283.06 | 6293.96 | 1048.34 | 249.63
Mobile 12992.11 | 3650.71 585.99 | 12983.47 | 3651.39 | 585.51
Average 10796.63 | 2480.382 | 515.544 | 10699.59 | 2417.904 | 494.326
Table 5-VI  Bitrate increasing of FME skipping approach
. ° SR8 SR16
ABitrate (%) 18 28 38 18 28 38
Flower 2.99 3.78 3.64 0.07 0.15 0.05
Football 7.63 7.28 4.70 4.93 4.35 2.55
CIF Foreman 8.74 13.30 3.26 4.60 5.97 1.10
Soccer 18.89 14.81 6.90 9.31 7.75 2.76
Stefan 13.12 31.82 42.79 8.40 20.82 29.33
Average 10.274 14.198 12.258 5.462 7.808 7.158
City 9.16 38.81 21.02 0.55 2.09 1.89
Coastguard 8.72 11.30 7.31 1.99 2.66 2.18
4CIF Football 3.82 3.59 2.73 3.88 3.02 1.93
Foreman 6.43 9.86 2.49 3.44 4.41 1.45
Mobile 0.67 1.34 2.35 0.24 0.31 0.36
Average 5.76 12.98 7.18 2.02 2.498 1.562
Table 5-VII  Bitrate increasing of proposed search range adjust algorithm
. SR8 SR16
ABitrate (%) 18 28 38 18 28 38
Flower 1.14 1.79 2.18 0.02 0.11 -0.11
Football 0.75 0.99 1.27 0.14 0.07 0.42
CIF Foreman 0.90 1.16 0.74 0.10 0.26 0.19
Soccer 1.09 1.00 2.86 0.19 0.44 0.05
Stefan 1.96 4.99 1.72 0.13 0.23 0.07
Average 1.168 1.986 1.754 0.116 0.222 0.124
City 2.72 4.32 4.94 0.16 0.49 0.44
Coastguard 0.77 0.77 1.54 0.05 0.14 0.27
4CIF Football 0.63 0.89 1.06 0.41 0.30 0.70
Foreman 1.22 1.98 1.64 0.18 0.16 1.02
Mobile 0.31 0.69 1.15 0.09 0.12 0.11
Average 1.13 1.73 2.066 0.178 0.242 0.508
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Table 5-VIII Data access requirements compared to reference data reloading for 4CIF
sequences

ACIF SR8 SR16
QP18 QP28 QP38 QP18 QP28 QP38
City 17.35 17.35 15.33 19.92 18.69 17.30
Football | 20.77 17.14 48.53 17.04 14.98 14.98
Foreman| 7.94 7.99 16.17 17.46 16.61 22.92
Mobile 21.01 18.66 15.06 23.49 20.01 15.37
Average | 16.77 15.29 23.77 19.48 17.57 17.64

Table 5-IX  Data access requirements compared to reference data reloading for CIF
sequences

ACIF SR8 SR16
QP18 QP28 QP38 QP18 QP28 QP38
City 33.16 33.24 33.78 40.94 38.71 44.19
Football | 69.92 65.63 78.09 58.58 58.86 63.55
Foreman| 53.73 46.06 42.81 41.57 38.85 51.58
Mobile 32.68 35.04 35.61 39.62 44.49 46.98
Average | 47.37 44.99 47.57 45.18 45.23 51.58

Fig. 5.9 shows the rate distortioncurve comparison of different approaches for different test
sequences. The term of JM stands for the'approach without FME skipping. From these figures,
it can be found that the FME skipping approach results in significant rate distortion
performance degradation. Nevertheless, the proposed algorithm produces near the same rate

distortion performance when compared to no FME skipping approach.
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Fig. 5.9. Rate distortion curve comparisons of different approaches for (a)Stefan, (b)Soccer,
and (c) Foreman

5.4.2. Simulation Results of Search Range Aspect Ratio Adjust Algorithm

In this subsection, the simulation results of our proposed search range aspect ratio adjust
algorithm are exhibited to demonstrate the performance of our proposal. There is one thing
that we should point out is that the main goal of our proposed search range aspect ratio adjust
algorithm is tried to achieve better rate distortion performance under the constraint of the
same search range area instead of minimizing the rate distortion performance degradation. In
other words, we can expect that our proposed search range aspect ratio adjust algorithm can
achieve ignorable PSNR degradation and bitrate decreasing under the same search range area

constraint.
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Table 5-X shows the PSNR results of JM. In addition, the PSNR difference between JM
and our proposal is exhibited in Table 5-XI. From these tables, we can found that our
proposed algorithm results in near no PSNR degradation. By calculation, only 0.006 and
0.02dB PSNR has been degraded on average by our proposed algorithm for CIF and 4CIF

sequences, respectively.

Table 5-X PSNR results of M

SR8 SR16
PSNR (dB) 18 28 38 18 28 38

Flower 44.96 35.07 25.46 44.96 35.07 25.47
Football 45.01 37.25 30.29 44.97 37.21 30.25
CIF Foreman | 44.45 36.76 30.24 44.45 36.75 30.23
Soccer 44.58 36.75 30.77 44.56 36.71 30.72
Stefan 45.01 36.71 28.18 45.00 36.71 28.18

Average 44.802 36.508 28.988 44.788 36.49 28.97

City 44.61 36.11 29.11 44.61 36.11 29.15
Coastguard 46.22 39.01 31.26 46.22 39.01 31.26
4CIF Football 47.23 40.58 33.54 47.11 40.43 33.44
Foreman 46.63 40.01 33.49 46.60 39.96 33.42

Mobile 45.57 37.57 29.72 45.57 37.57 29.73

Average 46.052 38.656 31.424 46.022 38.616 31.400

Table 5-XI ~ PSNR difference between proposal and JM

SR8 SR16
ALEINIE (@15 18 28 38 18 28 38
Flower 0.00 0.00 0.00 0.00 0.00 0.00
Football -0.03 -0.03 -0.03 -0.01 -0.01 -0.01
CIF Foreman 0.00 -0.01 0.01 0.00 0.00 0.01
Soccer -0.02 -0.03 -0.04 0.00 0.00 0.01
Stefan -0.01 0.00 0.01 -0.01 -0.01 0.02
Average -0.012 -0.014 -0.01 -0.004 -0.004 0.006
City 0.00 0.00 0.02 0.00 0.00 0.00
Coastguard 0.00 -0.01 0.00 0.00 0.00 0.02
4CIF Football -0.10 -0.12 -0.06 -0.05 -0.07 -0.04
Foreman -0.03 -0.05 -0.05 -0.01 -0.02 -0.02
Mobile -0.01 0.01 0.01 -0.01 0.00 0.00
Average -0.028 -0.034 -0.016 -0.014 -0.018 -0.008

For bitrate comparisons, Table 5-XII shows the bitrate results of JM. The bitrate difference
comparisons is revealed in Table 5-XIII. From these tables, it can be seen that our proposed

algorithm can achieve bitrate decreasing for almost all test sequences and quantization
138



parameter settings. On average, our proposed algorithm can aim at 1.16% and 1.55% bitrate
decreasing when compared to JM for CIF and 4CIF sequences. For the better case, up to

12.99% bitrate decreasing can be achieved by our proposal for the high motion sequence

Stefan.
Table 5-XII  Bitrate results of IM
. . SR8 SR16
Bitrate (kbits) 18 28 38 18 28 38
Flower | 6184.78 | 1989.36 284.80 6188.47 | 1988.15 285.00
Football | 4397.48 | 1484.51 401.93 4340.79 | 1444.79 383.92
CIF Foreman | 2678.82 468.50 94.83 2672.59 464.55 91.09
Soccer | 2753.21 725.78 179.58 2716.86 701.13 166.82
Stefan 5025.83 | 1511.05 310.74 4918.84 | 1439.49 268.76
Average 4208.024 | 1235.84 | 254.376 | 4167.51 | 1207.622 | 239.118
City 16002.92 | 1843.98 215.62 | 16023.45 | 1838.61 214.34
Coastguard | 9052.03 | 2587.87 483.62 9054.16 | 2587.08 483.50
4CIF Football 9482.93 | 3180.77.| 1009.43 | 9142.90 | 2964.10 938.65
Foreman 6453.18 | 1138.58 283.06 6293.96 | 1048.34 249.63
Mobile 12992.11 | 3650.71 585.99 | 12983.47 | 3651.39 585.51
Average 10796.63 | 2480.382 | 515.544 | 10699.59 | 2417.904 | 494.326
Table 5-XIII Bitrate difference between proposal and JM
. ° SR8 SR16
ABitrate (%) 18 28 38 18 28 38
Flower 0.06 -0.02 0.06 0.04 0.00 -0.13
Football -0.64 -1.33 -2.64 0.14 0.25 0.31
CIF Foreman -0.01 -0.18 -2.57 0.09 0.31 0.66
Soccer -0.83 -2.04 -5.53 0.24 0.60 -0.83
Stefan -2.03 -4.42 -12.99 -0.14 -0.44 -0.74
Average -0.69 -1.598 -4.734 0.074 0.144 -0.146
City -0.06 -0.20 -0.95 -0.01 0.11 0.02
Coastguard 0.01 -0.03 0.15 0.03 0.00 0.10
4CIF Football -3.02 -5.53 -4.91 -1.11 -2.49 -3.01
Foreman -2.18 -6.91 -9.82 -0.17 -0.97 -5.13
Mobile -0.02 0.01 -0.35 0.04 -0.03 -0.07
Average -1.054 -2.532 -3.176 -0.244 -0.676 -1.618

In summary, our proposed search range aspect ratio adjust algorithm can achieve the goal
that the rate distortion performance could be better than JM under the same search range area

constraint.
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5.5. Integration of All Proposed Search Range Adjust
Algorithms

Since our proposed search range adjust and aspect ratio adjust algorithm are distinct part, they
can be easy combined together. Fig. 5.10 illustrates the flowchart of our proposed algorithms
combination. First, for the incoming macroblocks, the motion vector predictors are derived by
the regular motion vector predictor derivation process specified in video coding standards.
Afterwards, the corresponding non-overlapping area size of f(x)' and f(y)' in x and y direction
are computed by (5-6) and (5-7), respectively. After the calculation of non-overlapping area
size has been done, our proposed aspect ratio adjust algorithm is applied to obtain the new
search range SR,' and SR,' by (5-13) and (5-14). For the new decided search range size, our
proposed search range adjust algorithm has been slightly modified as follows.
SR, = SR," + f(v)|v € {x,y}

(5-16)
Finally, the reference data subject to the new adjusted search range size are loaded from
external memory for the following IME and FME processes.

Table 5-XIV and Table 5-XV show the PSNR difference comparisons for our proposed
search range adjust algorithm and combined algorithm for CIF and 4CIF sequences,
respectively. From these tables, we can find that our combined algorithm can achieve 0.005dB
PSNR increase on average when compared to our proposed search range adjust algorithm for
CIF resolution.

Table 5-XVI and Table 5-XVII exhibit the bitrate comparisons for our combined and search
range adjust algorithm in CIF and 4CIF resolution, respectively. For CIF size sequences, our
combined algorithm can further reduce 1.83% bitrate requirements on average when
compared to proposed search range adjust method. In addition, up to 2.25% bitrate can be

reduced by our combined algorithm on average for the 4CIF size sequences.
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Fig. 5.10. Flowchart of our proposed algorithms combination

Table 5-XIV  PSNR difference between proposed search range adjust and combined

algorithm (CIF resolution) (Unit: dB)

PSNR Comparison (CIF) Flower Football Foreman Soccer Stefan
SR Adjust 44.89 44.98 44.43 44.54 45.00

QP18 | Combined 44.96 44.99 44.45 44.56 45.00
APSNR 0.07 0.01 0.02 0.02 0.00

SR Adjust 35.04 37.25 36.74 36.73 36.67

SR8 | QP28 | Combined 35.07 37.23 36.75 36.72 36.71
APSNR 0.03 -0.02 0.01 -0.01 0.04

SR Adjust 25.47 30.29 30.23 30.78 28.17

QP38 | Combined 2547 30.26 30.23 30.74 28.18
APSNR 0.00 -0.03 0.00 -0.04 0.01

SR Adjust 44.96 4497 44.44 44.56 45.00

QP18 | Combined 44.96 44.96 44.45 44.56 45.00
APSNR 0.00 -0.01 0.01 0.00 0.00

Combined 35.07 37.21 36.75 36.70 36.71

SR16 | QP28 | SR Adjust 35.07 37.20 36.75 36.71 36.71
APSNR 0.00 -0.01 0.00 0.01 0.00

SR Adjust 25.46 30.25 30.24 30.72 28.18

QP38 | Combined 25.46 30.24 30.24 30.74 28.20
APSNR 0.00 -0.01 0.00 0.02 0.02
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Table 5-XV  PSNR difference between proposed search range adjust and combined
algorithm (4CIF resolution) (Unit: dB)

PSNR Comparison (4CIF) City | Coastguard | Football | Foreman Mobile

SR Adjust 44.59 46.20 47.24 46.61 45.56

QP18 | Combined 44.61 46.22 47.15 46.60 45.56
APSNR 0.02 0.02 -0.09 -0.01 0.00

SR Adjust 35.99 38.97 40.59 39.99 37.56

SR8 | QP28 | Combined 36.11 39.01 40.46 39.96 37.57
APSNR 0.12 0.04 -0.13 -0.03 0.01

SR Adjust 29.08 31.26 33.56 33.50 29.71

QP38 | Combined 29.13 31.26 33.48 33.45 29.72
APSNR 0.05 0.00 -0.08 -0.05 0.01

SR Adjust 44.61 46.22 47.12 46.60 45.56

QP18 | Combined 44.61 46.22 47.06 46.59 45.56
APSNR 0.00 0.00 -0.06 -0.01 0.00

Combined 36.10 39.01 40.44 39.95 37.57

SR16 | QP28 | SR Adjust 36.11 39.01 40.36 39.94 35.57
APSNR 0.01 0.00 -0.08 -0.01 -2.00

SR Adjust 29.15 31.26 33.46 33.44 29.72

QP38 | Combined 29.15 31.27 33.41 33.41 29.72
APSNR 0.00 0.01 -0.05 -0.03 0.00

Table 5-XVI Bitrate difference between proposed search range adjust and combined
algorithm (CIF resolution) (Unit: kbits)

Bitrate Comparison (CIF) | Flower | Football | Foreman Soccer Stefan

SR Adjust | 6255.34 | 4430.29 2702.96 2783.17 512441

QP18 | Combined | 6188.27 | 4374.49 2680.99 2737.41 4929.14

ABitrate -1.07% -1.26% -0.81% -1.64% -3.81%

SR Adjust | 2024.90 | 1499.21 473.92 733.07 1586.38

SR8 | QP28 | Combined | 1989.59 1468.83 467.92 712.45 1447.30

ABitrate -1.74% -2.03% -1.27% -2.81% -8.77%

SR Adjust 291.00 407.04 95.53 184.71 316.07
QP38 | Combined 285.31 393.34 92.61 170.94 271.94

ABitrate -1.96% -3.37% -3.06% -7.45% -13.96%

SR Adjust | 6189.66 | 4346.72 2675.14 2722.02 4925.08

QP18 | Combined | 6190.64 | 4349.20 2678.69 2728.02 4914.08

ABitrate 0.02% 0.06% 0.13% 0.22% -0.22%

Combined | 1990.35 1445.82 465.74 704.20 1442.77

SR16 | QP28 | SR Adjust | 1988.84 1450.89 467.76 706.31 1434.34

ABitrate -0.08% 0.35% 0.43% 0.30% -0.58%

SR Adjust 284.70 385.53 91.26 166.91 268.94

QP38 | Combined 284.85 385.79 91.85 166.25 266.75

ABitrate 0.05% 0.07% 0.65% -0.40% -0.81%
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Table 5-XVII Bitrate difference between proposed search range adjust and combined
algorithm (4CIF resolution) (Unit: kbits)

Bitrate Comparison (4CIF) City Coastguard | Football | Foreman | Mobile

SR Adjust | 16437.43 9121.39 9542.55 6532.09 | 13032.69

QP18 | Combined | 16016.86 9059.30 9254.29 | 6321.72 | 12997.72

ABitrate -2.56% -0.68% -3.02% -3.22% -0.27%

SR Adjust | 1923.67 2607.77 3208.93 1161.08 3675.89

SR8 | QP28 | Combined | 1845.87 2591.61 3017.22 1062.70 3654.97

ABitrate -4.04% -0.62% -5.97% -8.47% -0.57%

SR Adjust 226.28 491.09 1020.12 287.70 592.72

QP38 | Combined 215.71 485.59 964.50 257.25 584.92

ABitrate -4.67% -1.12% -5.45% | -10.58% -1.32%

SR Adjust | 16048.87 9058.24 9180.15 6305.04 | 12995.58

QP18 | Combined | 16035.44 9054.17 9055.14 6285.58 12995.29

ABitrate -0.08% -0.04% -1.36% -0.31% 0.00%

Combined 1847.24 2590.58 2973.10 1049.97 3655.84

SR16 | QP28 | SR Adjust 1847.24 2590.28 2895.19 1039.82 3652.95

ABitrate 0.00% -0.01% -2.62% -0.97% -0.08%

SR Adjust 215.29 484.81 945.20 252.18 586.18

QP38 | Combined 214.66 484.14 914.76 238.07 585.56

ABitrate -0.29% -0.14% -3.22% -5.60% -0.11%

5.6.. Summary

In this chapter, we consider the rate distortion performance degradation problem resulted by
the FME skipping due to the reference data absence. To solve this problem, a search range
adjust algorithm is proposed by using the mathematical approach. In our approach, the
relationship between motion vector predictor and non-overlapping area size is observed and
modeled. Via the help of modeling results, a search range adjust algorithm is thus proposed.
Simulation results demonstrate that our proposed search range adjust algorithm can achieve
ten time PSNR performance improvement when compared to FME skipping approach. For the
bitrate comparisons, up to 90.56% bitrate can be saved when compared to FME skipping
method for CIF sequences. Furthermore, we further propose a search range aspect ratio adjust
algorithm which adjusts the search range aspect ratio under the same search range area

constraint. By solving the mathematical equations, we can individually derive the aspect ratio
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for the new adjusted search range. Simulation results show that our proposed search range
aspect ratio adjust algorithm results in almost the same PSNR performance when compared to
JM. For the bitrate performance, our proposed algorithm can achieve 1.55% bitrate decreasing
on average when compared to JM for 4CIF sequences. In summary, our proposed algorithm
can efficiently solve the rate distortion performance degradation problem caused by FME
skipping approach. In addition, under the same search range area constraint, our proposed
search range aspect ratio adjustment algorithm results in better rate distortion performance

when compared to JM.
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Chapter 6

Conclusions and Future Works
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6.1. Conclusions

To improve the video coding system performance drop caused by intensive data access and
high computational complexity of motion estimation, this dissertation proposed several data
access bandwidth and computational complexity reduction algorithms for integer and
fractional motion estimation in H.264/MPEG4-AVC and its scalable extension.

For high data access bandwidth issue in integer motion estimation, we proposed a rate
distortion bandwidth efficient motion estimation algorithm to reduce the amount of data
accesses. In this algorithm, the relationship between rate distortion cost and data bandwidth is
observed first and the observed results are used to derive a model to describe the relationship
between rate distortion cost and data bandwidth. Afterwards, a low data bandwidth motion
estimation algorithm is thus proposed based on the modeling. In addition, through the aid of
the modeling, we further proposed.a bandwidth aware motion estimation algorithm to
dynamically allocate the data bandwidth for motion estimation under the certain available
data bandwidth constraint. Simulation. results show that our proposed low data bandwidth
motion estimation algorithm can achieve 78.82% data access bandwidth saving on average.

For high data access bandwidth and computational complexity issues caused by additional
adopted Inter-layer prediction modes in scalable video coding, we proposed several data and
computational unit reuse algorithms to reduce the data access bandwidth and computational
complexity of Inter-layer predictions by observing the relationship between successive spatial
layers. In addition, an adaptive motion estimation switching algorithm is also proposed in this
dissertation to dynamically select the data efficient motion estimation algorithm according to
the frame resolution. Through our proposed data efficient Inter-layer prediction algorithms, at
least 50.55% can be saved. In addition, the computation units for calculating the distortion
costs can be shared by different prediction modes so that the hardware costs of computation

units can be reduced in our proposed algorithms.
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In addition to the intrinsic high computation complexity, the extra adopted Inter-layer
prediction modes in scalable video coding also heavily increase the computation complexity
of fractional motion estimation and thus result in the insufficient timing budget in hardware
implementation. To reduce the high computational complexity of fraction motion estimation
in scalable video coding, we proposed a mode pre-selection algorithm for fractional motion
estimation. In this algorithm, the relationship between rate distortion costs of integer and
fractional motion estimation is observed and analyzed. According to the observing and
analytical results, several rules are thus proposed to filter out the potentially ignorable
prediction modes before entering the fraction motion estimation process. Simulation results
demonstrate that our proposed mode pre-selection algorithm for fractional motion estimation
can achieve 65.97% prediction mode reduction on average.

To improve the rate distortion performanc¢e'drop caused by the fractional motion estimation
skipping mechanism, this dissertation proposed a search range adjust algorithm to adjust the
search range by means of observing the relationship between motion vector predictor and
non-overlapping area size. Through the observing, we proposed a mathematical equation to
describe the relationship between motion vector predictor and non-overlapping area size.
Afterwards, the mathematical equation is thus been used to calculate the new search range
size so that the adjusted search range size can cover the required reference data of fractional
motion estimation as much as possible. Via the proposed search range adjust algorithm,
90.56% bitrate increasing can be reduced when compared to fractional motion estimation
skipping approach. In addition, a search range aspect ratio adjust algorithm is also proposed to
further improve the rate distortion performance by means of solving the mathematical
equation. Simulation results prove that our proposed search range aspect ratio adjust
algorithm can result in better rate distortion performance when compared to JM under the
same search range size constraint.

In summary, this dissertation proposed several data access bandwidth and computational
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complexity reduction algorithms to lighten the problems of intensive data access and high
computational complexity of motion estimation. Through the algorithms proposed in this
dissertation, the data access bandwidth and computation complexity both in integer and
fractional motion estimation can be reduced significantly and thus achieve the overall video

coding system performance improvement.

6.2. Future Works

In the future, the following directions can be considered as the research direction.
More data bandwidth reduction:

The problems of high data access bandwidth requirement and computational complexity
will still be the major bottleneck in improving the overall video coding system performance.
Therefore, there are some possible directions that can be studied to further improve the
problems mentioned above in the future.

1. More accurate motion vector predictor estimation: In existing video coding standards, the
motion vector predictor is commonly used as the search center for motion estimation. If more
accurate motion vector predictor can be estimated, the search range size can be thus reduced.
As a result, not only the computational complexity but also the data access bandwidth can be
decreased.

2. Dynamic search range decision: If the search range can be dynamically decided according
to the exact video motion behavior, the unnecessary reference data loading can be avoided so
that both of the data access bandwidth and computational complexity can be reduced.

3. Reference data re-compression: If the reconstructed reference data can be further
compressed before storing into the external memory, the data amount for accessing reference

data can be thus reduced.
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Considering technology advancing:

In addition, the advancing of manufacturing technology should be further considered in the
future. For example, the development of 3D IC and wide IO technology may result in
expectable data transmission rate increasing so that the intensive data access problem of
motion estimation will be very different. From this point, the design considerations for video

coding system have to be adjusted according to the effects of technology advancing.

Power consumption issue:

In the future, the requirement of low power electronic system will be the trend and thus
lead to the electronic system designers to further consider the power consumption when
designing the systems. Therefore, power consumption can be further discussed when

proposing or designing the video coding systems.
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