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Abstract

The content af this dissertation extends over the domains of digital
image commpression, VLSI architectures, and ASIC design. The presen-
tation is divided into two parts.

The first part deals with the image compression issue from a hard-
ware implementation point of view. The main contributions in this sec-
tion are the conception of a design methodalogy for the VLSI imple-
mentation of image and videc compression algorithms, the design of
bit-serial VLSI architecture for o motion estimation algorithm, ond a
power management strateqy for wireless image communications systems.

The second part focuses on image compression mainly ot an algo-
rithmic level, keeping particular emphasis on the computalional complez-
ity tssues, with a vew to low-power hardware implementations. There are
two main contributions in this section. First, the design of an efficient
bit-rate control method for a still image coding algorithm, and second,
the conception of a low-complezity, adaptive block-size transform-based
image/video coding algorithm.
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Résumé

Le contenu de celte thése s'inserit dans les domaines de la compres-
sion numérigue d'images, des architectures VLSI, et de la conception de
circuits intégrés pour des applications spécifiques. La préseniation est
divisée en deux parties principales.

Lo premiére partie aborde le sujel de la compression numérique
d'tmages d'un point de vue réalisation matérielle des algorithmes de
codage. Dans ce domaine les contributions proposées sont les suivantes:
le développement d’une méthodologie de coneeption pour la réalisation
VLSI des algorithmes de compression d’images et des séquences vidéo,
la conception d'une architecture VLSI bit-sérielle pour un algorithme
d’estimation de mowvement, et finalement, le développement d’une straté-
gie de gestion de puissance applicable auz systémes de communicetions
audiovisuelles sans fil pour la transmission dimages.

Dans la seconde partie, la compression d'images est traitée d'un
point de vue purement algorithmique, avee un regard particulier sur lo
complerité de calcul en vue d'implantations matérielles sur des systémes
d faible consommation de puissance. Deur contributions principales
sont proposées dans ce domaine. Premiérement, la conception d’une
méthode efficace pour contrdler le taux de compression d’un algorithme
standardisé de codage d’images. Deusziémement, lo conception d'un al-
gorithme de compression d’image/vidéo adaptatif, ainsi qu’une stratégie
de réalisation pour diminuer fortement la complerité de caleul de cet
algorithme.
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Chapter 1

Introduction

o produce an image in digital form, an enormous amount of data
T is required. Due to the explesive proliferation of images in today’s
digital world [1], the prodigality of digital image data has three direct
economic and technical implications: a) the storage of digital images
demands a significant gnantity of memory media, b) the transference
of digital images requires long transmission times, ¢) image processing
applications call for a large amount of computational power.

In their canonical form (just after they have been digitized), two
images with the same spatial and gray-level resolution require exactly
the same number of data (bits) regardless of their information content.
For example, an image of a cloudless sky would require the same number
of bits as an image of a colorful and varied flower garden, even thongh
the latter contains much more information than the former. Technically
speaking, it is said that the former image contains a high degree of
redundancy, in the sensze that in exchange for some processing, the same
image could equally be described by using less data.

The type of redundancy pointed out in the previous paragraph is
only one among others [2]. Image coding—or compression—is the art
or science of reducing or eliminating all possible kinds of redundancy
in a digital image, so as to represent it using the least possible amonnt
of data, while retaining most of the original information. The same
definition extends to video coding, where an additional exploitable kind
of redundancy is present, given the high degree of similarity between two
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successive images in a video sequence.

Many image compression techniques have been reported in the lit-
eratnre [3-5). In general, the original image is processed with the selected
coding algorithm, to produce a compressed version. Depending on the
application, the compressed data is either stored, or transmitted via a
communication channel. Then, when the original image is required, the
decoding algorithm is applied to the compressed version to reproduce an
exact copy of the original image (lossless compression [6, 7)), or a very
good replica {lossy compression). Indeed, to increase the compression
efficiency, most of the coding algorithms introduce some noise (errors) in
the decompressed image dne to the execution of some sort of quantiza-
tion. The majority of the image/video coding schemes perform a lossy
compression; some of these methods are referred to below.

1.1 Image and Video Compression Techniques

Current. image compression methods can be classified into two groups.
Traditional waveform-based techniques, and the so-called second gener-
ation techniques. The former rely on a statistical model of the image
data, while the latter are rather based on a structural image model.
Among the most popular waveform-based techniques are DPCM [2-4],
transform coding [8, 9], vector quantization [10,11], snbband/wavelet
coding [12-14], and block-based fractal coding [15,16]. Second gener-
ation techniques mainly identify contour/texture decomposition algo-
rithms [17].

Video coding methods can be classified into three groups. Three-
dimensional waveform techniques which can be viewed as a natnral ex-
tension to the video data volume of the still image waveform-based
methods [18,19]. Motion-compensated waveform techniques which typi-
cally feature a waveform-based method operating in combination with a
motion-compensated prediction scheme [20,24,25]. Finally, model-based
techniques which include object-based and knowledge-based schemes [21,
22).

Depending on the connotation of its model or on its implementation
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Standard | Example of applications bit-rate
JPEG Still images 0.3-2 bpp
MPEG-1 | CD-ROM imagery 1.5 Mbps
MPEG-2 | Digital TV 2-10 Mbps
MPEG-4 | Video on the Internet < 64 Kbps
H.261 Videoconferencing 64-1200 Kbps
H.263 Video over PSTN 5-64 Kbps

Table 1.1: Standards for image and video coding.

a given technique can be associated with several of the aforementioned
classification gronps.

1.2 Standards for Image and Video Compression

Table 1.1 shows some of the most popular standards for image and video
compression with some typical applications and ontput bit-rate charac-
teristics. JPEG is a coding standard [23] for still images. In some appli-
cations JPEG is used to code a sequence of moving images; each image
being JPEG-coded independently of the others. This procedure, which
is not standardized, is called Motion (or Moving} JPEG, or M-JPEG for
short. The MPEG-1 standard [24] was proposed for coding video for a
wide range of applications, but specially for storage and retrieval of com-
pressed imagery on CD-ROM. The quality praduced by MPEG-1 is not
acceptable for broadcast applications; thus, the MPEG-2 standard [25]
was proposed for digital television applications at 2-10 Mega bits per
second (Mbps) or even higher bit-rates for HDTV. The MHEG! stan-
dard [26,27] approved in 1995 defines a system-independent encoding
of the structure information used for storing, exchanging, and executing
multimedia and hypermedia information objects.

ISO’s future standards will include among others, MPEG-4 [28,29]
for very low bit-rate applications snch as interactive audiovisnal multi-
media over mobile and PSTN, and MPEG-7, which will allow the de-

1A list of the acronyms and abbreviations commonly used in this dissertation is
given in Appendix C.
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scription, identification, and access to multimedia information.

ITU’s recommendations include, the H.261 standard [30} which is
used for low bit-rate applications such as videophone or videoconference
on ISDN, while the H.263 standard [31] is suitable for very low bit-
rate applications such as transmission of video over PSTN. An emerging
H.263+ standard incorporates numerous enhancements and new features
over H.263 and promises better results for very low bit-rate applications.

1.3 Economic Significance

The study of image and video compression techniques has become very
popular, particularly during the last decade. A rush of research and
commercial activity has recently developed in this field. A multitude of
literature is being published on a regular basis, and a substantial part of
signal and image processing journals and conferences is being dedicated
to addressing this issue. One of the reasons for this success, is the current
market potential of data compression technology.

In a last year’s issue of The Economist [32] a known Silicon Val-
ley executive is reported as having calculated that the introduction of
the personal computer (PC) has caused the largest creation of wealth in
history. Later, in the same paragraph, the article cites a computer in-
dustry analyst as adding that the Internet has the potential of becoming
even bigger. Though the Internet is certainly not just compression, an
efficient management of the transmission of images and specially video
has made compression technology a cornerstone element not only of the
Internet but also of any other image/video transmission network.

An interesting analysis is given in {1] on how information is nowa-
days marketed in an atom-based support, that is, to obtain informa-
tion people buy atoms (e.g., newspapers, books, videotapes, andio-CDs,
DVDs). With the emergence of digital information distribution net-
works, the tendency will be towards getting these kinds of goods and
services directly in a matterless bit-form. Thus, most types of informa-
tion will be bought and in many cases even consumed directly in a digital
form. Again, for these networks, a good data compression strategy will
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be necessary. Otherwise, among other consequences, long transmission
and distribution times could occur; and time as they say, is money.

One final example is the imminent development of portable im-
age communications systems, which as experts are equally announcing,
will have one of the largest markets in the telecommunications indus-
try. In this application as well, image compression will be of paramount
importance.

1.4 Scope of the Dissertation

Even if its economic value has been latent for a while, the catalyst that
brought image coding from the lab into the real world has been the im-
pressive development of VLSI (Very Large Scale Integration) technology.
In effect, though algorithms for data compression had been proposed well
before the current PC era, they did not develop its current industrial in-
terest, until the advent of efficient VLSI circuits that could cope with
the large computational complexity of image/video processing applica-
tions [33]. Thus, VLSI technology has been a sine-qua-non condition for
the current success of image compression, and as more and more complex
coding algorithms are developed, this dependence will be maintained in
the future.

This dissertation stretches over these two research fields: VLSI and
image compression algorithms. The first part is focused on the overlap
of both doinains, while a second part deals with image compression is-
sues mainly at an algorithmic level. The chapter distribution is shown
graphically in Figure 1.1.

1.5 Organization of the Dissertation

A different chapter has been dedicated to expose each of the major
contributions of this dissertation. After this introductory chapter, a
methodology for the design of VLSI circuits for image and video coding
applications is reported in Chapter 2. The different tasks of the design
procedure are discussed along with a description of the involved software
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Aigorithma: Imaga

VLS Design and Video Coding
Chapter 2 Chapter &
Chaptar 3 Chaptar 4 Chapter &

Figure 1.1: Scope and content distribution of this dissertation.

environments. The design of an ASIC for image compression is presented
to illustrate the methodology. Chapter 3 presents an efficient VLSI archi-
tecture for a motion estimation algerithm. The selected bit-serial data
processing associated with a particular implementation scheme produce
excellent results in terms of input bandwidth reduction and silicon area.
The result of an ASIC design based on this architecture is also reported.
In Chapter 4 a strategy for saving power in portable devices for image
communications is introdnced. In this chapter the traditional trade-off
between image quality and compression ratio is reforimnlated in terms of
image quality vs. power consumption for particular applications.

The JPEG algorithm is a variable coding bit-rate method and in
Chapter 5 a procedure for controlling the compression ratio produced by
JPEG is introduced. This bit-rate control technique features an excellent
accuracy, a low computational complexity, and its use does not degrade
the quality of the decompressed images any further (i.e., there are no
additional losses other than those inherent to JPEG, in opposition to
previously reported schemes), to reach the target compression ratio.

Chapter 6 reports an adaptive block-size transform coding method
and a scheme to significantly reduce the computational complexity of
the algorithm. The results show the improvement on the compression
efficiency with respect to the non-adaptive schemes. Finally, the conclu-
sions and some possible extensions to the presented work, are given in
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Chapter 7.

1.6 Major Contributions
The following is a list of the major contributions presented in this dis-
sertation.

¢ A design methodology for the VLSI implementation of image and
video compression algarithms.

¢ A bit-serial architecture for a motion estimation algorithm and an
efficient implementation scheme for reducing the input bandwidth.

¢ A power management scheme for wireless image communication sys-
tems,

» A bit-rate contral method for the JPEG algorithm.

¢ An adaptive algorithm for transform-based image and video coding
and a strategy to reduce its computational complexity.



Chapter 2

Design Methodology for VLSI
Implementation of Image and
Video Coding Algorithms

2.1 Introduction

n order to produce a compressed version of an image or a video se-

quence, a significant amount of computational resources are required.
For some applications, a general purpose personal computer would suffice
to execute the coding/decoding algorithms. For others however—e.g.,
when the process must be performed in real time—the needed computa-
tional power might be so high that it can only be achieved by means of
particular VLSI circuits. These circuits may correspond to special pro-
grammable video signal processors (VSP) of the last generation [34-37],
or to application specific integrated circuits {(ASICs) [38,39]. The ASIC
solution, towards which the methodology presented in this chapter is ori-
ented, is essential for particunlarly demanding applications such as those
featuring multimedia capabilities on miniaturized and/or portable equip-
ment.

The process of materializing the mathematical description of an
image compression algorithm into a chip implies the solution of a rela-
tively complex problem. The evolution of the complete design process
goes through several levels of abstraction [40,41]; each level requiring
the use of different methods and CAD technologies, whose intermedi-
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ate results should facilitate the tasks of the next abstraction stage. An
effective methodology is thus indispensable to orchestrate the multiple
involved procedures in order to reduce time, effort and design errors,
while constraining the final result for a particular leatnre such as high
speed, small area or low power consumption.

In this chapter a methodology for the design of VLSI circuits for
image and video coding applications is presented [42,43]. The different
phases of the design procedure are discussed, along with a description
of the involved software environments. An example of an area efficient
single-chip implementation ol a JPEG coder is presented to illustrate
the methodology.

2.1.1 Organization of the chapter

The remainder of this chapter is organized as [ollows. In Section 2.2 the
methodology is introduced, that is, the different tasks, the order in which
they are executed and the CAD tools are indicated. A brief description
of the JPEG algorithm, which will be used as a case study, is presented
in Section 2.3. High level modeling is described in Section 2.4, and a
study of VLSI architectures is presented in Section 2.5. Bit-true level
modeling is described in Section 2.6, and layout design is discussed in
Section 2.7. Finally, the results are given in Section 2.8, just before a
summary of the chapter in Section 2.9,

2.2 Methodology

Figure 2.1 shows the procedure stream and the supporting CAD tools
of the methodology. Given an image or video coding algorithm, the
different tasks involved in order to implement it in an ASIC form, start
with a high level description of the algorithm using available software
functions or routines from an ad-hoc developed toolbox. The algorithm
is then decomposed into different modules, for each of which a VLSI
architecture is designed. The functionality and definition of parameters
of the VLSI architecture are stndied by making models and simulations
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at the bit level. A layont for each of the bit-true level models is then
produced, and finally, verification and testing of the resulting integrated
circuit is performed.

The following sections describe each task of the methodology ap-
plied to develop an ASIC for the JPEG image compression algorithm.

2.3 JPEG

The Joint Photographic Expert Group (JPEG) algorithmn defines an in-
ternational standard for compression of continuous-tone still images. It
specifies four modes of operation: sequential, progressive, lossless and
hierarchical [44]. The sequential mode will be described in detail in the
next section.

The progressive mode provides at snccessive scans, a decompressed
version of an image, in such a way that each additional scan increases
its reconstruction quality. In this manner, a first display allows a user to
preview a rough version of the coded image; and if additional scans are
requested, the amount of detail of the reconstructed image is increased
progressively. Clearly, for storing/searching images in a database, this
operation mode is the indicated one. Progressive JPEG files are also
becoming increasingly popular on the Internet.

The lossless mode, as its name implies, allows the user to obtain a
decompressed image in which each of its pixels has an identical value to
the corresponding pixel in the original image. This is the only JPEG’s
mode of operation that is not based on a DCT. The nnderlying com-
pression method is basically a classical 1-D or 2-D DPCM [2] followed
by entropy coding.

The main feature of the hierarchical mode is its capability to pro-
vide reconstructed images at different spatial resolutions, i.e., decoded
images at different heights and widths. This mode is appropriate when
decompressing images in a multiresolution display environment.

Thus, rather than a single image compression method, JPEG de-
fines a family of application-dependent coding schemes, from which the
sequential mode is the most commonly implemented. The sequential
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Figure 2.2: Baseline JPEG algorithm,

mode itself comprises two differents schemes: a baseline systermn and an
extended sequential system.

The baseline (sequential) system is by far the most used among all
the possible JPEG configurations, since it covers a wide range of appli-
cations. In fact, when writers refer to a coding system in the literature
with the generic term JPEG, generally, it is the baseline implementa-
tion that is being implied (such implication is also made in this thesis).
This is also the JPEG compression scheme that will be addressed in this
chapter.

2.3.1 Baseline JPEG algorithm

The baseline sequential JPEG algorithm is depicted in Figure 2.2. The
input image is subdivided into blocks of 8x8 pixels. Sequentially, each
of these blocks 15 processed as follows,

e A forward Discrete Cosine Transform (DCT) operation transforms
the 8x8 pixels from the original image into 8x8 coefficients in the
frequency domain. The goal of this transformation is to decorrelate
the original data and redistribute the signal energy among only a
small set of transform (DCT) coefficients within the low frequency
zone. Before applying the forward DCT, the value of the 64 pixels
of the original block, is level shifted by -128 (i.e., 128 is subtracted
from each pixel value).

» Based on a psychovisnal analysis [45,46], a normalization array can
be defined. Its purpose is to quantize those DCT coefficients that
are visually significant with relative short quantization steps, while
using large quantization steps for those coefficients which are less
important. This large quantization-step, associated with the energy

*
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packing effect of the transformation, results in general in the zeroing
out of many DCT coeflicients.

e Thongh the quantization of the DCT coefficients is the main mech-
anism of data compression (but also of information loss), additional
data compression can be obtained by entropy coding the output of
the quantizer. The entropy coding block in Figure 2.2 comprises
three lossless operations.

— DC DPCM: The value of the DC coefficient! is proportional to
the average value (brightness) of the original block of pixels.
Since the average brightness of two consecutive 8x8-pixel blocks
is generally very similar, each DC coefficient is DPCM? encoded
using the DC coefficient of the previous 8x8-pixel block as the
prediction value.

— AC Run-length: Many AC coefficients become zero after the
quantization operation. Lining the quantized 8x8 elements of
the 2-D DCT matrix up into a 64-element 1-D vector, by follow-
ing a zigzag pattern [47], produces long sequences (or runs) of
zero-valued coefficients. These long runs of zeros can be effec-
tively abridged by using run-length coding [48].

— Huffman Coding: Finally, the symbols produced at the output
of both the DPCM and run-length operations are Huffman en-
coded [49]. Both DC and AC Huffman tables are defined re-
spectively for the DC (DPCM-coded) and the AC (run-length
coded) coeflicients. While both Huffman and arithmetic coding
are defined hy the general JPEG standard for this last entropy
coding stage, the baseline system requires Huffman coding only.
This has two advantages: first, Huffman coding demands a less
complex hardware implementation than arithmetic coding; and
second, the arithmetic QM-coder suitable for JPEG is covered by

'The top-left element X{0,0), from the array X that represents the 2-D DCT coef-
ficients, is referred to as the DC coefficient, the remaining 63 are referred to as the AG

coeflicients.
?Differential Pulse Code Medulation.
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several patents; its commercial implementation, in consequence,
requires the payment of license fees. It is reported in [50] that the
use of arithmetic in place of Huflman coding improves JPEG’s
compression ratio by 5% to 10%.

To illustrate the algorithm, an array of 8x8 pixels, corresponding
to a region of the eye in an image of a person’s face, is given in Equa-
tion (2.1).

[77 60 69 70 71 67 67 67|
74 70 72 67 64 66 66 65
67 72 68 68 64 66 68 66
65 72 71 71 62 65 69 90
68 76 79 65 61 56 58 99
78 93 95 69 59 56 56 Tl
73 108 106 92 68 60 60 83
70 105 110 105 90 84 83 102 |

The result after the 2-1d DCT has been applied to the array A
{whose elements are previously offset by -128) is given in Equation (2.2).
It can be seen that most of the energy is concentrated in only a few low
frequency—i.e., the top left corner region—coefficients.

[—431 25 11 —48 —3 —16
—52 -16 6 40 8 15
35 9 -20 4 -5 4 —6
-18 19 11 -2 2 -3 6
15 —26 2 -3 11 -3 2 -1
-1 6 -3 -2 -1 1 -5 —4
-1 1 -4 9 —4 2 -1 3
] -2 -1 0 —¢4 4 —4 -1 -1 |
The quantization of the 2D-DCT coeflicients is carried out by di-
viding one-to-one, each element of the matrix X by the corresponding
element of a normalization array, which in this example is given by the
matrix N in Equation (2.3).

4
]
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(16 11 10 16 24 40 51 61|
12 12 14 19 2 58 60 55
14 13 16 24 40 57 69 56
14 17 22 29 51 87 80 62
N=118 22 37 56 68 109 103 77 23)
24 35 55 64 81 104 113 92
49 64 78 87 103 121 120 101

| 72 92 95 98 112 100 103 99 |

The guotients of these 64 divisions are rounded to their nearest
integers, giving as a result the matrix Q) below.

—27 2 1 -30000]
-4 -1 D 20000
2 1 ~t 00000
1 1 0 00000
Q= 1 -1 0 00000 (24)
0 0 0 00000
0 0 0 00000D
0 0 6 00000

Reordering the elements of the matrix Q by following the zigzag
pattern (0,1,2,...,63) depicted in Figure 2.3 yields the 64-element vec-
tor z,

2=[-272-42-11-301-11 1 -1
2 000 00 -190...0] (25)

44

The value of the DC coeflicient of the previous transformed and
quantized 8x8-pixel block was fonnd to be -25. The DPCM operation
over the DC coefficients, simply substitutes the first element of the vector
z by -2 [= -27 - {-25}], becoming
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Figure 2.3: Zigzag pattern reordering.

d=[-22 -42-11-301-11 1 -1
2 000 00 -10..0] (26
44

A zero run-length coding of the AC coefficients in vector d results
in a sequence of pairs of values (run,coeff) given by the expression in
Equation {2.7). The first value, run, indicates the number of zeros that
precedes the second value, eoeff, in the sequence represented by elements
of vector d. The DC coeflicient is not concerned by this operation, a
run = ( has been associated to its value in Equation (2.7) just to allow
a generalization of the explanations that follow below.

r=[(0-2) (0,2) (0,—4) (0,2) (0,-1) (0,1) (0,~3)
(1,1) (0,-1) (0,1) (0,1) (0,-1) (0,2) (5,-1) (2.7)
EOB]

The symbol EOB stands for End-Of-Block. Since the compressed
data of all the 8x8-pixel blocks which make up the complete input image
are concatenated into a single bit stream; an EOB symbol allows the
decoder to detect the houndaries of each 8x8-pixel block. In this case
EOB is also implicitly indicating that the coefficients following the fourth
-1 in Equation (2.6) are all zeros.

Though a statistical analysis conld generate an {optunal) Huffran
code for each possible combination of values of (run,coeff), that would
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produce a Huffman table with a toa large number of entries. By repre-
senting coeff in a different format, the number of Huffman codes can be
reduced. Thus, the value of coeff is broken down into two components:
category (cet) and complement (cmp). Table A.l1 in Appendix A indi-
cates the different ranges for the values of coeff defined by JPEG, both
for the (DPCM-ed) DC and AC coefficients. Each range is identified
with a category number cat. For the AC coefficients, coeff can never
be zero, therefore the appearance of the Non-Available (N/A) symbal in
Table A.1.

The value of cat only specifies a range of values. In order to com-
pletely specify coeff a complementary number cmp is required. The
binary representation of cmp is given by the least significant cai-bits of
coeff, that is, the mumber of bits of cmp is given by the value of cat.
Furthermore when coeff < 0, the value of ¢mp is decremented by one.
This last operation is needed to represent without ambiguity both posi-
tive and negative number, in the same range of magnitude, with a same
number of bits.3

Following these manipulations on coeff, the pairs (run,coeff) on
Equation (2.7) can be rewritten as (run/cat,cmp), in which by expressing
cmp as a binary number yields,

c= [(0/2,01) (0/2,10) (0/3,011) (0/2,10) (0/1,0)
(0/1,1) (0/2,00} (1/1.1) (0/1,0) (0/1,1) (2.8)
(0/1,1) (0/1,0) (0/2,10) (5/1,0) EOB]

The last part of the JPEG’s entropy coding operation consists in
looking a binary code up in a Huffiman table for each of the run/cat
combinations in Equation (2.8). For this example the JPEG Huffman
tables reported in Annex K of the JPEG standard document [23] has
been used; part of these tables are repraduced on Tables A.2 and A.3 on
Appendix A. This operation generates the fallowing bit stream,

3n two's complement representation, with n bits, it is possible to represent integers
in the asymuietric-to-zera range [—2"~', 2771 — 1]
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01101/0110/100011,/0110/000/001/0100/11001/000/001/001/

000/0110/11110100/1010.
where for readability of the example a slash has been inserted between
the binary codes associated with each of the elements of the vector c.
The last code, namely“1010”, is the binary code that corresponds to the
EOB symbai.

The final result indicates that the original 8x8-pixel block requires
62 bits to be coded. The representation of each pixel of matrix A in
Equation (2.1) requires 8 bits, which makes a total of 512 bits to rep-
resent the complete block. JPEG is thus coding this block with a com-
pression ratio? of 512/62 = 8.26.

2.4 High Level Modeling

A modular high level implementation of the JPEG algorithm is shown
in Figure 2.4. The top and bottom flowgraphs represent the encoder
and decoder respectively. The DPCM and run-length coding/decoding
operations described in the previous section are rather simple and were
merged into a single module with the Huffman coder/decoder {i.e.,
vhuffc/vhuffd). From an image processing point of view, this high-level
model is an application program on its own. For good-quality recon-
structed images, typical compression ratios are around 10; this figure
varies depending on the image activity (i.e., the complexity of the scene)
and on its spatial resolution.

In the high level model, each process of the algorithin was imple-
mented with the C programming language, using floating and integer
point precision for the arithmetic operations. No concerns were raised
at this point on issues as to how the operations will be carried out
by the hardware {e.g., hardware multiplexing, parallel processing, bit-
serial/parallel architectures, etc.). With respect to our methodology,
developing a high level model of an algorithm allows us to have both a
reference for the application and a programuming framework to support

The compression ratio is defined as the quotient of the numbet of bits of the
uncompressed image divided by the number of bits of the compressed image.



Design Methodology for VLSI Implementation of Image/Video Coding Alg.

20

T2 = cantata
[ Gluph | | CopvRIGHT | CANTATA Visusl Programaing Enviroruent for the KHIROS System
Edit PROGRAN E_E_mm_ _ INPUT SDURCES _ _ CONVERS 1045 IHAGE Banmmm_i SICHAL PROCESSING
_ Horkspace \_ IHT TOOLBOX _ — ouTPUT _ ARITHHETIC _ _ 1HaGE p,s_.aa\_ _ REMOTE & Em|_
_ Hain Cantata Workspace )
RUN T _ w | T [ P
1 H ! ! | ! :
RESET N S : I S . - .T..:. : LEE
] Tl : =1
remRes : [E]E =g _m@@_ m
ROUTINES = = 3 : €2 )

Figure 2.4: High level implementation of JPEG in Khoros.
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Figure 2.5: GUI of the 2-D DCT.

the bit-true level modeling (Section 2.6).

The Khoros software [51, 52] has been chosen as the environment
for developing the high and bit-true level modeling. Due to its user-
friendliness and visual programming capability, it perinits a rapid eval-
uation of the results of a given configuration. Each glyph (or icon) in
Figure 2.4 corresponds to a C program that has been converted into a
Khoros rontine. The glyph named images supplies the file of the image
to be coded. The glyph put_update is used to display the decompressed
image. These two rontines are part of the original Khoros software.

The graphical user interface (GUI) of the rontine wdct is shown in
Figure 2.5. Though JPEG specifies a fixed block size of 8x8 pixels, the
number of points of the DCT has been left as a parameter for experi-
mental purposes. The same GUI is used to switch between the forward
and inverse 2-D DCT.

The GUI1 of the rontine vnorm is shown in Figure 2.6. It performs
the quantization of the 2-D DCT coeflicients with a normalization array
that is user selectable. By default the normalization array given in Equa-
tion (2.3) has been programmed; it corresponds to the array proposed
in Table K.1 in Annex K of reference [23]. The Scale Factor parameter
allows the user to control the compression ratio. The higher the setting
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Figure 2.6: GUI of the quantizer.

of this scale factor the lower the amount of the resulting compressed
image data. This kind of improvement of the compression ratio (CR)
15 made to the detriment of the quality of the reconstructed image. By
default, Scale Factor is set to 1, which offers a good compromise: image
quality /CR.

The vhuff routine implements the DC-DPCM, the AC run-length
and the Huflman coding; its GUI is shown in Figure 2.7, as part of a
toolbox baseline JPEG operations menu. The user is given the possibility
of selecting a Huffman table customized to the application. By deflault,
the Huffman codes proposed in Annex K of reference [23} have been
programmed, an extract of these tables are reproduced on Tables A.2
and A.3 in Appendix A.

As the number of new developed Khoros routines grows, it is con-
venient to integrate them into a toolbox. This provides a software struc-
ture that is easier to reuse, maintain, document, and distribute [53]. For
this purpose the IMT Toolbox, referred to in Figure 2.1 and whose in-
tegration into the Khoros main interface is shown on Figure 2.4, was
developed in the framie of this thesis. It contains the JPEG related rou-
tines shown in Figure 2.4, and several routines for other applications on
digital image processing.
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Figure 2.7 GUI of the entropy coder.
2.5 VLSI Architectures

To introduce this section, it is worth making a point regarding the de-
sign flowgraph in Figure 2.1; although 1t is not explicitly shown in this
flowgraph, there is a bidirectional interaction among the different pro-
cesses. When a proposed scheme turns out not to be a good solution, the
designer should go back and forth in the design process while exploring
other approaches. The previous remark is particularly pertinent to the
design of the VLSI architectures. Thus, the reader should be aware that
the solutions presented in this section are the result of several evaluations
and trade-offs.

Taking into consideration the constraints of the target application,
a VL8] architecture for each operator in Figure 2.2 is to be developed. As
has been pointed out before, given their associated high data through-
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put, image and video coding applications require particular hardware
implementations that operate at high clocking frequencies. If the com-
pression circuits are intended to be used in portable equipment, then
power consumption is also of paramount importance.

Even though the relentless advance in the development of new semi-
condnctor technologies makes feasible the production of devices that
run faster or consnme less power, a good architecture is still essential
to achieve the specifications of a given application. Low power VLSI
for image processing applications is currently a very active research
topic [54-56], and though it was an issue that was considered during
the design of the architectures below, the main objective remained the
realization of high speed and small silicon area circuits.

Bit-serial architectures present several advantages [57-59], a) the
size of bit-serial structures is considerably smaller than their bit-parallel
counterparts; b) wiring, which in a VLSI circuit requires a large part of
the silicon area, is dramatically reduced, since a single wire is required for
each input word; c) communication between bit-serial imodules is easier
to implement, and d} bit-serial architectures lead to tightly pipelined
structnres at the bit-level, which implies that a maximun clack-rate can
be achieved. Thus, whenever it was possible, we have chosen a fally
pipelined bit-serial approach.

In the following paragraphs we describe the VLSI architecture for
each of the main modules of the encoder in Figure 2.2.

2.5.1 FDCT
The forward 2-D DCT appropriate for JPEG is defined in [23} as:

1 7 7
Kow = EC‘,,C‘TJ Y 3 mij cos[(2¢ + 1)um/16} cos[(27 + 1)vn/16]; (2.9)
i=0 j=0

for u,w =0,1,...,7, where C,, C, = 1/2 for u,v = 0; Cy, C, = 1 other-
wise. X, represents the valne of the 2-D DCT coefficient at the point
(4, v) in the frequency domain, and z;; represents the value of the image
pixel at the point (7, 7). Given that the 2-D DCT is separable, it can
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be reformulated as two successive 1-D DCTs: the first one being applied
to the rows of the block of 8x8 pixels, whereas the second is applied to
the columns of the resulting matrix (or to the rows of its transpose) [9].
This decomposition leads to a simpler hardware implementation.
Using matrix notation, the N-point 1-D DCT X, of an input vector
x, can be expressed as:
X=Ax, (2.10)

where A represents the cosine transformation matrix. For N = 8 (as
required by the JPEG standard) each element of X is obtained by means
of an 8-point inner product of the following form:

Xk=iAkg:I:g, for k=0,1,...,7. (2.11)
=0
Distributed arithmetic [60] is appropriate for the calculation of in-
ner products. It has the interesting property of circumventing all the
multiplications, which are elegantly replaced by the less complex ad-
dition and shift operations. Its principle is described in the following
paragraphs.
Let us consider the evaluation of the following inner product:

N-1
y=ax= Y a;Z; (2.12)
i=0

where x and a denote an input signal vector and a fixed coefficient vector,
respectively.
If z; is represented as a Wy bits binary number in 2's complement
form, then it can be expressed as:
W1 .
I = Z a:,-j2" — Zi0, (213)
i=1
where z;; represents the jth bit of z;. Substituting Equation (2.13) into
(2.12) and interchanging the order of the summations, we obtain:

Wy—1 [N-1 . N-1
y= 2 aimij] 27 - ¥ arzio. (2.14)
j=1 =0 =0
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Figure 2.8: Architecture of the 2-D DCT.

Let us define Fj as:

N-1
Fj = z:,] a; Tij, (2.15)
i=
since the coefficients a; are fixed, and =z;; is a binary number, then any
evaluation of F; must be a number among only 2¥ possible values. In
a hardware implementation, these 2V values can simply be stored in
permanent memory.
By substituting Equation (2.15) into (2.14), the original expression
of the scalar product of Equation (2.12) can be rewritten as:
Wy—1 .
y= 3. F27-F, (2.16)
i=1
which can be implemented by a ROM for storing the values of Fj, an
accumulator to implement the sum, and a shifter for executing the mul-
tiplications by 277,
The architecture of the 2-D DCT is shown in Figure 2.8. Each
1-D DCT is executed by a single, multiplexed, distributed arithmetic
processor {DAP) [61], whose architecture is shown in Figure 2.9. For
the computation of each of the eight coefficients X}, in Equation (2.11),
the input vector x, is applied eight consecutive times to the DAP. Each
coeflicient is computed by using a different lookup table. Thus, the
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Figure 2.9: Distributed arithmetic processor.

ROM depicted in Figure 2.9, can be viewed as composed of eight different
smaller ROMs which are chosen with the signal Select. The shift register
bank (SRB) in Figure 2.8 provides the storage and sequential dataflow
required for the repeated application of the input vector.

It happens that the cosine transformation matrix in Equation (2.10)
presents a symmetry on iis even rows and an antisymmetry on its odd
rows. This implies that Equation (2.11) can be rewritten as:

3
Xk=zAkf(m!ixS-f): fork:oxls'-'s’? (217)
=0

where the plus sign is used for the even values of k, and consequently,
the minus sign for the odd values. The importance of Equnation (2.17)
is evident: the nnmber of multiplications has been halved. In terms
of the DAP’s hardware, and in accordance with Eqnation (2.15), this
means that the size of the DAP’s ROMs in Figure 2.9, can be rednced
from 2V to 2"/ words. For N = 8, eight small ROMs of 16 (instead of
256) words each, are required. Due to this significant memory saving,
Equation (2.17) was retained for implementation; in conformity with this
equation, the adders/subtracters in Figure 2.8 perform the inter-terms
additions and/or subtractions.

2.5.2 Quantizer

The second operation of the JPEG coder is the guantization of the 2-D
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DCT coefficients and it is defined as: Cgi; = round(Cj;/Ny;) for 1,7 =
0,1,...,7, where C;; denotes the ij-th element of an 8x8 DCT coefficients
matrix, whereas V;; denotes the ij-th element of an 8x8 normalization
matrix. Reformulating the previous equation as Cq;; = round(Cy; *
(1/N;;)) allows the replacement of the circuitry of a diviser with that of
a simpler multiplier. The VLSI architecture of the quantizer is shown
in Figure 2.10. Since the output of the 2-D DCT processor is bit-serial,
a serial-parallel multiplier was implemented. The parallel input to this
multiplier being the output of a ROM that contains the inverse of the
normalization coefficients.

2.5.3 Entropy coder

The last operation of the baseline JPEG algorithm is entropy coding. Its
goal is to increase the compression performance of the encoder by taking
advantage of the statistics from the data at the output of the quantizer.
The architecture of the entropy coder is shown in Figure 2.11. The
zigzag reordering, required prior to the run-length coding, is executed
by writing and reading a RAM with two different address sequences. The
DPCM and run-length operations are implemented by means of a simple
subtracter and a zero detection counter, respectively; plus additional
control logic and registers. A ROM contains the Huffman codes; since
they are inherently of variable length {minimum 2 bits and maximum 16
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Figure 2.11: Architecture of the entropy coder.

bits, for the chosen Huffman table), a bit packer [62] has been added at
the output of the circuit. The function of the bit packer is to concatenate
consecutive codewords in order to output, at irregular intervals, fixed-
length words.

2.6 Bit-true Level Modeling

The motivation for implementing a bit-true level model, is to assure the
functionality of the architectures, the schednling, the resource allocation
and to find the optimam wordlength of the signals and coefficients of the
algorithm.

Based on the programming framework of the high level implemen-
tation, a bit-true level model of the baseline JPEG algorithm was built.
Bach process of the algorithm was again implemented with C code and
converted into a Khoros routine. However, unlike during the high-level
modeling, now the arithmetic operations are all carried ont in binary
arithmetic, modeling accurately the same processing and dataflow as
would be executed by the corresponding processors and architectures
described in Secticn 2.5.

The GUI corresponding to the bit-true level model of the 2-D DCT
is shown in Figure 2.12. Both ronnding and truncation can be modeled.
Input Wordlength refers to the number of bits per pixel required at the
input of the 2-D DCT circuit. The original nnmber of bits of an inpnt
image (e.g., 8 bits for an image of 256 gray levels) might be increased
by padding trailing or leading zeros, to comply with the timing of the
control signals in bit-serial structures.

Output Wordlength refers to the number of bits reguired to rep-
resent the 2-D DCT coeflicients. As pointed ount in Section 2.5.1, the
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Figure 2.12: GU! of the 2-D DCT bit-true level model.

2-1} DCT is computed by means of two successive 1-D DCTs. The in-
termediate parameters in Figure 2.12 refer to the data in between the
two 1-D DCTs. The wordlength of the DAP’s ROM refers to the num-
ber of bits required to represent the lookup table coefficients given by
Equation (2.15). In Figure 2.9 this wordlength is denoted by W,.

The Scale parameters are required to fix the binary point to the
same bit-position for all the data registers. In general the scale factors
are chosen to be a positive integer power of 2, in order to facilitate the
implementation by means of simple shifts.

The Model pre-additions parameter lets the user decide whether
the implementation of Equation (2.11) or (2.17) should be modeled. As
corroborated by the appearance of the adder/subtracters in Figure 2.8,
this option was chosen to be set to Yes, in the presented design.

The Offset Binary Coding (OBC) technique allows a binary table
to be reduced from 2% to 2! elements, as explained in [58]. Though
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this option was not selected for our circuit (the reduction of a DAP’s
ROM size from 16 to 8 words was not very significant compared to the
required logic and contro] overhead), its model was implemented solely
for experimental purposes.

For the 2-D DCT circuit, the optimum DAP's data- and ROM-
wordlength found was 12 and 10 bits respectively. The intermediate
input and output wordlength was evaluated to 12 bits. Simulations
showed no meaningful difference in the results between using rounding
or truncation. Truncation mode was thus used due to its simpler imple-
mentation.

The simulations of the bit-true level model of the quantizer circuit
gave as a result a ROM wordlength value of 9 bits and an input/output
data wordlength of 12 bits. No particnlar bit-true level model was devel-
oped for the entropy coder. In effect, the Huffman coder involves mainly
logical operations that had already been implemented (and modeled)
in the high-level Huffman model. Furthermore, the result of the oper-
ations related to the DPCM and run-length coding can be accurately
determined without any further low-level simulation.

2.7 Layout Design

In the context of this chapter, by layout design we refer to the translation
of the architectures into a CMOS circuit which can be characterized by
its area, speed, power consummption, and so on. Several software environ-
ments exist on the market today, to design circuits at any abstraction
level (i.e., processor, register, gate or transistor level) [63-65]. In our
case, we have used the Compass environment [63], which contains a set
of tools that support the designer during the different stages of the circuit
development.

When a module of an architecture is highly regular [66], the layont
editor tool was nsed for developing full custom modnles. The layout
editor allows the design of circuits at the transistor level. For highly
regular structures, this does not penalize the time for development since
only a few cells have to be designed. On the other hand, minimum silicon
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Fignre 2.13: Filoorplan of the JPEG circuit.

area, minimum power consumption and high clock frequency circuits are
achieved.

For less regular structures, the standard cell approach was applied.
A cell library containing a collection of logic and arithmetic circuits (e.g.,
inverters, ANDs, NORs, latches, flip-flops, adders) are available to the
user. By selection, arrangerment and interconnection, the circuit designer
is able to build circuits of higher complexity. The Logic Assistant tool
of Compass is well suited to this task.

Cell compilers were also used duoring the datapath development of
the JPEG circuit, mainly to generate the RAM for matrix transposition
in Fignre 2.8, and the ROM containing the Huffman tables [67] of the
entropy coder in Figure 2.2.

At each hierarchical level of the design, extensive simulations were
carried out with both the Mixed-Mode and SPICE simmlators. This
allows verification of the functional correctness of the circnit, and the
extraction of characteristics such as the maximnm attainable working
frequency.

2.8 Results

The floorplan and the layout of the JPEG coder circuit are shown in
Figures 2.13 and 2.14 respectively. The area of the chip is 4.6 x 3.1
mm? 2z 14.5 mm?. It was implemented in the 1.2um 5V CMOS CMN12
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2.8.1 Applications for video coding

At a clock frequency of 36 MHz, this JPEG circuit is capable of process-
ing 25 CIF (Common Intermediate Format: 352 x 288 pixels) images
per second. Thus, it is very suitable for performing Mation JPEG (M-
JPEG) or for the non-recursive path of the H.261 [30] low-bit rate video
coder.

M-JPEG, though formally is not a coding standard, represents one
practical salution for DCT-based video coding. That is, if an available
JPEG circuit cperates fast enough, then cne could use it to compress a
video sequence by coding each video frame as an independent still image.

A more effective video coding system can be seen as a still cod-
ing scheme with an additional operator that rednces the frame-to-frame
redundancies. Accordingly, motion compensation is a very well-suited
technique for reducing the interframe redundancies particularly related
to the movements of objects across consecntive frames in a video se-
quence. The current frame plus the motion inlormation, is used to
predict the immediately following frame(s); then, the prediction er-
ror frame—the difference between the actual frame and the prediction
frame—is encoded as in a still image compression scheme,

The estimation of the motion vectors is the most computationally
intensive operation in a video coder (e.g., more than 80% of the oper-
ations in an MPEG-2 encoder are estimated to be dedicated uniquely
to the motion estimation). Thus, this operator deserves particular at-
tention, specially for hardware implementation. In accordance with the
architectures discussed in Section 2.5, a bit-serial architecture [68] and
an ASIC design for a motion estimation algorithm will be described in
detail in Chapter 3.

2.9 Summary

A general methodology for the VLSI implementation of image compres-
sion systems was reported. The different processes and software envi-
ronments were described along with an example of implementation of
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an image coder circuit. Starting with the mathematical description of
each of the different modules of JPEG, this chapter illustrated a partic-
ular sequence of tasks and processes that transforms an image coding
algorithm into an integrated circuit.

It is also worth noting that some intermediate results of this meth-
odology can also be used to develop solutions for other kinds of tech-
nologies (e.g., DSP, FPGA).



Chapter 3

Bit-Serial Architecture for a
Motion Estimation Algorithm

3.1 Introduction

n examination of two consecutive frames of a given television scene
A would immediately reveal their striking similarity. A consequence
of the two frames being captured by the TV camera at very close sam-
pling times. This high degree of temporal redundancy is exploited in
video compression, by attempting to convey the information that is com-
mon to two {or more) frames only in its first instance. Subsequent oc-
currences of that information being described by a reference to previous
appearances. Interframe coding, is the term that has been given fo this
kind of frame-to-frame redundancy reduction, while intraframe coding
is used to refer to the spatial redundancy reduction within a single im-
age/frame.

A simple interframe coding method consists in processing the frames
obtained from subtracting the consecutive images of a video sequence.
That is, the encoding algorithm is applied on the difference-image re-
sulting from the subtraction of adjacent frames. This interframe DPCM
operation reduces a significant part of the temporal redundancies, par-
ticularly in low time-varying regions. Iowever, for fast moving objects
or areas in a scene, the simple frame differenting scheme is not very ef-
ficient, and indeed could lead to a decrease of the coding efficiency of a
systemn.
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Another popular approach for reducing the temporal redundancy
in a video sequence is by using motion prediction techniques. Most
of current standards for video coding (e.g., H.261, MPEG-1, MPEG-2)
integrate motion prediction by executing some kind of motion estima-
tion/compensation algerithms.

In this context, the process ol predicting the movement of pixels
associated to objects or regions across two (or more) frames, is known as
motion estimnation. lts implementation, along with the complementary
motion compensation stage, contributes to a significant improvement
of the coding efficiency with respect to the simple frame differencing
scheme. Thus, it has become an essential component of current video
compression systems.

The inconvenience ol nsing motion estimation is its huge compu-
tational complexity. In current industry video coding standards, for
example, the complexity of the algorithms is always driven by the mo-
tion estimator. For the low-bit rate coding standard H.261 more than
60% of the operations in the encoder are dedicated to the calculation ol
the motion vectors. This percentage increases to more than 80% for the
high bit-rate MPEG-2 encoder.

Regarding the hardware implementation of a motion estimator,
one of the main issues s input bandwidth, owing to the large amount of
data that most be supplied to the system, for processing, in a relatively
very short span of time. Complexity and cost are, as well, of paramount
importance. A bit-serial VLSI architecture for a motion estimation al-
gorithm is proposed in this chapter. The architecture deals directly with
the bandwidth and complexity issues. Cost is implicitly addressed.

3.1.1 Organization of the chapter

The remainder of this chapter is organized as follows. The block match-
ing motion estimation algorithm is introduced in Section 3.2 and an
efficient implementation of the algorithm for bandwidth reduction is pre-
sented in Section 3.3. The proposed bit-serial architecture and each of its
constituent parts are exposed in Section 3.4. Then, an ASIC of a motion
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estimator, based on the proposed architecture is reported in Section 3.5.
Finally, the chapter is closed with a summary in Section 3.6.

3.2 Algorithms for Motion Estimation

There exists several techniques that have been developed to estimate the
motion vectors in a video sequence. These methods can be grouped into
three categories. a) Phase correlation techniques [69,70], b) Element
recursive techniques [71-73], and ¢) Block matching techniques [74-76].

The techniques in categories b) and c), have received particular
attention for interframe predictive coding, and have been the object
of numerous optimization schemes. But, by far, the block matching
techniques are preferred in current video compression systems, due to
their better performance at minimizing the energy of the prediction error
frames [77]*.

3.2.1 Block matching techniques

Figure 3.1 shows the principle of block matching motion estimation. The
current frame is divided into non-overlapping blocks of N x N pixels
(indeed in general, the frame can be divided into blocks of rectangular
form), which are called the reference blocks (RBs).

" For each RB a corresponding search area (SA} of (2p+ N) % (2p+
N) pixels is defined on the {decoded version of the) previous frame.
The SA contains (2p + 1) x (2p + 1) different blocks of N x N pixels,
which are called the candidate blocks {CBs). The goal of the block
matching algorithm is to find, based on a given similarity criterion, where
is the best match for each RB, among the different (2p + 1)? CBs in its
corresponding SA.

In a motion-compensated prediction scheme, once the motion vectors have been
estimated, they are used to form a prediction image for the incoming frame (an op-
eration that is referred to as motion compensation). The prediction error frame is
the difference between the real frame and its prediction. The term Displaced Frame
Difference (DFD) is often also used to identify the prediction error frame.
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Figure 3.1: Block matching motion estimation.

When the RB is compared with all the CBs in the SA, the process
is called foll-search block matching. Obviously a complete exploraiion of
the SA assures that the best match will be found for each RB. Nonethe-
less the procedure is computationally expensive. Seme methads have
been propesed in order to rednce the complexity, by reducing the nun-
ber of matches in a strategic manner [78-80]. The main drawback of the
latter methods is that the finding of the best matching CB is nc longer
gnaranteed.

Further imprevement of motion estimation methods has been made
by considering motion vectors with fractional aceuracy [81,82]. Since the
real mation of an object from one frame to the next, is independent of
the artificially pixel grid, an amelioration on the precision of the motion
vectors is expected by compnting the motion estimation with a snb-
pixel accnracy. Obvionsly, the improvement is obtained in exchange for
an increased complexity.
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3.2.2 The matching criterion

Three cost functions have usually been used in order to find the best
match of a reference block among the candidates blocks on the search
area. The Cross-Correlation Function (CCF), the Mean Square Error
(MSE}, and the Mean Absolute Difference (MAD) [83]. The definition
of the MAD, which is also known as Mean Absolute Error (MAE), is
given by Equation (3.1),

1 N
N><Ni:§1

N
MAD(¢,j) = ZI|A(:B,y)—B(:C+i,y+j)| (3.1)
p=
for ~p < 4,5 < p. A(z,y) represents the intensity of a pixel with coordi-
nates (z,y) on an RB, and B(z+1, y+j) corresponds to the intensity of a
pixel with coordinates (z+%,y+j) on the SA. The values of ¢ and 7, asso-
clated with the minimum MAD value tbat results after having explored
the SA, indicate the components of the motion vector corresponding to
the current RB.

3.3 Implementation of the Algorithm

A simple exampie of the block matching algorithm with parameters
N =3 and p = 3 is shown in Figure 3.2. It will be used to illustrate
the implementation of the algorithm and the operation of the bit-serial
architecture. The SA of 9x9 pixels is shown in Figure 3.2(a), correspond-
ing to the RB of 3x3 pixels shown in Figure 3.2(c). There are a total of
7x7=49 CBs in the SA to be compared with the RB.

3.3.1 Reducing the input bandwidth

As previously noted, input bandwidth is one of the main issues in full
search motion estimation algorithms. In this sense, an important opti-
mization can be made, if advantage is taken of the multiple pixels that
are common to different CBs. That is, if a pixel is used in the matching
process of more than one CB (which is the case for all the pixels on the
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Figure 3.2: Example of a block matching algorithm with N = 3 and p = 3.

SA, except for the four pixels on the corners), then this pixel can be read
from the previous frame memory only once.

Depending on the position of this pixel in its first CB, once it has
been read, it can be either directly pipelined into its new position on the
immediately following CB, or stored temporarily in local memory until
the next CB that uses this pixel is evaluated. An example of the former
case is illustrated in Figure 3.2, where it can be noticed that the pixels in
the 2nd and 3rd columns of CB1 correspond to the 1st and 2nd columns
of CB2 respectively. Thus, after CB1 has been loaded and matched, in
order to form CB2, anly 3 additional pixels should be read {i.e., the 3rd
column of CB2: B{-2,-1), B{-1,-1} and B(0,1)). The six remaining pixels
being obtained by means of two column shifts from the previous CB1.

In general, no additional memory is required when a CB uses data
from the neighbor horizontally adjacent to its left. This is so because
when a pixel is broadcast to the module that implements the sum of absa-
lute differences (ADs), the pixel's bits are simultaneously being pipelined
into the new columns that this pixel is going to be part of in the next
CB to be processed.
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In the preceding description, the input bandwidth was reduced by
taking advantage of common data between two horizontal adjacent CBs.
A further reduction can be obtained by also taking advantage of data
common to two vertically adjacent CBs. For example, to form CB8 (and
in general all the leftmost CBs, i.e., CB15, CB22,...,CB43) one only needs
to read three additional pixels: B(1,-2), B(1,-1) and B(1,0), to complete
the 3rd row.

Finally, with a combination of both pixel-data circulation paths,
to form CB9 (CB16, CB23, etc) and all their CBs horizontally to their
right, only one new pixel has to be loaded, i.e., B(1,1). This will be the
most common case; meaning that to [orm a new CB, the majority of the
time it will be needed to read only one additional pixel, which represents
a dramatic reduction of the initial bandwidth requirement.

3.4 Avrchitecture

The proposed architecture is shown in Figure 3.3. The frame memories
(RAMs) ontput the pixel data in parallel form; since the reported ar-
chitecture is bit-serial, a parallel-serial converter is required. For this
purpose two of the Conversion Register Banks (CRB) proposed in (84]
were used.

3.4.1 Candidate block memory

The Candidate Block Memory module (CBM) is shown in Figure 3.4.
[t is formed of a series of k-bit registers, each having the logic structure
shown in Figure 3.5. The C registers contain the N x N pixels of the
current CB being matched. The wires identified with an arrow point-
ing to the left margin of the page, perform the pipelined column-pixel
shifting. For example, for { # 1, a pixel value stored in a register C(k,1)
when CB2 is evaluated, will move to the register C(k, {— 1) one matching
cycle later, when CB3 takes the place ol the current candidate block.
The R registers provide both the row-pixel shifting {for the 1st and
2nd columns) and the delay ol data common to two leftmost CBs, e.g.,
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CB1 and CB8; CB8 and CB15, and so on. For example, when CB1 is
being evaluated, register C(3,1) contains the value of pixel B(0,-2). At
the end of this evaluation, the content of C(3,1) has been completely
pipelined into the register R2. The clocking of the R registers is stopped
during 5 matching cycles, being resumed at the start of the evaluation
of CB7. At the end of this evaluation, the original content of register
C(3,1), i.e., B(0,-2), is now in the register C(2,1), and is ready to be used
for the evaluation of CB8. The fact of stopping the clocking of the R
registers (which as the rest of the registers are dynamic) does not cause
any loss of data. Experimental tests of chips, carried out by the anthor,
have demonstrated that the data is still preserved in this kind of dynamic
registers, even at relatively low frequencies. Since these registers are
expected to operate in the MHz range, the temporary inhibition of their
clock, during a few eycles, is a safe operation. By using this scheme, a
significant number of buffer registers is saved.

The two blocks of six shift registers at the bottom of the figure,
perform the row shifting of the 3rd column and contribute to the respec-
tive delay of 7 matching cycles, between data used for example by the
3rd columns of CB1 and CB8, CB2 and CB9, CB3 and CB10 and so on.
Besides, these blocks of registers also provide the resources to store the
rest, of the pixels, not covered by the R registers.

3.4.2 Reference block memory

The block diagram of the Reference Block Memory (RBM) is shown
in Figure 3.6. Since the same RB is compared with all the (2p + 1)?
CBs in the SA, each pixel of a RB must be loaded into the AD module
(2p + 1)? times. This explains the self-looping strueture of the A(k,[)
registers. The wires providing the register data re-circulation, are also
nsed during the loading of a new RB, to transfer data from one register
to its neighbor one floor lower (e.g., from A(3,3) to A(3,2), from A(3,2)
to A(3,1)). This permits a reduction of the number of wires required
to charge the RBM module with a new RB, in exchange for a few clock
cycles of latency. The same principle is used to fill the CBM module in
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Figure 3.6: Reference block memory (RBM).

Figure 3.4.

3.4.3 Absolute difference module

The Absclute Difference (AD) module is shown in Figure 3.7. It cor-
responds to a set of N x N serial subtracters, each followed by a logic
circuit tbat performs the absolute value. An adder iree sums all the
N x N absolnte values, producing the value of the MAD for the CB that
is being compared. The wordlength of the binary number at the output
of the adder tree (considering a gray-level resolution of 8 bits/pixel) is
given by: 8 + [logy{N x N)] bits, where [z] denotes the largest integer
greater than or equal to z. For an application in which N = 8, the out-
put of the adder tree will be represented with 14 bits, and accordingly, all
the data registers downstream should have a fourteen-bits wordlength.

3.4.4 Comparator

The bit-serial comparator selects the minimum value among the (2p +
1)2 MAD computations, and the position of the best-matching CB is
generated in order to indicate the mation vector of the corrent RB.
Figure 3.8 shows a simplified logic diagram of the comiparator. Basically,
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Figure 3.7: Absolute difference module.

it is composed of three registers, one subtracter, and one multiplexer.
In order to indicate the position of the CB that is being matched, one
counter is used. A set of latches (L;} stores the best matching position.

The register R1 is used to keep the (temporary) minimmum MAD.
When m=1, the register Rl is refilled with its same previous value (a
data loop). When m=0, the content of the register R1 is replaced by the
content of the register R2. The latest computed MAD value is loaded
into the register R3 from the output of the adder tree. The content of
R3 (which is overwritten each matching cycle with a new MAD valne)
is always pipelined into the register R2. Thus, the registers R3 and R2
always contain the last and the second to last MAD values.

When the value of m 1s 1, R1 is compared with R3 by means of
a subtraction (R1 minus R3). The value of the carry ¢ is sampled by
making §=1 at the moment when the two most significant bits of Rl
and R3 have just been subtracted. If ¢=1, it means that the value
of R1 is still the minimum, and the value of m is held at 1. In case
¢=(0, that means that B3 < R], and m becomes 0, so that the next
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comparison will be made between the conient on the registers R2 (that
temporary contains the minimum MAD value) and the latest calculated
MAD contained in R3.

The connter is incremented each matching cycle. When m becomes
zero, it means that a new minimum has been found, and the state of
the counter is transferred into the latches L; Thns, the content of the
latches always indicates the position of the latest best matching CB, i.e,
the current best motion vector.

3.4.5 Appraisal of the architecture

The study of architectures for motion estimation has been and continues
to be the object of intensive research [85-87]. For the architecture pre-
sented in this chapter, the main characteristics that are worth pointing
out are the follawing.

The combination of bit-serial schemes with the strategy of imple-
mentation described in Section 3.3 produces an architectnre with a mini-
mum complexity of structnre. This, as will be shown in the next section,
efficiently leads to a low complexity high and low level hardware design,
and to a very small silicon area circuit.

As noticed from the previons presentations, the basic building
blocks of the architecture are bit serial units (registers, adders, etc.),
in which the data processing is maximally pipelined. In terms of hard-
ware this has two advantages. First, the capacitive load downstream of
each node is minimal and thus the different modules can run at high
frequencies [57] (hundreds of MHz). Second, the full pipeline charac-
teristic of the blocks performing both the arithmetical operations and
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Figure 3.9: Floorplan of the motion estimation circuit.

movement of data, allows an efficient use of hardware at nearly 100%
during a frame cycle.

3.5 An ASIC for Motion Estimation

The previcusly reported architecture was used for the realization of an
ASIC for a low bit-rate video application. The specifications of the
application were the following. Frame size, common intermediate format
(CIF): 288 lines and 352 pixels/line; frame frequency, 10Hz; reference
block (RB) size, 8x8 pixels; and maximum displacement p, 8 pixels.

The number of RBs per frame is (288x352)/(8x8)=1584. The MAD
of each RB, is obtained after having made (2p + 1) = 289 matches. As
has been pointed out before, for N = 8, a new match is made every
14 clock cycles. To obtain the motion vector of each RB one needs:
289x14=4,046 clock cycles; plus 8x14=112 clock cycles to fill the pipeline
of the CMB (only once per RB), which gives a total of 4,158 clock pulses.
The current frame is thus calculated in: 4,158x1584-=6,586,272 clock
pulses; plus 196 cycles required to fill the pipeline of the CRB (only once
per frame). At the specified 10 frames/s, a clock rate of approximately 65
MHz is required; this frequency was largely surpassed during simulation
of the circuit.
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Two clocking approaches were evaluated for the blocks, pseudo 2-
phase [66] and true single phase [88] clocking strategies. The floorplan
and the layout of the motion estimation circuit are shown in Figures 3.9
and 3.10 respectively. The central part of the circuit contains the 64
subtracters each one followed by an absolute value unit. The adder tree
is Jocated at the bottom of the circuit in Figure 3.10, while the bit-serial
comparator occupies a small area at the bottom-left corner of the chip.
In order to reduce the surface dedicated to run the wiring between the
candidate and reference block memory registers and the AD unit, the
CRB and the CMB have been split iuto 8 parts each. The corresponding
parts of the CRB and CRM have been arranged in pairs and distributed
in the vertical periphery of the Absolute Differences unit. The area of
the chip is 4.26 x 2.89 mm?® ~ 12.3 mm? and it contains approximately
41,500 transistors. The circuit was implemented in the 1.2um 5V CMOS
CMN12 process from VLSI Technology Inc.

3.6 Summary

A bit-serial architecture for a block matching motion estimation algo-
rithm has been reported. It is well snited for the estimation of the motion
vectors in low bit-rate applications as teleconferencing and videophone
systems. The architecture features a minimum complexity, and achieves
a significant reduction of the input bandwidth. Based oo the presented
architecture, an ASIC of a motion estimator has beeq realized for a par-
ticular application. The resnlting chip is very competitive in terms of
silicon area in comparison with other reported designs.



Chapter 4

Power Management Strategy for
Wireless Image Communications

4.1 Introduction

ow power consumption is a requirement for battery powered portable
L equipment. When designing ASICs for image and video compres-
sion, emphasis has been placed mainly on realizing circuits that are fast
enough to satisfy the high data throughpnt associated with image and
video processing. The imminent development of portable systems fea-
turing full multimedia capabilities, has added the low-power constraint
to the design of VLSI circuits for this kind of application.

Several techniques such as lowering the supply voltage [89], archi-
tectural parallelization [90], and pipelining [90], to mention a few, have
been proposed to achieve low-power consumption in digital circnits. In
this chapter a power management strategy that allows to trade image
quality for power consumption will be presented.

4.1.1 Organization of the chapter

The remainder of this chapter is organized as follows. In Section 4.2
an alternative, implementation supported, trade-off in the image com-
pression domain is presented, along with some examples of applications.
Section 4.3 introduces a power management scheme for transform-based
image coding. The advantages of the simple scheme are examined in
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Section 4.4 in comparison with approaches that make it possible to con-
trol the quality of the encoded images, though without any positive
effect on the power consumption. The power-down scheme is discussed
in Section 4.5. Scome results are presented in Section 4.6 and finally, a
summary of the chapter is given in Section 4.7.

4.2 An Alternative Trade-off

For data compression purposes, lowering the high frequency content of
an image has proved to be a successful method for achieving low coding
bit rates. In zonal coding for example, a unitary transform, such as
the Discrete Cosine Transform DCT, is applied on 2-D biocks of pixels
of the original image. By selecting only a few of the coefficients on a
predefined zone on the frequency domain, one is able to obtain a more
compact representation of the image in exchange for a less of quality
in the reconstructed image. A similar principle is used on the baseline
JPEG algorithm, where the 2-D transform operation is followed by a
quantization and an entropy coding of the coefficients.

In the above-mentioned methods, and in general in a classical image
compression scheme, the issue is to obtain a minimum distortion on the
reconstructed image, while using a minimum number of bits to represent
the compressed image. However, since image distortion and ceding bit
rate are mutually exclusive for absolute optimization [92], the operation
of image compression systems responds to a trade-off between decoded
image quality and coding bit rate.

In certain applications, the best image quality might 1ot be re-
quired at particular periods of time. For example, while image browsing
a database, during “hold-on” periods during one- or two-way communi-
cations, and during “no activity” periods in surveillance, to mention a
few cases. Many of these applications are expected to enter the market
in the near future, integrated in a portable device. For these systems,
the trade-off alluded to on the previous paragraph can be reformulated
in terms of image resolution and power consumption [91]. That is, in
these portable video systems, whenever the highest image quality is not
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4, commands the encoder to compute and encode only the four lower
frequency coefficients. In this mode, the main content of the image is
already perceptible and a particular known image could be easily rec-
ognized. However the image still presents a blocking aspect, especially
at the edges of objects. In Mode 16, the encoder selects and codes only
the 16 lower frequency coefficients. In this mode the images are of a
relatively good quality. The blocking structure on the edges of objects
is strongly attenuated, with respect to Mode 4. Finally, the full JPEG
mode, allows the circuit to produce a complete (JPEG-quantized) spec-
tral resolution.

When a high image quality is not required for transmission (or
reception), the user can select the mode of operation at the start of the
encoding (or decoding) process. As soon as the number of coefficients
corresponding to a mode of operation has been computed, the control
unit powers down the DCT and the quantization units. A multiplexer
allows the setting of the values of all the non-computed coefficients to
zero, in order to generate a fully JPEG-compliant bit stream.

This scheme saves power by avoiding unnecessary computation. It
can be interpreted as a hardware adaptive zonal coding scheme embed-
ded in the baseline JPEG algorithm. Since in JPEG, the DCT is the
most expensive operation in terms of computational power, the gain in
terms of energy-savings can be very significant. In full JPEG mode the
circuit works as a regular JPEG coder system.

4.4 Further Considerations

It is worth noting that in a regular JPEG encoder, when the best im-
age quality is not required, one could scale-up the JPEG normalization
matrix in order to achieve higher compression ratios. The reduction of
the coding bit rate is achieved due to an increase of the number of 2-D
DCT coefficients that become zero after quantization. Nevertheless, in
a JPEG coder circuit without a PM strategy, that implies a waste of
power, since the DCT unit must always compute the 64 2-D DCT coef-
ficients, regardless of the potentially large number of zero-valued coeffi-






4.5 Power Controlling Scheme 57

cients, that would result after a coarse quantization. A similar statement
can be made for the quantization unit.

The JPEG standard also defines other modes of operation (i.e.,
progressive and hierarchical modes) that can be properly used in cases
when the best image quality is not required. However, a hardware im-
plementation of these modes does not necessarily lead to power-saving
architectures. This is because, these more elaborated JPEG modes take
place at the expense of additional power-consuming hardware owing to
the significant increase of the system complexity with respect to the
baseline sequential algorithm.

4.5 Power Controlling Scheme

The PM strategy described in the preceding section can be applied to
trade image quality for power consumption at both the encoder and
the decoder. Both realizations are independent, and no information
overhead is required to indicate the mode in which the images are coded.

The VLSI architecture of the 2-D DCT was shown in Figure 2.8,
and that of the quantizer in Figure 2.10. The basic approach of the PM
scheme is shown in Figure 4.2, which for the JPEG coder, the UNIT
block represents botb the 2-D DCT and the quantization modules. The
multiplexer at the output is required to keep the bit stream uninter-
rupted when the unit is powered off. 1t sets the value of all the non-
computed coeflicients to zero. One or several large pMOS transistors
are used to power the unit cn and off.

The PM strategy is dynamic [96], meaning that only certain mod-
ules of the encoder (or decoder) are tc be powered off, namely the DCT
and the quantizer. In Mode 4, for example, sixty of the 2-D DCT coef-
ficients are not required and thus, should not be calculated. This allows
the control unit to power off, the two DAPs (Distributed Arithmetic Pro-
cessors} of the 2-D DCT circuit and the whole quantization unit. Thus,
in Mode 4, the first DCT’s DAP is powered off during 48 word cycles
(i.e., it is active only during 16 word cycles), whereas the second DCT's
DAP is powered off during 60 word cycles (i.e., it is active only during
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4.6 Power-down State Periods and Image Quality

The test image Lena (256x256 pixels, 8 bits/pixel), is shown in Fig-
ure 4.3. The image quality obtained with the different modes of opera-
tion, after they have been JPEG-decoded, is shown in Figure 4.4.

When the JPEG coder circnit is operating on full JPEG mode, it
executes 128 scalar products per block of 8x8 pixels (64 scalar product
each DAP of the 2-D DCT) and 64 multiplications that correspond to the
quantization of the 64 DCT coeflicients. For an image of 256x256 pixels,
that means a total of 131,072 scalar products and 65,536 multiplications.

When the coder circuit is set in Mode DC, for the previonsly given
image resolution, the number of operations is reduced to 9,216 scalar
products and 1,024 multiplication. That means that the 2-D DCT unit
is powered off about 93% of the time. Figure 4.4(a) shows the quality of
an image that has been coded in Mode DC.

In Mode 4, the most computational intensive part of the JPEG
circuit is powered off 84% of the time. The images present a blocky
aspect on the edges of objects, but their content is still intelligible. In
this mode the peak signal-to-noise ratio {PSNR)! of the JPEG-decoded
image Lena, shown in Figure 4.4(b), is 25.91 dB.

In Mode 16 the most compntational intensive part of the JPEG
circuit is powered on only 38% of the time. The decoded images are of
a relatively good quality. In this mode, the PSNR. of the JPEG-decoded
image Lena, shown in Fignre 4.4(c), is 30.30 dB.

In full JPEG mode, no power-saving is made and from an algo-
rithmic point of view, the circnit works as a regular JPEG system. For
comparison, the PSNR of Lena in full JPEG mode is 32.70 dB, the
decoded image is shown in Figure 4.4(d}.

I f{4,§) and f(,7) represent the pixels of the original and the coded-decoded
NxN pixcls image respectively, then the PSNR is given by: PSNR = 20 logyo( as=),

where RMSE = /34 T8, T8, (16,5 - 6, D)
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4.7 Summary

Power management is a successful appreach to reduce power consump-
tion in portable equipment. The latest microprocessors, desktop and
laptop microcomputers are using this kind of strategy, which consists in
shutting down the power to certain units when they have been idle for
a determined period of time.

In this chapter a similar mechanism has been proposed to save
power in portable image communications systems. The basic idea is
that whenever the best image quality is not required for transmission
or recepticn, a significant saving of power can be made by avoiding the
computation of the components that convey the detailed structure of
the images. Thus, at particular times, some modules of the compression
system can be powered-off and the value of the non-computed data is
replaced with zero or any other appropriate fixed value.






Chapter 5

Bit-Rate Control for the JPEG
Algorithm

5.1 Introduction

ne of the characteristics of the JPEG algorithm is that of pro-

ducing a compression bit rate that varies depending on the level
of information content of the image that is being coded. As a result,
two images with the same spatial and gray-level resolutions—i.e., same
width, height, and number of bits per pixel—but with different degrees
of image detail, will result into two JPEG-compressed bit streams that,
in general, do not have the same number of bits. These two images are
thus coded with different bit rates.!

Figures 5.1(a} and (b) show two images of 512x512 pixels that have
largely-different degrees of information content. The compression with
JPEG of the image in Figure 5.1(a), which is an image that contains
a significant amount of detail, results in a bit stream whose number of
bits corresponds to a compression bit rate of 1.40 bit/pixel (bpp). The
reconstructed image for this bit rate is shown in Figure 5.1{c). The
compression bit rate for the image in Figure 5.1(b), which is an image
that contains substantially less detail than the image in Figure 5.1(a), is

"n the image compression literature, the compression (bit) rate is used, alike the
compression ratio (CR), to characterize the performance of a compression algorithm,
When the input images are of 256 gray levels—i.c., 8 bits per pixel—the compression
bit rate (CBR) is related to the compression ratio (CR) by: CBR=8/CR.
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0.18 bpp; its reconstrncted version is shown in Figore 5.1(d). In terms
of compression ratio (CR), JPEG is coding the former image with a
commpression ratio of 5.73, while is coding the latter, using the very same
set of JPEG parameters, with a CR of 44.36: a large difference!. It is
worth observing that in Figores 5.1(c) and (d), the higher CR for the
image in Figure 5.1(b) is not obtained to the detriment of the guality
of the decompressed image. Actnally, in terms of PSNR, the quality of
the reconstructed image in Fignre 5.1(d) is 15.22 dB better than that of
the reconstructed image in Figare 5.1(c). This fact is reminded since it
is always possible to increase the compression ratio in exchange of a loss
in the quality of the reconstructed images; nevertheless, in this example
this is not the case nor the point that it is wanted to be emphasized.

This image-depended, variable compression hit-rate characteristic
of JPEG represents a main drawback for some applications. In digi-
tal still cameras for example, it is important to be able to predict the
gize of the compressed pictures in order to control the allocation of the
solid-state memory of the camera. Being able to control the resnlting
compression bit rates is also required in networking applications that
involve the transmission of image/video signals. In these networks, the
time required to transmit a compressed image is generally fixed or not
allowed to exceed a certain value; precluding in consequence, the use of
non-controllable bit-rate schemes. An example of the latter application
is given in [97] where a bit-rate controlled Motion-JPEG (M-JPEG) is
needed to fulfill particular systems requirements.

In this chapter, two bit-rate control methods for the JPEG al-
gorithm are presented. These techniques permit to produce, with an
excellent accuracy, a wser- or system-requested compression ratio {or
its equivalent compression bit rate) of JPEG-coded images. The pre-
sented methods have several advantages [98] with respect to other bit-
rate schemes that have been previously reported [99-102]. Some of these
advantages are:

¢ A full compliance with the JPEG algorithm. This feature gives the
system all the advantages inherent to standerd algorithms; as, for
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example, a widespread use of the compressed images.

¢ A very low computational complexity. This is an important charac-
teristic in order to produce high-speed, cost-effective hardware im-
plementations, and also to keep power consumption as low as possi-
ble.

The bit-rate control system proposed in [99], for example, requires
too many iterations to converge. While the systems in [100-102)
must execute many computations for each 8x8 block of pixels in
order to check if the allocated bits per block have not been exceeded.

By their own principle, the application of the bit-rate control mecha-
nisms proposed in this chapter, do not cause any further degradation
to the compressed images. The quality of the decompressed images
* is exactly the same that would be given by JPEG (with the corre-
sponding parameters) in the absence of the bit-rate control system.

The lack of this feature is a major drawback of the systems reported
in [100-102], which must suppress high frequency information in
order to make the bit rate converge to the target value.

¢ Finally, the methods proposed in this chapter, provide an excellent
accuracy for setting the compression ratio, and the largest applica-
tion operational range.

5.1.1 Organization of the chapter

The remainder of this chapter is organized as follows. Seetion 5.2 illus-
trates JPEG's variable compression rate nature. Section 5.3 illustrates
how it is possible to modulate the output compression ratio given by
JPEG. In Section 5.4 a study of the characteristic of the compression
ratio vs. a modulating parameter is studied. The general scheme of the
bit-rate control method is given in Section 5.5, and a particular imple-
mentation of this scheme is described in Section 5.6. Then, an optimized
implementation is reported in Section 5.7, and its results are presented
in Section 5.8. The computational complexity analysis is discussed in
Section 5.9, just before a summary of the chapter in Section 5.10.
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Figure 5.2: Baseline JPEG algorithm.

5.2 JPEG: A Variable Compression Bit-rate Algo-
rithm

5.2.1 The effect

This section presents an example to illustrate the image-dependent,
variable-rate mechanism inherent to JPEG. To support the presenta-
tion, the operations of the baseline JPEG algorithm are shown again in
Figure 5.2. As depicted in the first block of the fignre, these operations
are not carried out at once over the whole image, but sequentially on
snbimage blocks of 8x8 pixels.

In Figure 5.3 two of these 8x8-pixel blocks, A and B, are specified
within the test image Lena (only for the purpose of highlighting the
difference in the content of image detail, the two blocks in Figure 5.3
are indeed 16x16-pixels blocks, the center region of which are the real
8x8-pixel blocks). Each block will be coded separately, following the
JPEG scheme of Figure 5.2. The outcome of each of the operations will
be shown and at the end of the algorithm, the two resulting bit streams
will be compared. Block A has been selected as to contain rmore image
detail than block B and should {due to the JPEG mechanism we are
discnssing) require more bits to be coded.

Block A is the same 8x8-pixel subimage that was nsed to illustrate
the baseline JPEG algorithm in Chapter 2, Section 2.3.1. The values of
the 64 pixels of block A are given by the matrix A on Equation 2.1 on
page 15. The resulting compressed bit stream for this particnlar block
was found to have 62 bits, which corresponded to a compression ratio of
8.26, for that particular block of the input image.

Block B will be coded by following the same steps as for coding
block A. At this point the reader might find it useful to refer alternately
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[ 72 -4 -6 -4 1 2 1 -2]
-6 3 -3 0-1 3 -1 -1
-2 0 2-2 2 1 3 1
-2 -2 2 -2 1-1 0 1
X= 3 1 -3 -5-1 2 0-2 (5.2)
0 0 0-2 2-1-1 0
3 -2 2 3 1 2 0 1
3 3 1-2 0 3 2 -2

The smaller amount of image activity of block B in comparison
with block A, is reflected in the transform domain, by the fact that
the AC coeflicients in Equation (5.2) have smaller magnitudes than the
corresponding AC coefficients in Equation (2.2). This difference is even
more emphasized after the quantization.

The guantization of the 2D-DCT coefficients in X with the normal-
ization array N given in Equation (2.3}, produces the following matrix,

50-100000]
-10 000000
00 000000
00 000000
Q=| 90 000000 (5.3)
00 00000090
00 00000090
00 000000

Notice the higher number of zero-valued coefficients in this matrix
with respect to the matrix in Equation (2.4). As previously stated, this is
a clear indication of the different “image-complexity” of the two original
block of pixels.

The zigzag reordering of the elements of matrix @ produces the
following vector,

z=[50 100 -1 0.5.8.0] (5.4)
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The value of the DC coefficient of the previous transformed and
quantized 8x8-pixel block was found to be 4. The DPCM operation over
the DC coefficients gives the vector d below,

d= [1 0 -100 -1 0.5.8.0] (5_5)

A zero run-length coding of the sequence of numbers represented
by vector d resunlts in the following vector,

r= [(1) (L,-1) (2,-1) EOB] (5.6)

The decomposition of the elements of vector r into the represen-
tation (run/cat,cmp) ((cat,emp) for the DC coefficient) as explained in
Section 2.3.1, yields,

¢= [(0,1) (1/1,0) (2/1,0) EOB] (5.7)

By searching for a binary code in the Huffman tables A.2 and A.3
given in Appendix A, for each of the elements of vector ¢ the following
bit stream is obtained:

01012/11000/112000/1010
again for illustration purposes, a slash has been inserted between the
binary codes associated with the different symbols of the vector ¢. The
resulting compression ratio is 26.95 for the block B, which only requires
19 bits in compressed form: approximately one third of the number of
bits needed to code the block A.

This example shows how an image that is abound in details, and
thus contains a high proportion of high-activity A-like blocks, will require
more bits to be coded than a relatively less elaborated image.

5.2.2 The cause

It is interesting to point out that the Discrete Cosine Transform op-
eration is not the cause of the variable-rate feature of JPEG (as it is
sometimes implied in the literature). There do exist image compression
schemes, based on the DCT that vield a non-varying compression ratio.
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Zonal coding [103] for example, is based on the same compression princi-
ple as JPEG, that is, on the application of a block-based linear transform
such as the DCT. Yet zonal coding can produnce the same compression
bit rate, regardless of the content of the input image (all the same with
a coding efficiency that is less than JPEG's).

The cause of the variable compression rate in JPEG is due to the
contributions of two factors (albeit any of the two factors, on its own, is
enough to render varying, the output bit rate of the system). The first
one is the use of a run-length coding to represent the non zero-valued,
normalized, 2D-DCT coeflicients. The second, is the use of variable-
length Hufflman codes to represent the DPCM and run-length encoded
coeflicients. In Figure 5.2 these two elements are both part of the block
denominated entropy coder.

In general, any image or video compression system that includes an
entropy coder (e.g., Huffman or arithmetic coding) is expected to deliver
a variable compression bit rate. For example, video compression stan-
dard MPEG-1, MPEG-2, H.261 and H.263, all includes entropy coders
at the output stage, and thus, they all deliver variable compresston bit
rates. A bit-rate smoothing buffer [104,105] is commonly used in order
to regulate the output rate of these compression systems. The main in-
convenience of this buffer is its contributed delay to the latency of the
compression system,

5.3 Modifying the Compression Ratio

Let us suppose that one would have preferred to code the block B in the
previous example with a higher compression ratio—i.e., with a lower bit
rate. This would have been possible by means of scaling the normaliza-
tion array by a constanl factor, hefore the one-to-one division operation.

For example, quantizing the 2D-DCT coefficients of the block B
given in Equation (5.2) with the normalization array N in Equation (2.3)
previously multiplied by a factor of two wonld result in the following
matrix,
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The effect of having doubled the magnitude of the coefficients of
the normalization array N is clear: more 2D-DCT coefficients have been
zeroed out in matrix Q; than in matrix Q in Equation (5.3). The effect
at the output of the DPCM (the previous quantized DC coefficient was
found to be 2) and run-length coders is reflected in the vector d,, which
displays a smaller number of non-zero elements than the corresponding
vector d in Equation (5.5). This change induces a large reduction in the
number of bits required to represent the elements of vector d,.

di=100...0] (5.9)

After the category and complement representation, followed by
Huffman coding, the output bit stream for the vector dy contains € bits
which corresponds to a compression ratio CR of 85.33, in comparison
with a CR of 26.95 for the non-scaled normalization array case. In this
instance, the increase of the compression ratio is obtained in exchange
for a degradation of the quality of the decompressed block. This becanse
the higher the number of coefficients that are forced to zero during the
quantization stage, the lower the quality of the decompressed images.

5.4 Modeling the CR-SF Characteristic

In Section (5.3) it was shown how by scaling the normalization array one
can modify the compression bit rate of the coded images. The question
that remains at this point is how to find the constant factor by which
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Image Slope LSE Size | Error
m Approximation | (pixels) | R?

Airplane { 4.730 | y = 4.730z + 8.359 | 512x512 | 0.9920
Baboon | 3.194 |y = 3.194z + 2.736 | 512x512 | 0.9996
Barbara | 3.710 | y = 4.710z + 5.591 | 512x512 | 0.9986
Boats612 | 4.630 | y = 4.630z + 6.856 | 512x512 | 0.9971
Lena 5.604 | y == 5.604x 4+ 9.924 | 512x512 | 0.9922
Peppers | 5.223 | y = 5.223z 4+ 9.033 | 512x512 | 0.9881
Bridge 3.226 | y = 3.226x + 3.0566 | 256x256 | 0.9997
Camera | 4.278 | y = 4.278z + 6.409 | 256x256 | 0.9931
Lena256 | 4.367 |y = 4.347z + 6.473 | 256x256 | 0.9959

‘Table 5.1: Least squares error approximation of the CR-SF characteristic.

the normalization array should be scaled, so that one obtains a given
target compression ratio. This is a major issue, since without any ef-
fective strategy the determination of the correct scale factor could take
numerocus iterations. A solution to this issue is discussed in this and the
next sections.

The study began by carrying out intensive JPEG-compression com-
putations on a set of the most popular test images used by the coding
community (i.e., Airplane, Baboon, Barbara, Boats, Bridge, Camera-
man, Lena, Lena256, Peppers). This set contains images of different
spatial resolutions and different scene-complexity content. The proce-
dure was to let the scale factor (SF) change over a large range of values
and measure the corresponding obtained compression ratiocs (CR). The
chjective being to analyze the characteristic of the curves Compression
Ratio-Scale Factor for each of the images on the set.

The obtained CR-SF characteristic is shown in Figures 5.4 and 5.5
for two different image sizes. 1t is interesting to note the strong linear
behavior of these four curves. Even more interesting and significative
for the study under question, was the fact of finding out that the same
linear bekavior is featured by the CR-St curves of all the images in the
study set.

A linear approximadiion seems thus a plausible choice to model the
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Figure 5.4: Compression ratio - Scale factor characteristic: 512x512 pixels images.
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Figure 5.5: Compression ratio — Scale factor characteristic: 256x236 pixels images.
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CR-SF characteristic. Table 5.1 shows the results of a linear model built
with the classical least squares error LSE method. The R-square value
metric? is also reported, in order to show the excellent correlation be-
tween the real curve and the model (for a perfect fit, R? = 1). Figure 5.6
shows both the real curve and its linear approximation for the two worst
cases of the images in the study set.

5.5 General Bit-rate Control Scheme

The question raised in the last section was how, given a target compras-
sion ratio CRr, one can predict the scale factor SFr by which the JPEG
normalization matrix must be scaled in order to obtain the requested
compression ratio. ln this section tbe general scheme of a method that
figures out this problem is presented.

The principle of the proposed bit-rate control method is shown in
Figure 5.7. The different blocks of the diagram are described in the
following paragraphs.

¢ Parameter Estimation. To model the CR-SF characteristic with a
linear function ¥ = mz + b, two parameters are required, namely,
the slope m and the intercept b. As can be noticed from Table 5.1
these values are proper for each of the images. It js reasonable to
expect that the valne of these parameters is related in some way
to the information content of the images, and accordingly, one can
consider executing some kind of pre-analysis over the image in order
to estimate the most suitable values of m and b for a given image.

¢ Computation of S¥Fy. The previonsly determined linear model
cr = m - sf + b, is used to compute the scale factor target SFp. That
is, given CRy, its associated scale factor can be found straightfor-
wardly by two simple operations, SFr = (CRr — b)/m.

¢ JPEG. The value S¥7 is used to scale the normalization array; after
which the JPEG compression properly said is executed on the input

TR? = 1 — SSE/SST, with SSE= ¥(z — &)2, and S§T= (T z?) - (£ z:)?/m:

n= number of data, s=real data, F=model data.
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Figure 5.7: General scheme of the bit-rate control method.
image.

Depending on the technique used to estimate the parameters m and
b, different bit-rate control implementations are viable for the general
scheme in Figure 5.7. Sections 5.6 and 5.7 describe two different methods
that were developed.

In both methods, the constraint on the accuracy was defined as
to obtaining a relative error, between the target compression ratio and
the actual compression ratio given by the system, whose absclute value
should be less than five percent.

5.5.1 Range of the scale factor

Looking at the Figures 5.4 and 5.5 on pages 74-75, one observes that the
defined range of operation for the scale factor is the interval 1 < sf < 5.
This range was chosen for the following reasons. For the lower limit sf =
1 (the default value of the algorithm}, the quality of the reconstructed
images is fairly good (as witness the pictures in Figures 5.1(c) and (d)),
and so very much appropriated for the most common applications. The
upper limit sf = 5, was selected by experimentation, concluding that
when JPEG-compressing images with a scale factor greater than 5, the
quality of the reconstructed images starts to be seriously compromised.

It is important to remark that a small change in the scale factor
can have a dramatic effect on the quality of the reconstructed images,
and thus, in spite of the relatively short scale factor variation range,
the associated range of quality of the reconstructed images is extremely
large.
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5.6 Bit-rate Control by Average-slope Linear Ap-
proximation

In this method the parameter estimation block in Figure 5.7 is replaced
by one or two JPEG coding operations. That is, the image is initially
compressed with JPEG using a scale factor of 1, for the normalization
matrix. Then, the resulting compression ratio is used to (implicitly)
estimate the parameter 6 of the linear model.

By looking over the slope value m for the different linear approxi-
mations in Table 5.1, one observes that its range of variation, among the
different images, is relatively narrow. This simple observation suggested
the construction of an average-slope linear model, in which the value of
m is given by the average value of the slopes reported in Table 5.1.

ln some instances, the average-slope linear model might not be
accnrate enonugh, and thus, a slope-adjustment is necessary, as described
in the following secticn.

5.6.1 Description of the algorithm

The mechanism of operation of this method is shown in Figure 5.8. The
different steps of the algorithm are

1. Enter the target compression ratic CRy.

2. Compress the inpnt image using a scale factor of 1 (the defanlt value)
for the JPEG normalization matrix. Let us call CR1 the resulting
compression ratio (Figure 5.8(a)).

o If the absolute value of the relative error between CRy and CR1
is less than 0.05 then the process stops here. Otherwise it will
continue in step 3.

3. With the point (1,CR1) and a given slope myg, which is determined
as the average of the slopes valnes given in Table 5.1, the value of
by is implicitly defined and so is the linear model ¢r = myg - sf + by,
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Use this model to find the scale factor that corresponds to a com-
pression ratio ¢r = CRy. Let us call SFF2 this computed scale factor
(Figure 5.8(b)).

4. Compress the input image using a normalization array scaled with
the value SF2. Let us call CR2 the resulting compression ratio (Fig-
ure 5.8(b)}.

o If the absolute value of the relative error between CRy and CR2
is less than 0.05 then the process stops here. Otherwise it will
countinue in step 5.

5. The fact that CR2 failed to approximate CRp, at the end of the
step number 4, indicates that the average-slope model is not fitting
accurately the CR-SI' characteristic of the input image. In this case a
slope (and an intercept) adjustment are necessary in order to satisfy
the maximum relative error constraint of plus/minus five percent.

Both (1,CR1) and (SF2,CR2) are points on the real CR-SF curve. As
such, they are appropriated to develop a more accurate approxima-
tion that is given by ¢r = m, - sf + b). In this updated model, find
the scale factor that corresponds to a compression ratio cr = CRy.
Let us call SF'3 this computed scale factor (Figure 5.8(c)}.

6. Finally, using SF3 to scale the JPEG normalization array, compress
the input image. Let us call CR3 the resulting compression ratio
{(Figure 5.8(d)).

5.6.2 Validation of the average-slape linear model

Exhaustive testing with pictures from and out of the initial set of images,
showed that the wvalue of CR3 is an excellent approximation of CRyr
{absolute value of the relative error < 0.05). The results are given in
Figures 5.9-5.11 for several images. The graphs in Figures 5.11(c) and
(d) belong to a picture that was not part of the initial set of test images
(which are listed in Table 5.1).
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For each of the graphs, the first value on the z-axis corresponds
to the target compression ratio whose associated scale factor is sf = 1.
The last value corresponds to a scale factor of 5.

5.6.3 Improving the average-slope linear model method

Though the bit-rate control method described in the last section gives
very good results, it is nevertheless susceptible of improvement. The
following are two important ameliorations that are worthy of considera-
tion.

1. Reduce the number of tterations. When the initial average-slope
model does not fit accurately the CR-SF curve, an extra JPEG it-
eration is required in order to compute CR3 with an updated model
cr = my - sf + by (Figure 5.8(c) and (d)}. Tt would be of great ad-
vantage, from a compntational complexity point of view, to make the
bit-rate control system converge to the value of CRy—with the same
predefined accuracy—within a maximum of two JPEG operations.
That is to say that CRy should be accurately approximated, with
no further computations beyond the calenlation of CR2. This goal
is achieved with the two-pass method, whose results are reported in
Section 5.8.1.

2. Fxtended range of operation for the scale factor. Though the range of
operation previously defined for the scale factor, is fairly enough for a
large number of applications, it would be interesting to have a system
that is able to control the compression bit rate of JPEG for the
largest “practical” range of applications. This goal is achieved with
the three-pass method, whose results are reported in Section 5.8.2.
In this method, the range 1 < sf < 5 is extended in both directions.
EXTENDED RANGE FOR THE SCALE FACTOR
Experimentally, the extended scale factor range, 0.5 < sf < 15, was
considered for the following reasons.

e Lower limif. The qnality of the reconstructed images given by
defanlt (sf = 1) by JPEG is in general satisfactory; still, if nec-
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essary, this quality can be upgraded by using a scale factor that
is less than the unity. In effect, when the normalization array is
scaled by a factor that is less than one, the effect on the resulting
compression bit rate would be the opposite than in the example
given in Section 5.3, that is, a decrease of the compression ratio.
This loss of compression efliciency is however obtained in favor
of an improvement of the quality of the reconstructed images.
The reason for choosing sf = 0.5 as the lower limit, is because at
this value the original and the reconstructed images are normally
indistinguishable ( [44], Chapter 4). Making thus worthless any
attempt to improve the quality of the decoded images below a
scale factor of 1/2.

e Upper limif. Experiments on a large set of images proved that
the quality of the reconstructed images beyond a scale factor of
15, is strongly objectionable. Decoded images with sf > 15, are
generally useless for most applications (artwork excluded).

5.7 Bit-rate Control by Piecewise-linear Approxi-
mation

5.7.1 Piecewise-linear model

The CR-SF characteristic, on the extended scale factor range, for all the
test images was analized. It was interesting to note that the behavier
among the curves was again very similar; nonetheless, a single average-
slope model for the entire new range was no longer valid.

A typical CR-SF characteristic is given in Figure 5.12 for the range
0.5 < sf € 15. The second bit-rate control method consists in approx-
imating this curve not with a single, but with multiple straight lines
whose slopes change in function of their region in the scale factor space.
Furthermore, the slope associated with each region, is not constant but
linearly depends on the value of the compression ratio obtained with a
scale factor sf = 2.

Six different regions of the CR-SF curves were found to be suitable
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for separate modeling. The intervals of the scale factor that correspond
to these regions are: [0.5,1), [1,1.5), [1.5,2), (2,5], (5.10] and (10, 15].
The interval 0.5 < sf < 2.0 is the interval in which the first derivate of
the CR-SF curve is changing at the highest rate, thus, this region was
divided into shorter sub-intervals than the less derivate-changing region
2 < gf < 15. The point at sf = 2 is, as will be explained below, the
starting step of the algorithm, for this reason it is not included in any
of the regions above.

It can be noticed that the modeling of the CR-SF characteristic
has become more complex with respect to the single straight-line model
y = mxz + b. That is, now the system must be able to predict the slope m;
and the intercept b; for the different six regions that have been defined.

The problem of the slope estimation for each of the different regions
of the piecewise-linear model, was solved by studying the relationship
between the value of the compression ratio (at different scale factors)
and the value of the slope for each of the regions. It turned out that a
strong linear relationship exist between the slope and the compression
ratio CR1 obtained with a scale factor sf = 2. Hence, the estimation
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Region | Scale Factor m:CR1

No. Range Relation
1 05<3 <1.0 |my; =04939- CRI — 0.7064

1.0< sf <1.5 |my=0.3947- CRI — 0.3122
15<sf <20 |m3=10.2894- CRI 4+ 0.6224
20< sf €50 |mg=0.1565- CRI + 16517
50<sf <10 |ms=0- CRI +3.0175

10.0 < sf <15.0 | mg= —0.1098- CRI + 3.8832

L= B I~ L

Table 5.2: Slope determination for the different regions.

parameters block in Figure 5.7 is replaced by a JPEG operation in which
the normalization array is scaled by a factor of 2. The relation m : CR1
for the different regions is given in Table 5.2,

The good fitting of the piecewise-linear model to the real curve is
shown in Figure 5.13 for the two worst cases of all the images in the
original set.

5.7.2 Description of the algorithm

The operation mechanism of the piecewise-linear approximation method
is shown in Figure 5.14. Though very simple, the complete description
of the algorithm is rather repetitive and lengthy due to the multiple
conditional branchings. In this section the method is reported for the
particular case when the obtained compression ratio lies in the region
5 < sf £ 10. This case involves all the main operations of the procedure
and perfectly illustrates the mechauism of the algorithm; which is given
in full description in Appendix B.
The different steps of the algorithm are:

1. Enter the target compressiou ratio CRy.

2. Compress the input image using a scale factor of 2, for the JPEG
normalization array. Let us call CR1 the resulting compression ratio
{Figure 5.14(a)).

o If the absolute value of the relative error between CR1 aud CRy
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Figure 5.13: Piecewise-linear LSE approximation.

is less than 0.05 then the process stops here. Otherwise it will
continue in step 3.

3. If (CRr > CR1) then go to step 4 otherwise go to step 11.

4. Insert the value of CR1 in the eguation m : CRI1 of region No. 4
in Table 5.2, in order to find the slope of the linear model for the
region 2 < sf < 5. Having the value m4 and the point (2,CR1),
the intercept by is implicitly defined and so is the linear model
cr = my - 8f + bs. Use this linear model to find the scale factor that
corresponds to a compression ratio er = CRy. Let us call SF2 this
computed scale factor (Figure 5.14(a)).

o If (SF2 > 5) then go to step 5 otherwise go to 10.

5. Use the linear model ¢r = my-sf +b4, in order to find the compression
ratio CRy that corresponds to a scale factor sf = 5. This operation
defines the point (5,CRy) (Figure 5.14(b)).

Insert the value of CR1 in the equation m : CR1 of region No. 5
in Table 5.2 in order to find the slope ms of the linear model for
the region 3 < sf < 10. Having the value my and the point
(5,CRy), the intercept by is implicitly defined and so is the linear
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10.

11.

model cr = m; - sf + bs. Use this linear model to find the scale fac-
tor that corresponds to a compression ratio ¢r = CRy. Let us call
SF2 this computed scale factor (Figure 5.14(b)). The previous value
of SF2 is overwritten, becoming SF2'.

o If (SF2 > 10) then go to step 9 otherwise go to step 6.

. Compress the input image nsing a normalization array scaled by

the value of SF2. Let us call CR2 the resulting compression ratio
(Fignre 5.14(c)).

o If the absolnte value of the relative error between CR2 and CRy
is less than 0.05 then the process stops here. Otherwise it will
continue in step 7.

. In order to appropriately approximate CRr an intercept adjustment

is necessary. The slope ;s and the point (SF2,CR2) implicitly define
a more accirate model c¢r = my - sf + by In this updated model,
find the scale factor that corresponds to a compression ratio ¢r =
CRy. Let us call SF3 this computed scale factor (Figure 5.14(c)).

. Finally, using SF3 to scale the JPEG normalization array, compress

the input image. Let ns call CR3 the resulting compression ratio
{(Figure 5.14(d)).

. This step is explained in the complete description of the algorithm

in Appendix B.

This step is explained in the complete description of tbe algorithm
in Appendix B.

This step is explained in the complete description of the algorithm
in Appendix B.

5.8 Validation of the Piecewise-linear Model

The piecewise-linear approximation method can be implemented in two
forms. A simple and yet suitable for a large number of applications, two-
pass method, ends after the calculation of CR2 in Figure 5.14(c)). The
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more general three-pass method implementation, operates on a larger
scale factor range, as described in the previous section, and requires an
extra quantization and an extra entropy coding operation with respect
to the two-pass method (since the 2-D DCT coefficients are always the
same regardless of the number of iterations, the 2-D DCT operation is
executed only once).

5.8.1 Two-pass method

Exhaustive testing with pictures from and out of the initial set of images,
sliowed that when the piecewise-linear model algorithm operates in the
range 1 < sf < 5 the value of CR2 is an excellent approximation of
CRy, within the defined relative error constraint. The results are given
in Figures 5.15 to 5.17 for several images. The graphs in Figures 5.17(c)
and (d} belong to a picture that was not part of the initial set of test
images.

5.8.2 Three-pass method

Exhaustive testing with pictures from and out of the initial set of im-
ages, showed that the value of CR3 is an excellent approximation of
CRr (absolute value of the relative error < 0.05), all along the range
0.5 < sf < 15. The results are given in Figures 5.18 to 5.20 for several
images.

5.9 Computational Complexity

Due to its better performance with respect. to the average-slope linear
model, the following discussion will be limited to the computational
complexity of the piecewise-linear model.

The computational complexity analysis will be separated into two
parts. Part one, particnlar requirements, concerns the compntational
resources that are reqnired to find the target scale factor and that are
proper to the method proposed in this chapter. Part two, general re-
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quirements, concerns the computational resources that are required dune
to the repetitive computations executed during the iterations.

To simplify, in the following discussion the terms DCT, quantiza-
tion, and entropy coding, will be used to indicate the respective global
operations applied over the entire image (and not over a pixel or block
of pixels). For example, for an image of (M x N} pixels, one quantiza-
tion will stand for the execution of the corresponding (M x N) rounded
divisions {or multiplications).

5.9.1 Two-pass method

o Particulaer requirements: To find the slope m; that best fits the
CR-S¥ characteristic in the regions 2, 3 and 4 defined in Table 5.2,
a function my; = my - CRI 4+ by must be evaluated. In order to
store the different myg's and b;p’s, six umts of permanent memory
are required. Working memaory, is required to temporarily store the
values of CRT, CR1 and SF2.

The number of operations will be computed with respect to the
worst-case (from a computational complexity point of view), which
happens when the final compression ratio lies in the region 1.0 <
sf < 1.5. One comparison indicates that the target region is either
region No. 3 or 2. Given the value of CR1, the slope mg is calculated
with the appropriate equation given in Table 5.2, requiring 1 addition
and 1 multiplication.

The first SF2 (later SF2'} is computed as SF2 = 24+ {CRy—CR1)/m3.
One more comparison indicates that the target region is region No.
2. The computation of CR;; demands 1 division, 1 addition and 1
subtraction. In order to find the slope m2, 1 addition and 1 mnlti-
plication are required.

Finally, to find the second (and target) SF2, 1 division, 1 addition
and 1 subtraction are necessary.

e General requirernents: One JPEG operation (DCT + Quantization
+ Entropy coding) is required in order to compute CR1. Once the
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Operation Number
Quantization 1
Entropy Cod. 1
Division 3
Multiplication 66
Additions 5
Subtractions 3
COmparisons 2
Memaory Requirement
Permanent 6 coeffs.
Working 3 coeffs.

Table 5.3: Computational complexity of two-pass method.

target scale factor SF2 has been determined, the normalization ma-
trix is scaled, requiring 64 multiplications. Then one re-quantization
of the 2-D DCT coefficients with the new normalization array is ex-
ecuted. Finally, an additional entropy coding operation is required
to produce the compressed bit stream.

It is important to note that the 2-D DCT operation, which is the
most computationally intensive operation of JPEG, could, if memory
is not an issue, be executed only once. Accordingly, working memory
(RAM or bank of registers) would be required in order to store the 2D-
DCT coefficients for the time necessary to execute the second iteration.
The size of this image buffer obviously depends on the spatial resolution
of the input image.

Table 5.3 summarizes the total number of operations and memory
requirements for the piecewise-linear approximation two-pass method.
The number of operations given is per image, which for the quantization
and entropy coding depends on the space resolution of the input image.
The operations due to the default JPEG compression are not shown. If
the implementation option described in the previous paragraph is chosen,
then the corresponding working memory should be added to this table,
to store the 2-D DCT coefficients.
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5.9.2 Three-pass method

s Particular requirements: To find the slope m; that best fits the
CR-SF characteristic in all the regions defined in Table 5.2, a func-
tion m; = myy - CR1 + by mnst be evaluated. In order to store the
different my’s and by's, twelve units of permanent memory are re-
quired. Working memory, is required to temporarily store the values
of CRT, CR1, CR2, 8F2 and SF3.

The number of operations will be computed with respect to the
worst-case (from a computational complexity point of view), which
happens when the final compression ratic lies in the region 0.5 <
sf < 1.0 (the region 10 < sf < 15 is equally a worst case region).

One comparison indicates that the target region is either region No.
3, 2or 1. Given the value of CR1, the slope my is calculated with the
appropriate equation given in Table 5.2, requiring 1 addition and 1
multiplication.

The first SF2 (later SF'2') is computed as SF2 = 2+(CRy—CR1)/ma.
One more comparison indicates that the target region is region No.
2. The compntation of CRj; demands 1 division, 1 addition and 1
subtraction. In order to find the slope mp, 1 addition and 1 mnl-
tiplication are required. The computation of the second SF2 (later
SF2"} requires again 1 division, 1 addition and 1 subtraction. One
additional comparison indicates that the target region is region No.
1. The compntation of the point CR; invalves 1 division, 1 addition
and I subtraction.

The final SF2 is calculated and used to compress the input image,
which preduces the value of CR2. A comparison indicates that CRy
is not approximated with the predefined precision and that the com-
putation of CR3 is necessary. In order to do so, an intercept adjust-
ment (b, — by) is necessary, whose new value is implicitly known by
having the point (S¥2,CR2). Finally, on the updated model the tar-
get scale factor SF3 is calculated by means of 1 division, 1 addition
and 1 subtraction.
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Operation Number
Quantization 2
Entropy Cod. 2
Division 6
Mukltiplication 130
Additions 8
Snbtractions 6
comparisons 4
Memory Requirement
Permanent 12 coeffs.
Working 5 coeffs.

Table 5.4: Computational complexity of three-pass method.

o General requirements: One JPEG operation (DCT + Quantization
+ Entropy coding) is required in order to compute CR1. The nor-
malization matrix is scaled twice, once with the scale factor SF2, and
once with the scale factor SF3, which demands 2x64=128 multipli-
cations. After each of these scalings, a quantization of the 2-D DCT
coefficients is carried out. Each quantization is always followed by
an entropy encoding. The first iteration produces the value of CR2,
while the second produces the final bitstream representing the com-
pressed image at an excellent approximation CR3, of the requested
compression ratio.

Table 5.4 summarizes the total number of operations and memory
requirements for the piecewise-linear approximation three-pass method.
The number of operations given is per image, which for the quantization
and entropy coding depend on the space resolution of the input image.
The operations that correspond to the default JPEG compression are
not included. The same conment that was made at the very end of
Section 5.9.1, regarding the possible requirement of additional of working
memory, holds true for Table 5.4.
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5.10 Summary

In this chapter two methods for controlling the compression ratio given
by JPEG have been presented. A study of the characteristic of the com-
pression ratio (CR) versus the scale factor (SF) has been reported. The
results of this study were used to build a linear and a piecewise-linear
model of the CR-SF characteristic for any given image. The first re-
ported method consisted in defining a single average-slope model; this
first approach is then improved by using a more elaborated piecewise-
linear model that requires one less iteration to give the same resnlts.
Finally, a more general bit-rate control method was defined on an ex-
tended range for the scale factor. The validations of all these method
have beens equally reported, showing the effectiveness of these bit-rate
control techniques.



Chapter 6

Adaptive Block-Size Transform
Coding for Image and Video
Compression

6.1 Introduction

ransform-based image coding algorithms have been the object of
T intense research during the last twenty years. Eventually they have
been selected as the main mechanism of data compression of current
digital image and video coding standards. For example JPEG, MPEG-1,
MPEG-2, H.261 and H.263 standards all rely on an algorithm based on
a linear transformation of the input image/video data.

As already mentioned in previous chapters, a transform-based im-
age coding method involves snbdividing the original image into smaller
N x N blecks of pixels and applying a unitary transform, snch as the
Discrete Cosine Transform (DCT), on each of these blocks. A plethora
of methods have been proposed regarding different kinds of processing
executed after the transform operation. Normally, once the value of N
has been selected for a particnlar algorithm, it remains fixed. In JPEG
for instance, the value of N is 8, and accordingly, the input image is
divided into blocks of 8x8 pixels ezclusively.

Several adaptive transform-based methods are described in [8,9,
106]. Most of these methods are fized block-size schemes in which an
adaptive quantization of the transform coefficienis is made. A variable



100 Adaptive Block-Size Transform Coding for Image and Video Compression

block-size technique has been reported in [107], in which it is also claimed
that it was one of the first departures from traditional fized to variable
block-size schemes. In their approach the transform coefficients are pro-
cessed by vector quantization.

In this chapter an adaptive block-size fransform coding scheme
based on the JPEG and H.261 algorithms is presented and a mecha-
nism to significantly reduce its computational complexity is also pro-
posed [108]. The reported results show the improvement of the com-
pression efficiency with respect to the non-adaptive schemes.

6.1.1 Organization of the chapter

The remainder of this chapter is organized as follows. A review of adap-
tive transforin coding techniques is presented in Section 6.2. Then, a
discussion on the issue of choosing the size of the basic block (N x N) in
transform coding is made in Section 6.3. The adaptive scheme proposed
in this chapter is described in Section 6.4, followed by a discussion on the
selection of its classification parameters on Section 6.3. The results and
performance of the adaptive scheme are reported in Section 6.6. The
computational complexity of the system, and strategies to reduce the
number of operations are analyzed in Section 6.7. Finally, a summary
of the chapter is given in Section 6.8.

6.2 Adaptive Transform Coding Methods

Research on transform-based adaptive techniques for image coding has
been very prolific, even since the early studies on image compression.
Reference [109] presents one of the first reviews on the topic, albeit not all
the reported methods therein are transform-based. Later, the same au-
thor proposed a fixed block-size adaptive transform coding scheme [110],
in which the transform coefficients are DPCM encoded.

A commonly referenced work on adaptive transform-based tech-
niques is reported in [111]. In this method the input image is divided
into blocks of 16x16 pixels, each block is transformed by means of a
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16-point DCT, and the resulting 16x16 DCT coefficients are then quan-
tized adaptively by using one of four different bit allocation matrices.
The bit allocation matrix to be used is selected in function of the image
activity of the original block. This method requires two passes to code
the image (the first pass is required among other things to set up the bit.
assignments matrices), which in real time implementations produces a
coding delay of one frame. A similar 16x16 scheme is presented in [112],
in which the one frame delay is suppressed.

6.2.1 Adaptive TC/VQ

Reports on adaptive transform coding (TC) with vector quantization
(VQ) have been eqnally abundant. In [113] the input image is divided
into hlocks of 8x8 pixels, after an 8-point DCT operation, several sub-
vectors are formed out of the 64 DCT coefficients. These vectors are
adaptively coded by using different codebooks, the right codebook is
chosen depending on the energy content of the elements of the vector.
Two similar adaptive DCT/VQ methods are reported in [114,115].
In both schemes after an 8-point DCT operation, the original 8§x8-pixel
block is categorized according to the region in which are located the
DCT cocfficients with the maximnmm magnitudes. Depending on the
category and on the energy of the AC coefficients, subvectors are formed
adaptively from different zones of the 2-D matrix of DCT coefficients.
Other adaptive DCT/VQ schemes have been reported in [116,117].

6.2.2 Variable block-size schemes

The methods referenced in the previous sections are all fixed block-size
schemes in which the 2-D DCT coefficients are quantized or encoded by
following an adaptive scheme. In [107) is presented an approach in which
the original image is divided into blocks of different sizes. The siallest
block size, is coded directly by using classified vector quantization [118],
while the rest of the block sizes are coded by using a combination of DCT
followed by VQ. 1t is claimed in the paper, that their first report on the
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topic [119] was one of the first approaches in the variable block-size sense,
to which followed some adaptations of the original scheme [120].

The results presented in all these adaptive block size schemes were
exclusively oriented to the still image coding application.

6.3 Selection of the Block Size in Transform Coding

6.3.1 Interpixel correlation

The similarity among the values of the pixels that compose the different
regions of an image makes it possible and/or easier to reduce the orig-
inal amount of data required to represent the image. In general, this
interpixel correlation is inversely proportional to the distance separating
the pixels: the closer the pixels are, the higher the resemblance is among
their gray level values.

A linear transformation of a given image is efficient for data com-
pression for as long as the N x N pixels on which the transform is ap-
plied are highly correlated. This fact suggests that choosing a block size
N x N that is too large is not advantageous, since the stationarity of
the image in such block sizes is not very likely.

6.3.2 Energy packing

Though choosing a small block size N x N has a pragmatic appeal in
accordance with the account in the previous section, selecting too smalt
a hlock size is not the most appropriate either. Coined in [122], energy
packing is the term associated with the property of a linear transform
of distributing most of the input signal energy into the smallest number
of transform coefficients; and it is well known from several reports [123]
that as the value of N decreases so does the energy packing efficiency of
the N-point transform. In this sense, since the level of data compression
of a system is strongly dependent on this packing efficiency, the larger
the chosen block size, the better.

1t was reported in [121] that a significant data correlation is ob-
tained only within a region of 20 adjacent pixels, which hints a practical
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Block Pixel Memory Computational | Energy
Size | Correlation | Requirements | Complexity | Packing

=E | Yy v VY X

8x8 vV v v v
16x16 v X X N
32x32 X XX XX VY

Table 6.1: Comparing different block sizes for transform coding.

upper limit for the block size. The values of N that have proved to be
of practical interest for data compression applications are:; 4, 8 and 16.
These values are normally chosen to be an integer power of two, because
that allows an efficient fast implementation of the transform [124-126].

6.3.3 Computational complexity

Among these candidate values for N, and for general purpose image cod-
ing systems, the issue of selecting the block size is simplified when the
computational complexity associated with the implementation of the N-
point linear transform is taken into account. Indeed, the substantial
growth of the computational complexity and memory requirements as-
sociated with increasing values of N, in some instances overshadows its
associated outperformance in terms of compression efficiency.

For example, this was the case for the question of selecting a block
size for the JPEG algorithm, where both N=8 and N=16 were consid-
ered. [t turned out that the significant increase of the computational
complexity and memory requirements of a 16-point DCT seemed not to
justify its slightly higher compression ratios. This analysis resolved in
favor of the now familiar JPEG’s block size of 8x8 pixels.

Table 6.1 presents a summary of the advantages (/) and disadvan-
tages (X) of using four N x N different block sizes for transform coding
applications. The computational complexity and memory requirements
entries are related to the complexity of implementation of the associated
N-point linear transform
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Figure 6.1: Adaptive JPEG-based algorithm.
6.4 Adaptive Block-size Scheme

A block diagram of the proposed adaptive block-size scheme is shown
in Figure 6.1. It is based on the sequential JPEG algorithm, and it is
described in the following paragraphs.

The input image is divided into blocks of 16x16 pixels, which will
be referred to as B blocks in the context of this chapter. On each of these
blocks a metric is evaluated in order to determine its degree of image
activity (i.e., the rate of variation of the luminance levels of the pixels in
a block). If the resulting measure is below a predefined threshold, then
the block is classified as a 0 block, identifving it as a smooth-textured
low-varying luminance block. Otherwise, it is classified as a 1 block.

A DCT module receives the B blocks along with their classification
bit. The DCT module executes a 16-point 2-D DCT on those B blocks
that have been classified as 0 blocks. The B blocks classified as 1 blocks
are further divided into 4 subblocks of 8x8 pixels each, and then an
8-point 2-D DCT is applied on each of the four subblocks.

The 8- or 16-point 2-D DCT coefficients are quantized, according
to their classification bit, by an 8x8 or a 16x16 normalization array. Af-
ter quantization, the DCT coefficients are zigzag reordered in order to
increase the sequences of zero-valued coefficients as described in Chap-
ter 2,

The DC coefficients are DPCM coded, by using the prediction value
path shown in Figure 6.2, where each dot represents the DC coefficient
corresponding to each block. The other possible paths for this purpose
were equally evaluated, all giving nearly the same results. The AC coeffi-
cients are run-length coded and finally, the resulting DC and AC symbols
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T T

Figure 6.2: Prediction path for the DPCM.

are Huffman coded. Obvionsly, the black classification bitmap comes to
form part of the header information.

The rationale underlying the adaptive scheme is to provide a means
to take advantage of large uniform regions within the image to be coded.
Thus, instead of coding those regions with four blocks of 8x8 pixels, as
it would be done by a fixed block scheme, the system will code them as
a single block of 16xI6 pixels. By doing so, the better energy packing
efficiency of a 16-point DCT is exploited in a region in which a high in-
terpixel correlation is assured. This results in a significant improvement
of the compression efficiency of the system.

The adaptive scheme can be applied to code still images, or it can
be embedded in a video coding system in order to code the (prediction
error) frames of a video sequence. Depending on the application, a
different set of parameters must be chosen for the adaptive method.
The requirement of an application oriented parameter selection is simply
related to the fact that natural still images and prediction error frames
are image-data of different structure. In this chapter, emphasis will he
given to the results of addressing the video application.

6.5 Selection of the Classification Parameters

6.5.1 Two-level classification

One sensitive drawback of mast adaptive image coding algorithms is the
generation of overhead information. Indeed, part of the compressed bit
stream is dedicated to convey control bits that indicate the decoder the
mode of operation that was used to compress the image/video data.
In general, the higher the degree of adaptability of a coding algorithm,
the larger the amount of overhead data that needs to be sent to the
decoder. Thus, the number of bits allocated to identify the operation
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modes should be as few as possible, so as not to compromise the coding
efficiency of the algorithm.

In an adaptive block-size scheme, the overhead information is re-
lated to the number of different block sizes and to the segmentation
structure of the different classes. Thus, using a minimum number of
block-sizes, and the same regular structure at every hierarchical level, .
should contribute to minimize the overhead information.

For the adaptive scheme reported in this chapter, it was found that
for coding prediction error frames, two classes of two-different block sizes,
in which the largest block size is 16x16 pixels, was a good compromise
between minimum information overhead and maximum compression ef-
ficiency. Thus, one single bit is used as overhead information per block
of 16x16 pixels, which indicates whether a B block is coded as it is, or
if it 1s further subdivided into four 8x8-pixel blocks. Using this simple
scheme, the overhead information is kept to a mere (1 bit)/(16x16 pixels)
~ 0.004 bit/pixel.

6.5.2 Classification metric

The standard deviation was used as the metric to classify the B blocks.
Experimentally, it was determined that setting the classification thresh-
old at a value of 3.5 leads to decoded frames of the same quality (subjec-
tively and quantitatively) as those obtained by the non-adaptive scheme.
By increasing the value of this threshold, the compression ratios obtained
also increase, but so does the difference of PSNR between the recon-
structed frames obtained with the adaptive and non-adaptive schemes.
The results presented in the next section were obtained by setting a value
of 3.5 for the standard deviation (or its equivalent variance value).

6.6 Results

The success of the adaptive algorithm in improving the compression
ratio depends on the number of 0 blocks that are selected during the
classification stage. The higher the number of selected 0 blocks, the
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is shown in Figure 6.4. As can be observed from these curves, for most
of the frames of the sequence Miss America, more than half of the B
blocks are classified as 0; while for all the frames (except the first one)
of the sequence Claire more than 75% of the B blocks are classified as
0, which leads to a dramatic improvement on the compression efficiency
of the system.

The coding performance of the adaptive scheme in video sequences
has been studied by using the coding system shown in Figure 6.5. This
is basically a coder based on the H.261 standard {30] without motion
compensation.

The curves showing the compression ratio of the adaptive versus
the non-adaptive method are shown in Figure 6.6(a) for the sequence
Miss America. Displaying for evaluation the video sequence bnilt from
the reconstructed frames, shows the same sequence quality for both the
adaptive and non-adaptive schemes. The PSNR. curve of the adaptive
scheme is, on average, 0.081 dB below the corresponding curve of the
non-adaptive scheme: a difference that is normally not perceptible by
the human visual system [127).

The results of the compression ratio for the sequence Claire are
shown in Figure 6.6(b). The conclusions regarding the quality of the
recoustructed frames are the same as those poiuted out for the sequence
Miss America.

Figures 6.7 and 6.8 show an original and its reconstructed frame
from the sequences Miss America and Claire respectively. The selected
frames are the ones with the highest percentage of selected 0 blocks for
cach respective sequence.

It is worth noting that the curves in Figure 6.6 do not include
motion estimation/compensation. A low power VLSI implementation
of the system was considered for the adaptive algorithm. Given that
for the original system, more than 62% of the operations are required
by the motion estimator (which potentially translates into a roughly
proportional allocation of power), it was convenient to dispose of the
motion estimation block. Such an approach has been used by other
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Figure 6.5: Adaptive H.261-based algorithm.

authors [55]. Beyond the low power concern, it is expected that by using
a motion compensation technique, the compression ratio will be further
improved, since a better prediction would increase the percentage of
selected O blocks in the prediction error frames.

6.7 Computational Complexity

The results presented in the last section are very favorable from a com-
pression efficiency point of view. It is expected that this improvement
of the compression ratio is obtained ineluctably in exchange for a huge
increase of the computational complexity. lndeed, the original coding
system which contained an already complex 8 point DCT module, must
now provide, in order to operate in an adaptive mode, additional com-
putational and memory resources to calculate an even more complex
16-point DCT. Furthermore, a uon-negligible number of operations are
equally required by the block classification algorithim.






6.7 Computational Complexity

117

Sequence Miss America

60

Compression Ratio
£ t
< =)

(]
o

— T T

T op: Adéptive bl&ck-size
Bottom: Fixed block-size

225 50 75 100 125 150
Frame Number
{a)
Sequence Claire
120 - — :
Top: Adaplive block-size
100! Botiom: Fixed block-size
e :
™
o
s
(7]
o
5 60}
E
S
40

N
(=]

0 25 50 75 100 125 150
Frame Number

{b)

Figure 6.6: Compression ratio.






120 Adaptive Block-Size Transform Coding for Image and Video Compression

In the following sections, a strategy to considerably reduce the
computational burden of the adaptive system is reported. By following
this strategy of implementation, the number of operations can be reduced
up to a point that can make the adaptive method more efficient than
the non-adaptive scheme, also in terms of computational complexity.

6.7.1 Reducing the complexity of the 16-point DCT

When a B block is classified as a 0 block, it can be taken for granted
that this 16x16 block of pixels corresponds to a smooth region of min-
imum image activity. This assumption led us to make an analysis of
the spectrum of the 16x16 transform coeflicients of the 0 blocks, and it
was noticed that in general, for this kind of blocks, only the first four
low-frequency coefficients have a significant magnitude.

This simple fact has a radical effect of the implementation of the
system. The heavy computational overhead of a 16-point 2-D DCT is
substantially reduced since only these four coeflicients are to be calcu-
lated for each 0 block. In quantitative terms, for a distributed arithmetic
hardware implementation of the DCT (see Chapter 2), when a block is
classified as a 0 block a saving of about 85% of the operations is achieved
with respect to the non-adaptive scheme, which in absence of the classifi-
cation stage is constrained to compute all the 256 coefficients associated
with the four 8x8-pixel blocks.

Since the proportion of selected 0 blocks in a video sequence is typ-
ically high (e.g., an average of 56% and 78% for the first 150 prediction
error frames of Miss America and Claire respectively) the global reduc-
tion of operations is considerable (for example reductions of the order of
38% for the Miss America and 55% for the Claire sequence, including in
these figures the computational overhead due to the classification stage).
The results presented in the previous section were obtained using this
strategy for the reduction of the computational complexity. This im-
portant saving of operations is even higher at the decoder where the
classification overhead is not present.
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6.7.2 Reducing the complexity of the classification stage

The variance 0% = 5 TN 5! ({4, 5) — Z)° (or equivalently the stan-

dard deviation) has been widely used as a metric to measure the degree
of activity of the pixels of an image. All the same, its computational
complexity is far from being negligible. For the adaptive system, simu-
lations demonstrated that without compromising the results, a further
reduction of the computational complexity is obtained by using the Mean
Absolute Deviation (which is also knewn as Average Deviation) as the
classification metric defined as MADev = #r £i¥5' ©i5! =(4, 7) — 3.

It was found, that for a standard deviation, classification thresheld
value of 3.5 corresponds a MADev threshold value of 2.88. In a large
number of test images/frames more that 90% (worst case) of the 0 blocks
selected with tbe standard deviation were also selected with the use of
the mean absolute deviation.

6.8 Summary

In this chapter it was reporied an adaptive block-size transform coding
scheme, and a mechanism that provides a significant reduction of its com-
putational complexity. The method features a minimum information-
overhead and is based on a transform coding technique that uses two
different bleck sizes. The input image is divided into blocks of 16x16
pixels and each of these blocks is classified according to its image ac-
tivity. Depending on this classification, eitber four 8-point or a single
16-point 2-D DCT is applied on the block. The purpose of the algorithm
is to take advantage of the high energy packing efficiency of a 16-point
DCT, applied in a zone in which the stationarity of the image is guaran-
teed by a classification stage. For the same reconstruction quality, the
results of the adaptive algorithm show a significant improvement of the
compression ratio with respect to the non-adaptive scheme, particularly
to code image sequences.
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Conclusions

he pervasiveness of digital image and video information in today’s

society has motivated the development of image and videa com-
pression techniques. Indeed, given the large number of bits required
to represent digital image and video data, their management becomes
impractical without a good compressian strategy.

Though image compression algorithms have been proposed for more
than 25 years, it was not until the relatively recent advances in VLSI
technology that it has been possible to exploit data compression to the
fullest. This has made VLSI design an indispensable partner of image
and video coding, particnlarly for real-time applications.

The content ol this dissertation dealt with image and video com-
pression, both from a VLS] implementation and from an algorithiic
point of view. The first part was dedicated in particular to the study of
design methodalogies and architectures for VLSI implementations. The
second part was mainly algorithmic-oriented, keeping a close regard to
the computational complexity issues.

7.1 Results

Bach of the main confributions in this dissertation was reported in a
different chapter, along with examples of application and a presentation
of results. A summary of the presented ideas and their results is given
in the following paragraphs.
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Chapter 2 reported a design methodology for the VLSI implemen-
tation of image and video coding algorithms. The utilization of this
methodology leads to the efficient transformation of an image coding
algorithm into a VLSI circnit. The intermediate resnlts of this meth-
odology could also be used to develop solutions for other kinds of tech-
nologies (e.g., DSP, FPGA). A known algorithm for image compression
was presented and utilized as an example on which the reported meth-
odology was applied. The results were shown at each of the different
pbases of the metbodology and the resnlting ASIC and its characteris-
tics for this particnlar implementation were also reparted.

VLSI for video coding was directly addressed in Chapter 3, where
an efficient VLSI architecture for a motion estimation algorithm was re-
ported. A particular implementation scheme was introduced which leads
to a significant reduction of the input bandwidth. This implementation
scheme in combination with a bit-serial data processing produces excel-
lent results in terms of silicon area. An ASIC developed for a particular
application and based on the reported architecture was also presented.

Chapter 4 dealt with the power consumption issue in portable im-
age communications systems. A power management scheme was re-
ported in this chapter, in which an alternative to the traditional trade-
off image distortion vs. coding bit rate was formulated. The results
presented demonstrated the quality of the reconstructed images and the
significant saving of operations, and thus of power, which is obtained
by powering-off some modules of the circnit that implements the cod-
ing/decoding algorithm.

A bit-rate control method was proposed in Chapter 5. It is suit-
able for controlling the compression ratio of the JPEG algorithm. Many
examples of the application of this method were reported, in which its
excellent accuracy was evidenced. Besides the accuracy, this method
presents several significant advantages with respect to previously re-
ported methods, among others, it does not induce any degradation to
the compressed images (other than that inherent to JPEG}, it has a
very low computational complexity, and it is fully compliant with the
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standard algorithm.

In Chapter 6 an adaptive algorithm [or image and video coding
was presented. This scheme selects the block-size ol a transform-hased
algorithm according to the degree of image activity of the image region
that is being coded. The results presented demounstrated the significant
improvement, of the adaptive scheme with respect to the fixed hlock-size
algorithm. Equally important, a strategy to obtain a dramatic reduction
of the computational complexity of this algorithm was also proposed.

7.2 Perspectives

Perspective work could be envisaged on the base of the work preseunted
in this dissertation. A non-exhaustive list ol these possible extensions
are itemized per chapter as follows,

¢ Ch.2: Inclusion of more functionality on the blocks that implement
the high-level model routines in order to be able to generate au-
tomatically a hardware description language code. As well as the
addition of the power consumption constraint at all the levels ol the
design methadology.

¢ Ch.3: Study ol VLSI architectures for motion estimation algorithms
with the low power consumption constraint.

¢ Ch.4: Extension of the power management schemes for other types
of algorithms, and possible inclusion of PM techniques as part of the
design methodology of Chapter 2.

¢ Ch.5: Build more accurate models o the CR-SF characteristic by
segmenting the scale-factor range into a higher number of zones.

e Ch.6: Conception of a VLSI architecture for the adaptive scheme,
in view ol a low power implementation.



Appendix A

JPEG Tables

Range DC AC
Category | Category

0
1,1
-3,-2,2,3
T4, T
-15,... -8,8,...,15
-31,...,-16,16,...,31
-63,...,-32,32,...,63
-127,...-64,64,...,127
-255,...,-128,128,...,255
-511,... -256,256,... 511
-1023,... -512,512,...,1023
-2047,. .. -1024,1024,. . . 2047
-4095,. . . -2048,2048,. . . 4095

N/A

QM @©o 100G i W) = O
QD> ©oo ~1 O O G b =

Table A.1: Baseline JPEG coefficient categories.
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JPEG Tables

Category | Code Length | Code Word
{cat & cmp)
0 2 00
1 4 010
2 5 011
3 6 100
4 7 101
5 8 110
6 10 1110
7 12 11110
8 14 111110
9 16 1111110
10 18 11111110
11 20 111111110

Table A.2: Huffman table for the (DPCM-ed) DC coefficients.
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Run/Category | Length | Code Word
0/0 4 | 1010 (=EOB)
01 3 |00
0/2 4 o1
0/3 6 | 100
0/A 26 1111111110000011
1/1 5 [1100
1/2 7 11011
1/3 10 | 1111001
1/A 26 1111111110001000
2/1 6 |11100
2/2 10 11111001
2/3 13| 1111110111
2/A 26 1111111110001110
3/1 7 | 111010
3/2 11 111110111
3/3 15 |111111110101
3/A 26 1111111110010101
4/1 7 111011
4/2 12 1111111000
4/3 19 |1111111110010110
4/A 26 1111111110011101
5/1 8 |1111010
5/2 13 11111110111
5/3 19 {1111111110011110
F/A 26 | 1111111111111110

Table A.3: Example of a Huffman table for the AC coefficients.
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Piecewise-linear Approximation
Algorithm

1. Enter the target compression ratio CRy.

2. Compress the input image using a scale factor of 2, for the JPEG
normalization array. Let us call CR1 the resulting compression ratio.

¢ If the absolute value of the relative error between CR1 and CRy
is less than 0.05 then the process stops here. Otherwise it will
continue in step 3.

3. If (CRr > CR1) then go to step 4 otherwise go to step 11.

4. Insert the value of CR1 in the equation m : CR1 of region No. 4
in Table 5.2, in order to find the slope of the linear model for the
region 2 < sf < 5. Having the value m, and the point {2,CR1),
the intercept by is implicitly defined and so is the linear model
cr = my - §f + by. Use this linear model to find the scale factor that
corresponds to a compression ratio ¢r = CRy. Let us call SF2 this
computed scale factor.

¢ If (SF2 > 5) then go to step 5 otherwise go to 10.

5. Use the linear model er = my-sf +by, in order to find the compression
ratio CRy that corresponds to a scale factor sf = 5. This operation
defines the point (5,CRy).
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Piccewise-linear Approximation Algorithm

Insert the value of CR1 in the equation m : CR1 of region No. 5 in
Table 5.2 in order to find the slope ms of the linear model for the re-
gion 5 < sf < 10. Having the value m; and the point (5,CRy),
the intercept bs is implicitly defined and so is the linear model
cr = my - sf + bs. Use this linear model to find the scale factor that
corresponds to a compression ratio cr = CRyp. Let us call SF2 this
computed scale factor. The previous value of SF2 is overwritten,
becoming SF2'.

o If (SF2 > 10) then go to step 6 otherwise go to step 9.

. Use the linear model er = g+ 3f +bs, in order to find the compression

ratio CRyy that corresponds to a scale factor sf = 10. This operation
defines the point (10,CRy).

Insert the value of CR1 in the equation m : CR1 of region No. 6
in Table 5.2 in order to find the slope mg of the linear model for
the region 10 < sf < 15. Having the value mg and the poiut
(10,CRyy), the intercept bg is implicitly defined and so is the lin-
ear model c¢r = mg - sf + bg. Use this linear model to find the scale
factor that corresponds to a compression ratio cr = CRy. Let us
call SF2 this computed scale factor. The previous value of SF2 is
overwritten, becoming SF2”.

o If (SF2 > 15) then go to step 7 otherwise go to step 8.

. Signal that the guality of the compressed image, with the requested

compression ratio, will be objectionable. If desired, the image is
compressed using SF2 as scale factor.

» Stop.

. Compress the input image using a normalization array scaled by the

value of SF2, Let us call CR2 the resulting compressioun ratio.

o If the absolute value of the relative error between CR2 and CRy
is less than 0.05 then the process stops here. Otherwise, make
my = myg and b, = bg and continue in step 18.
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9.

10.

11.

12,

Compress the input image using a normalization array scaled by the
value of SF2. Let us call CR2 the resulting compression ratio.

o If the absolute value of the relative error between CR2 and CRy
is less than 0.05 then the process stops here. Otherwise, make
my = ms and b = by and continue in step 18.

Compress the input image using a normalization array scaled by the
value of SF2. Let us call CR2 the resulting compression ratio.

o If the absalute value of the relative error between CR2 and CRy
is less than 0.05 then the process stops here. Otherwise, make
my = my and b, = by and continue in step 18.

Insert the wvalue of CRI in the equation m : CR1 of region No. 3
in Table 5.2, in order to find the slope of the linear model for the
region 1.5 < sf < 2. Having the value m3 and the point (2,CR1),
the intercept b3 is implicitly defined and so is the linear model
cr = mg - 8f + b3. Use thig linear model to find the scale factor that
corresponds to a compression ratio ¢cr = CRp. Let us call SF2 this
computed scale factor.

o If (SF2 < 1.5) then go ta step 12 otherwise go to 15.

Use the linear model ¢r = my3 - sf + b3, in order to find the compres-
sion ratio CR;rr that corresponds to a scale factor sf = 1.5. This
operation defines the point (1.5,CRyiy).

Insert the value of CR1 in the equation m : CR1 of region No. 2
in Table 5.2 in order to find the slope my of the linear model for
the region 1 < sf < 1.5. Having the value mo and the point
(1.5,CRyyr), the intercept by is implicitly defined and so is the lin-
ear model e¢r = my - 3f + b2. Use this linear model to find the scale
factor that corresponds to a compression ratio ¢r = CRy. Let us
call SF2 this compnted scale factor. The previous value of SF2 is
overwritten, becoming SF2’.

o If (SF2 < 1) then go to step 13 otherwise go to step 16.



134

Piecewise-linear Approximation Algorithm

13.

14.

15.

16.

17.

Use the linear model cr = my-sf +by, in order to find the compression
ratio CRyy that corresponds to a scale factor sf == 1. This operation
defines the point (1,CRyyr).

Insert the value of CR1 in the egunation s : CR1 of region No. 1
in Table 5.2 in order to find the slope m; of the linear model for
the region 0.5 < sf < 1. Having the value m; and the point
(1,CR;y), the intercept by is implicitly defined and so is the lin-
ear model ¢r = my - sf + b;. Use this linear model to find the scale
factor that corresponds to a compression ratio cr = CRr. Let us
call SF2 this computed scale factor. The previous value of SF2 is
overwritten, becoming SF2”.

e If (SF2 < 0.5) then go to step 14 otherwise go to step 17.
Compress the input image nsing a scale factor of 0.5.
® Stop.

Compress the input image using a normalization array scaled by the
valne of SF2. Let us call CR2 the resulting compression ratio.

o If the absolute value of the relative error hetween CR2 and CRy
is less than 0.05 then the process stops here. Otherwise, make
m; = my and §; = by and continue in step 18.

Compress the input image using a normalization array scaled by the
value of SF2. Let us call CR2 the resulting compression ratio.

o If the absolute value of the relative error between CR2 and CRy
is less than 0.05 then the process stops here. Otherwise, make
m; = mg and b; = by and continue in step 18.

Compress the input image using a normalization array scaled by the
value of SF2. Let us call CR2 the resulting compression ratio.

« 1If the absolute value of the relative error between CR2 and CRy
is less than 0.05 then the process stops here. Otherwise, make
my = m,y and b = b, and continue in step 18.
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18. In order to appropriately approximate CRy, an intercept adjustment
is necessary. The slope m; and the point (SF2,CR2) implicitly define
a more accurate model cr = my - sf + by. In this npdated model, find
the scale factor that corresponds to a compression ratio er = CRy.
Let ns call SF3 this compnted scale factor.

19. Finally, nsing SF3 to scale the JPEG normalization array, compress
the input image.

* Stop.
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Abbreviations and Acronyms

2D Two dimensional

AC Coeff Each element of the 2-D DCT coeflicients array
that is not the DC Coefficient

AD Absolute Difference

ASIC Application Specific Integrated Circuit

bpp Bit per pixel

bps Bit per second

CAD Computer Aided Design

CB Candidate Block

CBM Candidate Block Memory

CD Compact Disc

CIF Common Intermediate Format

CMQOS Complementary Metal-Oxide Semiconductor
CR or cr Compression Ratio

DAP Distributed Arithmetic Processor

DC Coeff The element (0,0) of the 2-D DCT coefficients array
DCT Discrete Cosine Transform

DPCM Differential Code Pulse Modulation

DSP Digital Signal Processing/Processor

DVD Digital Versatile Disk

EOB End of Block

FPGA  Field-Programmable Gate Array

GUI Graphical User Interface



138 Abbreviations and Acronyms
HDTV  High Definition Television

ISDN  Integrated Services Digital Network

ISO International Organization for Standardization
ITU International Telecommunications Union
JPEG  Joint Photographic Experts Group
MAD  Mean Absolute Difference

MHEG Mnultimedia Hypermedia Experts Group
M-JPEG Motion (or Moving) JPEG

MPEG Moving Pictures Experts Group

PC Personal Computer

PCM Pulse Code Modulation

PM Power Management

PSTN  Public Switched Telephone Network
PSNR  Peak Signal-to-Noise Ratio

RAM Random Access Memory

RB Refence Block

RBM Reference Block Memory

ROM  Read Only Memory

SA Search Area

SF or sf Scale Factor

TC Transform Coding

VLSI Very Large Scale Integration

VSPp Video Signal Processor

vQ

Vector Qunantization
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