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Multimedia has experienced massive growth in recent years due
to improvements in algorithms and technology. An important
underlying technology is video coding and in recent years, com-
pression e ciency and complexity have also improved signi -
cantly. Applications of video coding have moved from set-top
boxes to internet delivery and mobile communications.

H.264/AVC is the latest video coding standard adopting vari-
able block size, quarter-pixel accuracy, motion vector prediction
and multi-reference frames for motion estimations. These new
features result in higher computation requirements than that for
previous coding standards. In this thesis, we propose a family of
motion estimation processors to balance tradeo s between the
performance, area, bandwidth and power consumption on an

eld programmable gate array (FPGA) platform.

We combine algorithmic and arithmetic optimizations for mo-
tion estimation. At the algorithmic level, we compare di erent
algorithms and analyze their complexities. At the arithmetic
level, we explore bit-parallel and bit-serial designs, which em-
ploy non-redundant and redundant number systems. In our bit-
serial design, we study tradeo s between least signi cant bit rst
(LSB- rst) and most signi cant rst (MSB- rst) modes.



Finally, we o er a library of motion estimation processors
to suit di erent applications. For bit-parallel processors, we
0 er 1l-dimensional, 2-dimensional systolic based architectures.
Together with tree architectures and our proposed bit-serial ar-
chitecture, our family of processors is able to cover a range of
applications.

The bit-serial processor is able to support full search, three
step search and diamond search. An early termination scheme
has been introduced to further shorten the encoding time, and
the standard technique is further optimized via H.264/AVC mo-
tion vector prediction.

In this thesis, the rst reported MSB- rst bit-serial variable
block size motion estimation processor is introduced. It operates
at a maximum clock frequency of 420 MHz. This processor is
capable of performing common intermediate format (CIF) res-
olution full search encoding in real time at 23068 macroblocks
per second within a -16 to 15 search range and occupies 2133
slices on a Xilinx Virtex-11 Pro FPGA.

Our architectures were implemented on an FPGA platform
and comparisons made. The result implementations are able to
support H.264/AVC variable block size motion estimation for
resolutions from CIF to high-de nition television (HDTV) in
real time.
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Chapter 1

Introduction

Digital video coding has gradually increased in importance since
the 90’s when MPEG-1 [16] rst emerged. It has had large im-
pact on video delivery, storage and presentation. Compared
to analog video, video coding achieves higher data compression
rates without signi cant loss of subjective picture quality. This
eliminates the need of high bandwidth as required in analog
video delivery. With this important characteristic, many ap-
plication areas have emerged. For example, set-top box video
playback using compact disk, video conferencing over IP net-
works, P2P video delivery, mobile TV broadcasting, etc. The
specialized nature of video applications has led to the develop-
ment of video processing systems having di erent size, quality,
performance, power consumption and cost.

Digitization of video scenes was an inevitable step since it has
many advantages over analog video. Digital video is virtually
Immune to noise, easier to transmit and is able to provide a
more interactive interface to users. Furthermore, the amount
of video content, e.g. TV content, can be made larger through
improved video compression because the bandwidth required for
analog delivery can be used for more channels in a digital video
delivery system. With today’s sophisticated video compression
systems, end users can also stream video, edit video and share
video with friends via the internet or IP networks. In contrast,
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CHAPTER 1. INTRODUCTION 2

analog signals are di cult to manipulate and transmit.

Generally speaking, video compression is a technology for
transforming video signals that aims to retain original quality
under a number of constraints, e.g. storage constraint, time de-
lay constraint or computation power constraint. It takes advan-
tage of data redundancy between successive frames to reduce the
storage requirement by applying computational resources. The
design of data compression systems normally involves a tradeo
between quality, speed, resource utilization and power consump-
tion.

In a video scene, data redundancy arises from spatial, tem-
poral and statistical correlation between frames. These corre-
lations are processed separately because of di erences in their
characteristics. Hybrid video coding architectures have been
employed since the rst generation of video coding standards,
I.e. MPEG. MPEG consists of three main parts to reduce data
redundancy from the three sources described above. Motion es-
timation and compensation are used to reduce temporal redun-
dancy between successive frames in the time domain. Transform
coding, also commonly used in image compression, is employed
to reduce spatial dependency within a frame in the spatial do-
main. Lastly, entropy coding is used to reduce statistical redun-
dancy over the residue and compression data. This is a lossless
compression techniqgue commonly used in le compression.

Hardware video compression systems can be implemented in
application-speci c integrated circuit (ASIC) and eld program-
mable gate array (FPGA) technologies and, depending on the
desired quality, real-time video encoding can be realized in both
hardware and software technologies. Advances in codecs have
continued since we have to enable video delivery over new medi-
ums such as IP networks. As a result, H.264 [48] and MPEG-4
were developed to suit these network applications through en-
hanced compression e ciency and picture quality under very
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low bit-rates. Unfortunately, the complexity of the latest video
codecs for network applications has increased a lot over pre-
viously de ned standards such as MPEG-1 and MPEG-2 [17].
Real-time and low power encoding requirements create great
challenges for software and hardware engineers.

1.1 Motivation

Among all the blocks in a video coder, motion estimation is the
most demanding [8]. It is also the critical part that a ects the
video quality and compression e ciency. For this reason, many
algorithms and architectures have been proposed to optimize
this process. With advancement of video codec standards, the
requirements of motion estimation have increased and thus both
software (algorithmic) and hardware (architectural) optimiza-
tions must be continuously improved to cope with the increased
complexity.

Power and speed are important considerations in codecs, es-
pecially running on mobile devices. Pure software implementa-
tions of video codecs usually result in large power consumption
and low speed. To solve these issues hardware support is often
employed. Hardware can use parallelism to obtain higher per-
formance. Together this reduces the high data bandwidth and
the instruction fetching associated with software, which are a
major source of power wastage. As a result, hardware imple-
mentations consume lower power than a corresponding software
Implementation. Realization of video codec in hardware plays
an important role in mobile applications.

Since the introduction of advanced motion estimation tech-
nique in the latest video codecs such as MPEG-4 and H.264,
previous motion estimation architectures are no longer fully ap-
plicable. As a result, a family of new motion estimation architec-
tures has been proposed to tdi erent application requirements
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while still e ciently utilizing resources.

1.2 The objectives of this thesis

Hardware assistance for video coding has become an impor-
tant tool for optimizing system performance. Among hybrid
video coding architectures, motion estimation introduces most
of the complexity. Although many fast algorithms have been
proposed to reduce the computational complexity, quality and
compression performance still may not meet the application re-
quirements. The complexity of motion estimation has greatly
increased compared to MPEG-1 or MPEG-2 since the introduc-
tion of variable block size motion estimation in MPEG-4. To-
gether with multi-reference frames, sub-pixel motion estimation
support, prior architectures have become unsuitable.

In this thesis a family of motion estimation architectures and
algorithms are studied and analyzed. Implementation of those
architectures on an FPGA platform was e ected to measure
the e ciency of di erent architectural approaches. The VLSI
architectures suggested in this thesis are also applicable to ASIC
design. We also analyze the impact of computer arithmetic to
motion estimation. With optimization of the arithmetic, we
discovered e cient ways to implement motion estimation for
low to high-end applications.

A full range of applications are supported by this work from
low demand applications like low-resolution video conferencing
and mobile digital video broadcasting, to high demand applica-
tions like HDTV video encoding. A family of motion estima-
tion architectures is suggested to target di erent applications
while e ciently utilizing computational resources, silicon area
and power. Using the recon gurable feature of FPGAS, we can
provide the most e cient option to users which meets their re-
qguirement without changing the underlying hardware device.
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In commercial design situations, the architecture selected is
often suboptimal because of limited design time and resources.
This work provides an overview of architectural alternatives to
realize products in a more e cient manner. In terms of com-
puter architecture and computer arithmetic, this thesis provides
an architecture design space to explore optimizations for di er-
ent kinds of application domains. The idea suggested in this
work can also be applied to other areas such as transform or

Itering in video encoder. With such implementation informa-
tion, good tradeo s between architecture and algorithm can be
done to deliver a design with satisfactory performance, power
and occupied silicon area.

1.3 Contributions

This thesis presents a family of FPGA-based motion estimation
architectures for variable block size motion estimations. The
following novel contributions result from this work.

A study of the complexity, quality and performance asso-
ciated with di erent motion estimation algorithms jointly
with hardware architectures for H.264/AVC was made. Im-
plementations of hardware architectures were done on a Xil-
inXx FPGA platform. To the best of my knowledge, no study
considering all these issues has been previously reported in
the literature.

Employing computer arithmetic optimizations for motion
estimation. Although MSB- rst bit serial architectures with
early termination have been proposed [46], this is the rst
reported architecture supporting variable block size motion
estimation.

The initialization scheme proposed in section 4.5.3 is an
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improvement over the standard one and enables earlier ter-
mination.

A family of architectures capable of supporting the latest
codec standard H.264/AVC was developed which can meet
the requirements of di erent kinds of applications under
di erent constraints, e.g. performance, area, bandwidth,
quality and power consumption.

1.4 Thesis structure

The main theme of this thesis is to study di erent implemen-
tation methods for motion estimation in the latest and future
video coding standards. The reference coding standard in this
thesis is H.264/AVC or MPEG-4 part 10. All the work stated in
this thesis assumes the de nition given in H.264/AVC standard.
Chapter 2 reviews the background of digital video compres-
sion and explains the role of motion estimation and the under-
lying algorithms. A number of commonly used motion estima-
tion algorithms are introduced in detail. In terms of e ciency,
performance and data dependency, a comparison between dif-
ferent algorithms are made. Lastly, the new added features in
H.264/AVC are presented and their e ects are analyzed.
Chapter 3 contains background associated with computer
arithmetic for motion estimation. Number systems and cor-
responding algorithms for addition, absolute di erence, multi-
operand addition and comparison are presented using both bit-
parallel and bit-serial (MSB- rst or LSB- rst) approaches.
Chapter 4 presents various VLSI architectures for variable
block size motion estimation. Concepts including systolic ar-
rays and tree architectures are described for bit-parallel systems.
Next, the implementation of bit-serial system is presented in a
top-down manner. Lastly, metrics of di erent architectures are
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analyzed and capabilities of these architectures are presented.

Chapter 5 presents the results of this thesis. Several compar-
isons have been made on di erent architectures and technologies.
Lastly, conclusions are drawn in chapter 6.



Chapter 2

Digital video compression

2.1 Introduction

Compression is the process of compacting data into a smaller size
in terms of number of bytes in digital media. Text les, pictures,
voice, and in fact any data that contains redundancy can be
made smaller by employing compression. Since an uncompressed
video scene can occupy a large amount of storage space, video
compression has an important role in the digital world.

Every compression system involves complementary units, an
encoder (compression unit) and a decoder (decompression unit).
The encoder exploits the redundancy among the given data and
converts it to a compressed data stream. The decoder interprets
the compressed data stream and restores it into the original
format. To ensure the compressed size is satisfactory small, the
original data may not be exactly the same as the original data
hence some details may be lost. These kinds of compression
systems are also called lossy compression systems.

The compression system must be well de ned and the com-
pressed data stream format known in both the encoder and de-
coder. The encode/decode pair is often described as a codec
(coder/decoder). MPEG-1, MPEG-2, H.263 [3], H.264, etc are
codecs de ned by standardization parties. Standardization par-
ties include moving picture expert group (MPEG), a group of

8
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the international organization for standardization; international
telecommunication union (ITU-T); video coding expert group
(VCEQG), etc.

Video compression exploits three kinds of data redundancy
within a video scene. In a standard lossy video compression such
as H.264, the temporal redundancy between adjacent frames is
the most important redundancy in video-type data and a large
proportion of data dependency can be reduced through motion
estimation. Spatial redundancy, which can be exploited within
a frame, is reduced via transform techniques. It also consti-
tutes a signi cant portion of redundancy since there is usually a
high correlation between neighbouring pixels. Lastly, statistical
redundancy, which must occur in any kind of data source, is
reduced by an entropy coder in the last stage of the encoder.

2.2 Fundamentals of lossy video compression

In digital video, lossy compression is often employed to en-
sure good compression performance. Although the quality is
inevitably degraded, there is minimal impact on perceived qual-
ity since only the high-frequency component is eliminated and
human eyes are not sensitive to these components. The video en-
coding system consists of two kinds of compression units, namely
lossy and lossless. Lossless data compression is a class of data
compression algorithms in which the exact original data can be
reconstructed. In contrast, lossy data compression must intro-
duce some data loss during compression. The lossy compres-
sion unit contains temporal and spatial redundancy compres-
sors. The statistical compressor in the last stage is a lossless
one. The video coder contains ve stages in total [42], handling
di erent kinds of compression. In the following subsection each
compression unit is discussed. Figure 2.1 shows the block dia-
gram of a hybrid video encoder with the three compressor types
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described [42].

2.2.1 Video compression and human visual systems

A video scene consists of multiple objects each with their shapes,
textures, illuminations, colors, etc. The motion, color and bright-
ness of a scene are interpreted by the human visual systems.
Some aspects are less sensitive to human eyes than others. For
example, human eyes can’t detect blue as well as green. In dark
environments, only black and white can be detected. Moreover,
the image formed in the retina remains for 10 to 30 milli-seconds.
As a result human eye cannot detect the di erence between 60
fps and 120 fps video. Human vision cannot perceive very de-
tailed objects, i.e. high resolution objects. The objective of
video compression is to exploit these properties of the human
visual system, maximizing compression e ciency while keeping
the impact of objective quality loss to a minimum. Since the
non-sensitive components are high frequency components, e.g.
color, frame rate, their removal results in high compression ra-
tios.

2.2.2 Representation of color

We need at least three basic colors: red, blue and green, to
display a true color picture. As a result, each pixel consists of
at least three distinct channels of information.

Common color representations methods include RGB and
YUV [42]. RGB is a representation that includes three ba-
sic colors together with brightness information. It is a com-
mon method for monitor displays. YUV is a representation
which divides the color space into luminance (brightness) and
chrominance (color). The 3 original colors can be derived from
YUV data. Since humans are less sensitive to color than lu-
minance, color information can be suppressed compared to lu-
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minance data without signi cant quality loss. For example, in
4:2:0 YUV, we have four times the luminance information than
chrominance. Other representations such as 4:2:2 and 4:4:4 de-
pend on the sampling frequencies. In the video compression,
YUV representation is a better method to specify a pixel since
it more closely tracks human perception and can enhance com-
pression e ciency.

2.2.3 Sampling methods - frames and elds

A video can be sampled as frames or elds. This is called pro-
gressive sampling and interlaced sampling respectively. For each
time instance, frames consist of both odd-numbered lines and
even-numbered lines forming a picture. Fields consist of either
odd-numbered lines or even-numbered lines consecutively. As a

eld occupies half the data of a frame, elds can be sampled at
twice the rate of a frame. The advantage of interlaced sampling
Is it gives the viewer smoother motion, at the same time the
data rate is reduced. The downside is the introduction of inter-
lacing artifacts when displayed on a progressive scan monitor.
Both sampling methods are employed in video compression and
the best choice depends on the application.

2.2.4 Compression methods

Since a video scene is rectangular, block-based coding is a suit-
able choice of processing element. However, other compression
methods also exist. One example is wavelet coding which is
employed in image encoding in JPEG2000 [19]. A three dimen-
sional version of wavelet coding for video compression was sug-
gested [15] which gives better visual quality but the computation
complexity is much higher. Another method is called arbitrary-
shaped coding which is employed in MPEG-4 [18]. This is based
on di erent moving objects whose motion is combined to form
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Figure 2.1: Hybird video coder for H.264/AVC

a complete frame. The performance is improved by accurate
prediction in motion estimation. As a tradeo , it has increased
complexity.

2.2.5 Motion estimation

The motion estimation unit, shown in gure 2.1, is the rst
stage. The uncompressed video sequence input undergoes tem-
poral redundancy reduction by exploiting similarities between
neighbouring video frames. Temporal redundancy arises since
the di erence between two successive frames are usually simi-
lar, especially for high frame rates, because the objects in the
scene can only make small displacements. With motion esti-
mation, the di erence between successive frames can be made
smaller since they are more similar. Compression is achieved by
predicting the next frame relative to the original frame. The
predicted data are the residue between the current and refer-
ence pictures, and a set of motion vectors which represent the
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predicted motion direction. The process of nding the motion
vector is optimal or suboptimal depending on the block match-
ing algorithm chosen. Since the correlation between successive
frames is inherently very high, the compression in this stage
has large impact on the overall performance of the whole sys-
tem. The motion predicted frames are usually called P-frames
(Predicted frames). The other type of predicted frame is called
B-frames (Bi-predicted frames). In this case the frame is pre-
dicted from two or more reference frames previously decoded.

2.2.6 Motion compensation

The motion compensation unit constructs a compensated frame,
also called a residue frame, from the original frame and motion
vectors. It than calculates the residue between the compensated
frame and the reference frame. It is often employed together
with motion estimation unit to reduce temporal redundancy of
a video sequence. On the decoder side, the compensation unit
acts as a reconstruction engine that combines the residue and
motion vector to form the original frame. The frame is divided
into subblocks so that the engine will act on each subblock se-
quentially until the whole picture is constructed.

2.2.7 Transform

The transform unit [32] reduces spatial redundancy within a pic-
ture. Its input is the residue picture calculated by the motion
estimation unit. Since the residue picture has high correlation
between neighbouring pixels, the transformed data is easier to
compress than the original residue data since the energy of the
transformed data is localized. The transformed data are called
transform coe cients and they are passed to the quantization
unit. The transformation can be done by many methods, includ-
ing the Cosine Transform, Integer Transform, Karhunen-Loeve
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Transform etc. Details of these can be found in [41].

2.2.8 Quantization

The quantization unit is the only lossy compression unit in the
system. It serves to eliminate high frequency transform coe -
cients so that the quantized transform coe cients are more eas-
ily compressed. The elimination of high frequencies is justi ed
because of the insensitivity of human vision to high frequency
components. Subjectively, the quality of a video scene after
quantization will not be signi cantly degraded if the bit-rate is
not highly constrained. In each video coding standard, there
exists a de ned set of quantization parameters for providing the
best compression-to-quality ratios for di erent applications.

2.2.9 Entropy Encoding

The entropy encoding unit is the last stage in a video compres-
sion system. In this stage, mostly statistical redundancy remains
in the data. The motion vectors output by the motion estima-
tion unit and quantized transform coe cients from the trans-
form unit are accepted in this stage to produce the compressed
bit stream that can be transmitted or stored. Typically, there
are two kinds of entropy coder. The rst is a variable-length-
coder [4] in which the statistical information is initially de ned.
Second is an arithmetic coder [33] in which the statistical infor-
mation is determined online. Most modern entropy coders are
content-adaptive [33]. The compressed data can be optimized
adaptively independent of the nature of the video scene.

2.2.10 Intra-prediction unit

The intra-prediction unit is activated when the di erence be-
tween consecutive frames is too large, as occurs in a scene change
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Figure 2.2: Improvement made by deblocking Iter - Left: improved

or very fast moving pictures. In this case the frame is pre-
dicted by prede ned block patterns instead of motion estimation
and compensation. The output bit stream is usually smaller
when such e ects occur. H.264/AVC supports 13 prediction
patterns in its intra-prediction unit [42]. The frames coded by
intra-prediction unit are usually called I-frames (Intra-predicted
frames).

2.2.11 Deblocking Iter

Since most of the video coder employs block-based motion com-
pensation, blocking artifacts may be visible when the scene is
reconstructed. The lower the bit-rate, the more pronounced the
blocking e ect. To reduce this blocking artifact, a deblocking
Iter is included within the encoding loop. It employs adaptive
Itering techniques so that edges are correctly Itered. Includ-
ing the deblocking Iter improves the visual quality in terms of
objective (PSNR, section 2.3.5) and subjective judgment (hu-
man vision). The e ect of the deblocking Iter is illustrated in
gure 2.2
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Compression stage Proportion
Motion vector search 67.31%
Mode selection 8.19%
Rate distortion opt. 3.37%
Transform and quantization 6.95%
entropy coder 6.19%
deblocking Iter 0.03%
Others 7.96%

Table 2.1: Complexity pro le of each compression stage in H264/AVC

2.2.12 Complexity analysis of on di erent compression
stages

Each unit in the video coder contributes additional computa-
tional complexity to the overall system. Among all compression
units, the motion estimation unit occupies most of the computa-
tion resources. In a software implementation, this is more than
65 percent of the total computation time. The transform unit,
entropy coder and deblocking Iter add up to 15 percent. The
remaining 20 percent is due to mode selection and other over-
heads. Thus, there is no doubt that motion estimation unit can
be accelerated using hardware. Table 2.1 shows the pro ling of
H.264/AVC encoding on a Pentium-111 platform by [8].

2.3 Motion estimation process

2.3.1 Block-based matching method

Block-based matching method is the most widely used motion
estimation method for video coding since pictures are normally
rectangular in shape and block-division can be easily done. Usu-
ally, standards bodies, e.g. MPEG, de nes the standard block
sizes for motion estimation. This can be 16 by 16, 8 by 8, etc,
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Figure 2.3: Selection of block sizes within a frame

depending on the target application of the video codec. In the
latest codec standards such as MPEG-4 or H.264/AVC, variable
block sizes are supported which can be 4 by 4, 8 by 8 and 16
by 16. The goal of motion estimation is to predict the next
frame from the current frame by associating the motion vector
to picture macroblocks as accurately as possible. The block size
determines the quality of prediction [12] and thus the accuracy.
Figure 2.3 shows the distribution of block sizes within a picture.
It is easy to see that the detailed region is associated with small
blocks whereas the large uniform region is associated with large
blocks.



