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Abstract

The world of mobile devices 15 experiencing an ongoing trend of feature enhancement and general-
purpose multimedia platform convergence This trend poses many grand challenges, the most pressing
being their limited battery life as a consequence of delivering computationally demanding features The
envisaged mobile application features can be considered to be accelerated by a set of underpinning hard-
ware blocks Based on the survey that this thesis presents on modern video compression standards and
their associated enabling technologies, 1t 1s concluded that tight energy and throughput constraints can
still be effectively tackled at algorithmic level 1n order to design re-usable optimised hardware accelera-
tion cores

To prove these conclusions, the work in this thesis 1s focused on two of the basic enabling tech-
nologies that support mobile video applications, namely the Shape Adaptive Discrete Cosine Transform
(SA-DCT) and 1ts inverse, the SA-IDCT The hardware architectures presented in this work have been
designed with energy efficiency i mind This goal 1s achieved by employimg high level techniques
such as redundant computation elimination, parallelism and low switching computation structures Both
architectures compare favourably against the relevant prior art in the literature

The SA-DCT/IDCT technologies are mstances of a more general computation — namely, both are
Constant Matrix Multiphication (CMM) operations  Thus, this thesis also proposes an algorithm for
the efficient hardware design of any general CMM-based enabling technology The proposed algorithm
leverages the effective solution search capability of genetic programming A bonus feature of the pro-
posed modelling approach 1s that 1t 1s further amenable to hardware acceleration Another bonus feature
1s an early exit mechanism that achieves large search space reductions Results show an improvement on

state of the art algorithms with future potential for even greater savings
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CHAPTER 1

Introduction

11 The Emergence of Mobile Multimedia

Communication 1s arguably the most fundamental facet of human behaviour We experience audio-
visual mteractions daily and they occur 1 all areas of our lives Considering that thus 1s true for people
of every race, age, profession and any other qualifier one can imagine, it 1s easy to see why there 1s such
a contmnual demand for more sophisticated communication systems The medium used for communica-
tion has evolved with this demand due to the astonishing advancements 1n the electronics mdustry and
telecommunications infrastructure over the past fifty years [1, 2, 3, 4] For example, the mobile phone
has permeated our society to the extent that it 1s now an essential device for daily living According
to American research firm IDC, the number of mobile phone users approached 1 4 billion in 2004 [5]
Developments have not been restricted to the audio domain, there have also been advances 1n the visual
domain 1 areas such as video telephony, video conferencing as well as the development of interactive
digital television (6, 7] The most recent trend has seen audio-visual communication systems shift to mo-
bile platforms Indeed mobile devices are serving as a point of convergence for communication, mternet
and personal computing applications yielding a truly ubiquitous multi-purpose mobile computing device
8, 9]

12 Grand Challenges Facing Mobile Computing

The emergence of the convergent mobile device poses huge technical challenges especially when end
users demand increasingly complex content-based mteractive services on such a small prece of hard-
ware The challenges mvolved can be broadly categorised into three problems application development,
content delivery and content processing This section briefly outhines these challenges to give context for
the research undertaken 1n this thesis A more technical overview and discussion of these 1ssues 1s given
1in Chapter 2
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1212 MPEG-4 - Low Bit-rate Mobile Video Telephony

The emerging industry compression standard for low bit-rate video applications 1s MPEG-4 [17] A
comprehensive survey of video compression standards and techniques 1s given in Chapter 2 One of
the essential advances achieved by MPEG-4 1s that 1t considers a scene as being composed of distinct
audio-visual objects and each 1s coded independently [18, 19] This 1s revolutionary, particularly in
terms of how the video data 1s coded as explained 1n detail in Chapter 2 One can imagine in a mobile
video telephony application that only encoding and transmitting the object of interest (e g the human
face) while 1gnoring the background 1s very bandwidth efficient (and thus the service 1s cheaper) This
additional compression unfortunately comes at the cost of increased computational complexity, and this
1s particularly troublesome given mobile device himitations (see Section 12 3) One of the most com-
putationally demanding algonthms at the heart of the MPEG-4 object-based compression scheme 1s the
Shape Adaptive Discrete Cosine Transform (SA-DCT) and its inverse the SA-IDCT [20,21] When aim-
ing to achieve real time video applications on mobile devices, the computational burden of the associated
algorithms 1s a pnimary obstacle — especially given that the platform has limited processing capability
and 1s battery powered Efficient hardware acceleration implementations of the SA-DCT and SA-IDCT
suttable for a mobile device are thus key requirements and are the topics of Chapters 3 and 4

A key point to note 1s that an MPEG-4 codec 1s not technically orthogonal to the other applications
emerging for the mobile device (e g gaming, mobile TV, etc) The envisaged applications can be con-
sidered to be built using a set of lower-level basic video processing blocks that may be termed basic
enabling technologies The SA-DCT/IDCT 1s an example of one such basic enabling technology The
SA-DCT block 1s used 1n an MPEG-4 application, but may also be used to estimate 1mage regions of
high spatial frequency to aid object-segmentation (1€ breaking the image up nto semantic regions)
In a content management or security application Similarly specific 1mage filters can be implemented
for visual quality enhancement of highly compressed video, but again suitably configured can be used
for spatial segmentation, or for identifying moving objects when used 1n conjunction with the results
of a motion estimator Since basic enabling technologies such as the SA-DCT have great potential for
re-use across many mobile applications, efficient implementation of such technologies 1s critical to the
successful development of the convergent device

There will always be a demand by end users for more advanced features and functionality Users
demand multi-feature 1ntegration on a reasonably small mobule platform with improved battery life As
discussed 1n Section 1 2 3, these are conflicting demands as far as a design engineer 1s concerned and as
such, research 1n the area of mobile multimedia applications and devices 1s a very active field

122 Networking and Communication Challenges

Mobile networks have developed significantly in recent years and more and more applications are shifting
to the mobile domain Second generation mobile devices (2G) use Global System for Mobile Commu-
nication (GSM) technology, which 1n its basic form offers 9 6 kb/s Third generation (3G) networks
use the Universal Mobile Telecommunications System (UMTS) which offers more than 2 Mb/s and 1t 1s
estimated that 48 million 3G handsets were shipped 1n 2004 [S] Most mobile communication sysiems
around the world at the moment use 2G technology but 3G 1s becoming widespread Despite the growth
of data rates in mobile networks, bandwidth 1s still a valuable commodity, especially if the data being




/ +0 . '"+6. . % +:0.%) ' M33N#
, +, '+6 .$/,) $. "+t *+ 8, ', M3BN# +

? & , VI+&(%' $! 7'$ '+ "+6..,+%) %((+'% -% '+%. ')$ '/+ [
0O'H L.t ) +&. &) T T A% S ) 8+ )
96+) % ', ', H)+$ )0 [, 0O/ .+%) % -%) L) %)L HEE) )
U % $ Y, [+0 '+ ) +* )+ %& [+& (%' .
8+ 05 ) ) ,.M3BN9# ,/+0 $ "' O/ .,+%) (+0 ( .+ ). [+ )+
[+ # [+%) 0.% J +'' %. . + o0/ ) . L%
L0, FO+% T L # )+ ) '+ 8 &8 97/, H)+S L) « %
I+ . %& )I'+ ] 0/. LTOH)%'+ .6 '+, ) $+( .+ ). )H T+ "1,;
H+$# 7' '+ '+6. '+ + % )) . ). )0 $7/)"-%)" +*
.0/# , %. . .% /L +*( 0/ A% ', 0/ . $%. . .'0 !

#$# &+) 6% (O0/'+# ) )", L) $.*1$, "+6$ [+&&% ;
['"+ [4+&&% ' '+ (+0 ', /6+ ' ) .%((+', 0.% /+0 %' 0O/# ), +%S$,

FUIB) I L HBL(4$ . ) L) %+ % <% 4%, &+ )
[+&(%' $#

$9&9* 0 "I+ # +

, O+ 1410 *+ "' /[+0$ " 0/ .+%) I"+ A#H3MA  +&'& . &+
) + .20 &V, I+
+* ]+ %&

S I N G
, 0 J<., & M3CN! ,. <% .' [+0 $ | +*/+&(%" $ '/, +)+$ !
Y. I+ [0 +:6 + %. K[, % ' %/ '+6# + 0!

L) (%, *+ . 1 &.87D,, 0 +*4F @9) .+ ). J)$
N7 o+) )+ [.@ M3GN# L. T+ (0 B&. T+, )
0%+ '+, L+ (%)S( L& . 038 $ T ++ (O 'H
&/ . 7(/ . ) )Y Eo/% (Ot ()T )Y 4+
%', $ &% WSS L, (II)YII$ST ) U+ L% L+
(%&/I+ .$#

1

$9&9*9% "% #

& LD+ &0& TS, ?2%) &@ (O TI% )
0+)0 $ M3GN# , /[+0 $ "&+ ) O/ ,. . +& +0+%. )& "'+ ./+&( '+ .6+(("
+& #$#)&' () .K!)&' (%'/( ) M33N# .* % '$ '+ /[+' %.'+ [ .|

. Y/ 5P ..0& %L+ % &, (&) KH( T+ ] [+&;
(+ "8+, .+ , 9.0 o 00 L+ L&) (1)

G E:

$9&9%9& "# 4 1

+) & & ,0 )& (H LS (0 1+E&( '+ BHH L+
+%. ) $ &%) K +&()7 %I+ ' +&(%' 8 9: . (+I0+ %/, ., ')
'%&C M35N ,/, +%) %)6 /++) $* % .. &# & L& %, %/

C



Instruction Set Computer (RISC) such as those designed by comparnies such as ARM and MIPS [27, 28]

Operating frequencies of such processors tend to be 1n the order of hundreds of MHz (e g ARM920T
processor can run up to 250MHz [29]) While 1t must be said that 1t 1s naive to compare processors
based solely on operating frequency [27] (memory access time, instruction set parallelism etc should all
be considered), it is safe to claim that embedded processors have less “horsepower” compared to their
desktop counterparts As such, computationally demanding multimedia applications with heavy data
throughput requirements pose a big problem 1n the mobile domain  Coupled with this 1ssue, embedded
systems also have a reduced memory capacity (both RAM and HDD) compared to desktops (RAM >
1GB and HDD > 100GB) For example the new Nokia 7710 has only 90MB of RAM and a maximum of
512MB of flash memory for storage [10] Progress 1n the field of embedded memonies and mobile hard
disk drives 1s ongoing [30] and the Samsung SGH-1300 released in early 2005 comes with a 3GB HDD

1233 Limted Battery Life

Perhaps the most pressing challenge facing mobile system designers 1s that of limited battery energy and
short battery ife In VLSI engineering, the trade off between high speed and minimum area has tra-
ditionally been the most dominating design constraint Power consumption 1ssues were usually a mere
afterthought and any power savings gained were considered a bonus More recently, power has become
the high prionty constramnt due to the ongoing trend that has seen a shift to battery operated wireless
platforms for multimedia applications [31, 32, 33] The ever-increasing device capability coupled with
unrelenting miniaturisation trends has had an enormous 1mpact on circuit power consumption and re-
quires serious consideration [34] It 1s now crucial for designers to tackle this 1ssue at every stage in the
design process and at all levels of abstraction to make “digital dreams” a reality

Technology scaling 1s improving continuously and showing no immediate signs of reaching fun-
damental Iimits [35] Such improvements mean packing more functionality mto a smaller area [33]
Unfortunately however, scaling causes increased power density as demonstrated m Figure 1 1 and this
1s a problem, particularly 1n a wireless application where cooling fans and subsystems are not feastble
[36] As this graph shows, the constraint for producing smaller devices n the future 1s not necessarily
manufacturability but power consumption

The requirement for advanced functionality coupled with portability means more power hungry com-
putation and bigger, bulkier batteries Battenes are usually the most dominant component of a mobile
device in terms of its weight There are two complementary ways to approach the problem of power
constraints One obvious way 1nvolves developing better battery technology since conventional nickel-
cadmium batteries only provide 20Wh per pound of weight [34] Although advances 1n battery tech-
nology are being made (as discussed 1n Chapter 2), progress 1s relatively slow compared to advances in
technology scaling and wireless application development Thus, 1n tandem with developing better bat-
teries, hardware engineers should give prime importance to designing circuits that are as energy efficient
as possible since the total battery energy 1s finite Energy efficiency 1s critical if the intended application
1s as demanding as real time wireless MPEG-4 decoding and there is a constraint on the size of battery
beimng used Battery life has become a prime product differentiator and this has led to wide research n
the field of low power design
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trix Multiplication (CMM) operations Such algorithms are important given the large amount of mobile

applications that are built with fundamental CMM operations

13

Research Objectives

The research goals of this thesis may be summarised as follows

1

14

To design and implement energy-efficient hardware architectures for the SA-DCT and the SA-
IDCT

Verify that both architectures conform to the official MPEG-4 standard requirements by comparing
the bitstreams of a software-only MPEG-4 codec to an MPEG-4 codec that computes the SA-
DCT/IDCT using the proposed hardware architectures

To derive a power and energy normalisation framework that facilitates fair benchmarking of com-
peting architectures Benchmarking 15 difficult due to the unavailability of source code for the
prior art and the fact that in general other approaches are implemented 1n different technologies

For these reasons, some normalisations are required to justify any comparisons made

Using the derived framework, evaluate both architectures against the prior art in the literature in
terms of area, speed, power and energy

To design and implement a hardware resource allocation algorithm for a general constant matrix
multiphication operation (of which the SA-DCT/IDCT are particular cases)

Evaluate the proposed CMM algorithm against prior art proposed 1n the literature

Thesis Structure

This thesis 1s structured as follows

o Chapter 1 — Introduction

The introduction (this chapter) outlines the motivations for the research proposed mn this thesis

providing a global context The scope and objectives of the work are clearly outlined

Chapter 2 — Technical Background

The technical background chapter outlines a more in-depth technical context for the work The
general topics covered are digital video processing (in particular transform based-compression
and object-based processing) and low power design (power dissipation phenomena, power analysis
techniques and low power design techniques) A high level justification is also given for the CMM
optimusation algorithm proposed in Chapter 3

Chapter 3 — SA-DCT Architecture

The SA-DCT chapter provides a review of prior hardware implementations for the SA-DCT The
proposed SA-DCT architecture 1s subsequently described in detall This 1s followed by confor-
mance testing results and evaluation against the prior art




o Chapter 4 — SA-IDCT Architecture
The SA-IDCT chapter provides a review of prior hardware implementations for the SA-IDCT,
with special emphasis on the distinctions between the SA-DCT and the SA-IDCT The proposed
SA-IDCT architecture 1s subsequently described 1n detail Thus 1s followed by conformance testing

results and evaluation against the pnor art

o Chapter 5 — Dot Product High Level Synthes:s
This chapter firstly outlines the taxonomy of multiplication by constant applications to 1illustrate
where the CMM operation sits 1n relation to other similar operations This 1s followed by a char-
acterisation of the dimensionality of the CMM optimisation problem parameters and a survey of
prior art with these parameters 11 mund Subsequently, the proposed optimisation algorithm is
described 1n detail followed by experimental results that justify the approach taken and facilitate

evaluation against relevant prior art

o Chapter 6 — Conclusions & Future Work
A summary of the main results achieved mn Chapters 3, 4 and 5 1s presented This 1s followed by
a discussion of possible future research 1deas to improve and/or extend the work presented 1n this
thesis

o Appendix A - Leaf-Labelled Complete Rooted Binary Trees
Thus appendix provides some mathematical proofs that are related to the permutation space mod-
elling of the proposed CMM optimisation algonthm in Chapter 5 In high-level terms, the permu-
tations are related to the number of two mput adder topologies possible for a generic multi-operand
addition Then, for each topology, the task is to find how many different ways there are of map-
ping addends to mnput pns, such that the resultant injective mapping from the set of mput pins to
the set of ‘network adder output pins’ 1s unique Essentially, the 1ssue is finding out how many
different associative combinations of two addends are possible while ensuring duplicates due to

the commutative property of addition are not counted

15 Summary

We are currently witnessing the convergence of many diverse applications (communication, multi-media,
internet, etc ) onto a mobile platform Users constantly demand the conflicting goals (from a system
design perspective) of enhanced performance and longer battery life Mobile digital video applications
are certain to emerge 1n the near future, especially given that many of the key hardware components such
as colour display, camera sensor and memory card are already present in the popular camera phones of
today It 1s estimated that by 2009, more than 31 million Americans will use video messaging generating
54B USD 1n revenue [43] The key challenges facing the engineering community have been outlined
in this chapter and 1t 1s clear that there are two dominant underpinning paradigms - efficient video
compression and efficient hardware design This work aums to help 1n this regard by proposing efficient
multimedia co-processors (SA-DCT, SA-IDCT) and a set of algorithms that aid the design of a dominant
general DSP operation — the constant matrix multiphication (of which the SA-DCT and SA-IDCT are

particular cases)
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when a camera scans a two-dimensional scene and converts 1t into an electrical signal A video signal
consists of several successive 1mage scans where each image 1s referred to as a frame The scanning
process actually generates three signals for each frame corresponding to the primary colours red (R),
green (G) and blue (B) To generate a digital image, each of the RGB signals are sampled and then
quantised to a certain number of bits (usually eight) per sample Each quantised sample 1s referred to as
a pixel or pel and these are the fundamental unit of 1image processing and analysis A frame 1s therefore
a rectangular 2D array of pels where each pel location has three eight-bit values — one for each of the
RG B colour components at that location

RGB signals are usually transformed into another colour space called Y C,C). where the Y signal
represents the luminance (or bnightness) component of the image whilst the Cj, and C,. components rep-
resent the chrominance (or colour) components Thus facilitates compatibility with black and white video
but also helps compression since Cp and C. are amenable to sub-sampling as discussed subsequently
The transformation equations are outlined 1n Equation 2 1

!

Y 0257 0504 0098 R
C, | =1 —0148 —0291 0439 G @1
C, 0439 —0368 —0071 B

R'G’B' refers to the gamma-corrected version of the RG B colour space Gamma-correction 1s a neces-
sary step to ensure that an 1mage 1s displayed accurately on a computer screen All morutors scale mput
pixel voltages depending on their gamma function when displaying to a screen so the original RGB mput
voltages must be adjusted to R’ G’ B’ to counteract the effect

Most applications require standardised video formats, of which there are many One example 1s the
Common Intermediate Format (CIF), which has a luminance (Y') frame resolution of 352 x 288 pels
with a frame rate of 30Hz! The chrominance bandwidths are half that of the luminance since the human
visual system 1s less sensitive to chrominance information [44] CIF 1s an example of the 4 2 0 image
format — here the chrominance components are sub-sampled by a ratio of two horizontally and by a ratio
of two vertically as shown in Figure 21 A 4 2 0 frame 1s composed of three planes (one for each of Y/,
Cy and C.) as 1llustrated 1n the figure, and these planes are usually passed to video processing tools n
sequence when processmg the frame Each plane 1s sub-divided into non-overlapping 2D blocks of 8 x
8 pels For every four Y blocks there are two chrominance blocks - one for each of Cj, and C, (if the
format 1s 4 2 0) Each group of corresponding six blocks 1s referred to as a macroblock as illustrated in
Figure 2 1 In a single CIF frame there are 396 (22 x 18) macroblocks

Chrominance sub-sampling 1s the first step taken in compressing the video data without any loss per-
ceptible to the human eye However, further compression of video data 1s necessary when you consider
that the bt rate for uncompressed CIF 1s approximately 4 SMB/s (152064 bytes per frame x 30 frames
per second)! The remainder of this section summarises the techniques used to compress video into the
most compact form possible for storage or transmission over a network to a compatible decoder’ Typi-
cally, compression ratios are traded off against decoded video quality and the acceptable quality depends
on the application, but 1t 1s usually possible to compress video data to a very high degree with only minor

"The lower resolution Quarter Common Intermediate Format (QCIF) has a Y component resolution of 176 x 144
Ths thesis primanly concentrates on DCT based codecs ~ wavelet based compression codecs (as used i JPEG-2000) are
only bricfly described

11
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Figure 2 4 Zigzapg Scan Order

frequency from DC up to the Nyqgvist limit The reason for doing this stems from the fact that the image
energy of most natural scenes 1s concentrated n the low frequency region and that humans are less
sensitive to high frequency information This suggests that operating 1n the frequency domamn may make
compression operations easier Therefore the transform block converts data to the frequency domain to
make subsequent quantisation and coding more efficient This 1s achieved by decorrelating-correlating
the signal energy (Section 2 2 2 explamns this in much greater depth) The transform usually used for
mmage and video coders 1s the Discrete Cosine Transform (DCT)

Quantiser It should be noted that the transform block does not achieve any compression 1 1solation
—1t merely converts the data to an alternate representation Subsequent quantisation and vaniable length
coding give the necessary bit rate reduction Since the higher frequency coeflicients are less important
and have quite low values, they can be more coarsely quantised and may indeed be quantised to zero
Depending on the activity 1n the block, 1t may only be necessary to retain the DC value and a few low
frequency coefficients as opposed to all 64 pel values without affecting the decoded frame quality More
detailed information on quantisers and quantiser design may be found in [44, 45, 46]

Vanable Length Encoder To achieve further compression, the quantised transform coefficients un-
dergo vanable length coding (VLC) The idea behind VLC 1s that the length of the code assigned should
vary wnversely with the probabihty of occurrence of that code thus reducing the amount of bits required
to represent the information [45] The first step involves zigzag scanning (as shown in Figure 2 4) and
run-length coding of the quantised transform coefficients (referred to as symbols in information theory
parlance) mnto coding events These coding events have lower entropy than the onginal symbols The
quantised coefficients are zigzag scanned m order of ascending frequency since there 1s a high probability
that the high frequency coefficients will be long runs of zeros after quantisation The next step is referred
to as source coding, which mvolves replacing the coding events with binary codewords, the length of
which depends on their probability of occurrence [44] The most commonly used source coding schemes
are Huffman Coding and Anthmetic Coding [44] The VLCs generated for each block are then routed

out to the bit-stream where the system level controller multiplexes them as appropnate

2212 Interframe Compression

To explort the temporal redundancy 1n video data, the codec in Figure 2 2 operates in inter mode A
prediction of the current frame 1s formed (using a technique called motion estimation and compensation)
and the prediction residual 1s then coded using the techniques outlined 1n the previous section This 1s
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efficient hardware implementations are discussed m [48]

2213 Inter/Intra Mode Decision

The mode decision logic that decides whether the codec in Figure 2 2 operates m inter or intra mode
depends on the specific standard adopted (a brief survey of the popular industry standards 1s given 1n
Section 2 2 4) This decision may be made at the frame or macroblock level, although individual biocks
can be coded m nter or intra mode Usually an entire frame 1s intra coded periodically to create a new
reference frame to guard against the current frame and the reference frame becoming too dissimilar (and
the prediction residual becoming too large) Big differences may occur at a shot cut or at a scene cut so
refreshing the reference frame 1s necessary Periodic intra frames also provide “random” access points

in the bit-stream since they can be decoded without reference to a previous or future frame

222 Transform Theory Overview

Many 1mage and video compression standards use transform-based compression techniques to achieve
highly efficient compression ratios The transformation process literally transforms the iput data to an
alternate representation, which 1s more amenable to compression than the original representation By
processing the data in the transform domain, 1t 1s easier to exploit the signal redundancy and achieve
lower bit-rates for transmission Both representations are equivalent and we can switch between the two
seamlessly This 1s possible because the transformation 1tself is a lossless process and performing the
mverse transformation retrieves the onginal image data It should be noted that 1t 1s a misnomer to talk
about transform compression since the transformation process itself does not achieve any compression
1n 1solation — hence the term transform-based compression This section introduces 1n detail the math-
ematical principles behind transform-based compression with special emphasis on the Discrete Cosine
Transform (DCT) and 1ts Shape Adaptive extension (SA-DCT) A survey of the algorithms and architec-
tures proposed 1n the literature for the DCT/SA-DCT are deferred until Chapter 3 where the proposed
SA-DCT implementation 1s outlined

2221 Discrete Linear Orthonormal Transforms

1D Transforms Video data 1s generally arranged 1n sequential rectangular frames, which are arrays
of pixels whose values are sampled values produced by an imaging device Hence, any transform that
operates on such discrete data must also be discrete Discrete transforms find applications in many
diverse areas of science, engineering and technology In general, 1D discrete transforms transform an
N-point data sequence into N transform coefficients The transformation 1s done by comparing, using
a dot product, the N-point data sequence with a set (of size V) basis functions To be clear, there
are N basis functions — each with N samples/elements since the transform is discrete A geometrical
interpretation of the process 1s that the data 1s being transformed from one system of coordinates to
another system of coordinates by a rotation and possibly a reflection This second system 1s chosen so
that the most of the coefficients (that define locations 1n this second system) have low values, and this
fact can be used to aid compression

Since most practical applications require encoding and decoding, a (most probably) linear forward
A and inverse A ™! transform pair are necessary It 1s usually convenient to represent such a forward and
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inverse transform pair 1n terms of linear matrix multiplications as in Equation 2 2 [44]
X=Axzez=A"xX 22)

Here the vector z contains the original (spatial) representation of the data, and the vector X contains the
transformed representation The 2D matrix A contains the set of basis functions, and the choice of A
corresponds to the choice of transform, which 1s application dependent Equation 2 2 1s a 1D transform
pair — vectors z and X are 1D vectors (of size N) and A and A~! are 2D N x N matrices that contain
N 1D basis vectors each The transformation 1s an orthogonal transform 1f the inverse of the basis matrix
A 15 1ts transposition as shown 1n Equation 2 3

X=A1=AT (23)

This means that the implementation of the iverse transform 1s much the same as implementing the for-
ward transform since 1t uses the same basis matrix albeit transposed This aids efficient software/hard-
ware design and permits the integration of a single forward/inverse transform module with mode selec-
tion logic The set of basis functions discussed earlier form an orthogonal set in an N-dimensional space
{for an N-point transform) Geometrically, this means that each basis function may be considered as an
N -dimensional vector — each poiting in a mutually exclusive direction 1n an N-dimensional space In
fact, a more general form of orthogonality 1s urtarnity A unitary matrix has the property that its inverse
1s equal to the transpose of its complex conjugate (Equation 2 4)

X=A"1=A"T 24)

In this case, an orthogonal matrix is also a unitary matrix It 1s useful to keep 1n mind the distinction
between orthogonality and unitanty i1f a complex transform 1s being considered However, the discussion
1n this thesis restricts 1tself to dealing with basis functions that are purely real

The set of N orthogonal basis functions (each with N samples) described by A are in a sense com-
plete n that they capture every way that the data in vector z can change —1e capture all the spatial
frequencies This means that N transform coefficients are enough to represent N data samples exactly
The proof of this concept stems from Fourter’s theorem but may be understood intuitively with the ideas
of sampling theory [49] In the discrete sampled domain we know that samples are meamingful only 1f
the frequencies captured are less than or equal to the Nyqvist frequency of the input analogue waveform
(1e fs/2 — half the sampling frequency) Therefore, the highest frequency we need consider 1s that
represented by two adjacent samples Even 1if higher frequencies existed before sampling they are now
aliased down below f;/2 So for an NV point vector only N transform coefficients are needed for each
basis function from frequency fs/N up to the Nygwvist frequency to capture the information completely

An orthogonal transform becomes an orthonormal transform if each of the orthogonal basis vectors
18 also a unit vector 1n 1ts corresponding direction An orthonormal transform 1s useful since the energy
of the data 1s preserved 1n the transform domain (the sum of the vanances of z 1s equal to the sum of the
vaniances of X) This equivalence can be proved by demonstrating that the squares of the vector norms
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matrix for the particular data block being transformed Therefore the KLT completely decorrelates the
data Statistically 1t packs the most variance 1nto the fewest number of transform coefficients thus min-
imising the mean square error for subsequent compression Although the KLT 1s statistically optimal, 1t
1s too complex to implement in a practical codec Thus 1s because the transform matrix must be calculated
and then ndicated to the decoder for each block, which 1s a significant overhead for any compression
system — especially m a low-bandwidth mobile environment

The Discrete Cosine Transform (DCT) offers a compromuse, and 1s actually quite close statistically
to the optimal KLT but without the added complexity There are numerous definitions for the DCT, and
the most popular 1s the so-called DCT-II that was proposed by Ahmed, Natararjan and Rao in 1974 [54]
Equation 2 8a defines the 1D DCT-II for an N-point vector, where k = {0,1, ,N —1} and F(k)
denotes the k** DCT coefficient The vector f(z) represents the data vector with C'(0) = 1/v/2, and
C(k) = 1 otherwise Equation 2 8b defines the corresponding mverse transform (1D IDCT-II)

F(k) = \/- %f

f(z) = [ Z C(k)F (k) [Q"i’%ﬁ”} (2 8b)

The shape of the basis functions for the DCT-II are illustrated in Figure 2 7 for N = 8 It can be seen

5N (2 8a)

2z + l)kwjl

that the first cosine 1s used to evaluate the average or DC value of the V-point sequence The subsequent
cosines have frequencies that are half integer multiples of f, /N up to the Nyquist frequency The reasons
why these basis functions are powerful are quite subtle and can be explained using Fourier’s Theorem
[44] This theorem 1s defined for periodic and theoretically infintte signals, but image data 1s not infinite
or m general periodic  Therefore to use Fourier theorem on image data we need to take successive win-
dowed blocks of this non-periodic data, and an artificially periodic waveform must be created for each
block using the data 1n that particular block How to create that periodicity 1s a design decision — but it
turns out that using a windowed data block to create half-range even periodicity gives good energy com-
paction and does not introduce any undesirable jump discontinuities (which lead to Gibbs phenomenon)
Again from Fourier theory, this leads to the need for cosine basis functions that have frequencies that are
half integer multiples of fs/N up to the Nyqvist frequency, 1 e the DCT basis functions This 1s why the
DCT 1s popular — the relatively good energy compaction and the data independent basis functions make
the design of a video codec much easier

The DCT-II and IDCT-II may be generalised to 2D, as 1llustrated by Equations 2 9a and 2 9b In thss
caseh [ ={0,1, ,N ~1}and F(k,I) denotes the DCT coefficient at coordinate (k,!) Data f{z,y)
1s the mput data at coordinate (z,y) with C(0) = 1/v/2, and C(k) = C(l) = 1 otherwise

N-1N-1 r 7 7

F(k,l) = \/?V_ZC(k)C(l) f(z,y)cos Qx;—]\;zk—ﬂ cos leQ—LNlM (2 9a)
y=0 =0 L i L
N—-1N-1 r 1 1

flz NoE Z C(K)C(l)F(k,1) cos (2 ;_Nl)kﬂ cos {(Qy;Nl)lﬂ- (2 9b)
l=0 =0 | i J

The basis images for equation 2 9a with NV = 8 are 1llustrated in Figure 2 8 It 1s intuitrve to see that each
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Figure 2 8 Basis Images for 2D DCT-1I with N =8

basis 1mage captures different frequency information from DC (top left comer image) to the Nyqvist
limit (bottom right corner image) Each DCT coefficient F'(k,!) produced by the N x N 2D DCT 1s a
dot product of all the N x N input samples f(xz,y) with a corresponding cosine-based weighting image
that depends on the coefficient’s position 1n the output array and the position of the sample wmn the input

array

2231 The Discrete Wavelet Transform (DWT) - An Alternative”

The choice of the DCT 1s not inevitable, and there are many alternatives A lot of research has been
carried out nto efficient implementations of the Discrete Wavelet Transform (DWT) for example, and 1t
has been incorporated nto the JPEG-2000 and MPEG-4 (for static textures) standards One reason for
the adoption of the DWT is that 1t 1s inherently scalable The DWT process can be repeated for as many
1terations as desired or required The decoder may stop at any time by using a subset of the bit-stream
depending on 1ts capabilities 1f full resolution 1s not required Wavelet compression 1s claimed to be
more efficient at low bit rates At low bit rates, the DCT introduces block artefacts, which are precisely
the artefacts to which the human psycho-visual system is most sensitive On the other hand, excessive
quantisation of DWT coefficients leads to smearing of detail, which 1s more difficult for humans to see
A comparative study of the DCT and DWT coding schemes 1s given in [55] by Xiong et al , and
concludes that for still images the DWT outperforms the DCT by the order of about 1dB PSNR It also
concludes that the advantage of the DWT 1s less obvious for video coding Xiong et al also claim that
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ing), compression efficiency could be improved at the expense of latency (e g by allowing bi-directional
prediction) Another goal of the MPEG-1 standard was to be a viable alternative to analogue VHS stor-
age As such, MPEG-1 was designed to offer the same features as VHS (fast forward/reverse, freeze,
random access, ) although the degree of access and manipulation 1s inversely proportional to the
compression efficiency (since only intra coded frames can be manipulated for these features)

2244 MPEG-2

Following the success of H 261 and MPEG-1 there was a need for a video codec to support a wider
variety of application areas [45], and ISO/IEC and the ITU-T collaborated to release MPEG-2/H 262
(more commonly referred to as MPEG-2) in 1995 The target bit rate for MPEG-2 1s approximately
4 — 15 Mb/s and the standard 1s used in areas such as digital TV (satellite and cable) and DVD The
primary differences between MPEG-1 and MPEG-2 are the picture resolutions supported and scalability
MPEG-2 can support a wider range of picture resolutions and frame rates from Source Input Format
(SIF) to High Defimition Television (HDTV)?, and also supports coding of interlaced video sources The
scalability feature was mtroduced to increase fiexibility and to accommodate the varying capabihities
of different receivers on the same service Different clents can decode a subset of the same bitstream
at various qualities, temporal or spatial resolutions Alternatively 1n a networking application the less
essential parts of the batstream may be discarded based on network congestion HDTYV resolution coding
was seen as the next target (and work started on MPEG-3) but 1t was found that MPEG-2 was versatile
enough to support HDTV and MPEG-3 was abandoned MPEG-2 has also proven to be a success and 1t
1s foreseen that 1n the USA by 2014 the existing transmission of analogue National Television Standards
Commuttee (NTSC) video will cease and HDTV MPEG-2 will be the only terrestrial broadcasting format
[45]

2245 Very Low Bit Rate Coding —- MPEG-4 and H 263

Despite the successes of the earlier MPEG standards, there was still a need to accommodate the coding of
video at very low bit rates (under 64 kb/s) The emergence of the wireless industry has been a major driver
towards this goal since the channel capacities of mobile networks are very limited, hence a new MPEG
standard called MPEG-4 was formulated to meet these demands However, MPEG-4 was also used as a
vehicle for meeting other requirements such as coding of mulu-viewpoint scenes, graphics and synthetic
scenes (as well as improved compression efficiency for conventional natural scene coding) MPEG-4
has evolved nto a huge standard with something for all applications, and this has caused criticism of the
standard as well as praise As such, MPEG-4 has been optimised to operate at a range of bit rates [t
was explicitly optimised for three ranges (below 64kb/s, 64 — 384 kb/s and 384 kb/s — 4 Mb/s), but can
also operate at higher bit rates for studio and broadcast applications [49] Perhaps the most significant
feature of MPEG-4 1s that 1t has adopted a scene representation 1n terms of the individual audio-visual
objects that make up a scene and each object 1s encoded independently Object-based coding 1s discussed
in Section 2 2 5 1n more depth, but its main benefit 1s that it helps to make best use of the bit rate and

opens up many new application areas

5SIF has a resolution of 384 x 288 HDTV has a resolution from 768 x 576 up to 1920 x 1280
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Work has also been undertaken by the ITU-T to meet the needs of very low bit rate coding and the
resultant standard 1s called H 263 This standard 1s built on H 261 although 1t uses more sophisticated
methods to code the transform coefficients and the motion vectors [44, 45] Some subsequent improve-
ments to H 263 have been proposed (H 263+/H 263++) that enhance the compression efficiency even
further and these have become annexes to the standard However, H 263 does not support object-based

coding

2246 Advanced Video Coding (AVC)— H 264 / MPEG-4 Part 10

After the successful collaboration resulting in H 262/MPEG-2, the ITU-T and MPEG decided to work
together again on very low bit rate video They founded a project called H 26L (where L stands for long
term objectives), whose objective 1s to create a single video standard to outperform the more optimised
H 263 and MPEG-4 codecs The official title of the new standard 1s Advanced Video Coding (AVC), but
1t 1s known by the ITU-T group as H 264 and by MPEG as MPEG-4 Part 10

AVC represents a significant step forward and 1t has developed the video coding tools in synchro-
nisation with the VLSI technology that 1s available today or will be available n the near future Some
features that were too expensive with the state of the art technologies when earlier standards were being
developed are included in the AVC standard It 1s claimed that AVC improves over MPEG-2 in terms of
coding efficiency by a factor of two while keeping the cost within an acceptable range [52] Some of the
new features include enhanced motion-prediction capability, use of a small block-size integer arithmetic
transform, adaptive m-loop de-blocking filter and enhanced entropy coding methods [52] Smaller block-
size transforms reduce blocking artefacts and facilitates better prediction Since H 264 makes extensive
use of prediction 1t 1s very sensitive to prediction “drift” This dnft exists due to anthmetic round-off
in the DCT/IDCT The use of integer arithmetic lessens the computational burden of the transform and
elimates this drift [56] As well as improved compression efficiency, AVC offers greater flexibility for
effective use over a wide vanety of network types and application areas However, H 264 1s not capable

of object-based compression

225 Object Based Processing

When introducing the MPEG-4 standard 1n Section 2 2 4 1t was mentioned that 1t uses a radically different
approach to coding a video scene MPEG-4 considers a scene as being composed of distinct audio-visual
objects and each 1s coded independently In this context, an object may be defined as “something 1n
the scene with which the user or system would like to interact” This 1s revolutionary in many respects
(e g user mteraction, scalability, error robustness etc ), but has significant coding implications Earlier
standards encoded a frame as a single rectangular object In MPEG-4, a video frame may contain differ-
ent natural or synthetic 1tems and these are classed as objects and may be coded independently Video
objects can be any arbitrary shape in general MPEG-4 1s also backward compatible in that 1t can code
the entire frame as the sole object (these are referred to as the simple profiles)
The advantages of object-based coding are manifold and include [17, 19, 44, 57]

o Encoding of objects at different qualities and spatial/temporal resolutions according to their im-

portance
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o Content-based interaction with objects giving web-like mampulation of a scene (e g an interactive

shopping or teaching experience)
o Object re-use and virtual scene creation (e g nsertion or deletion of advertisements)

Coding each object mdependently facilitates many new applications as well as improving the compres-
sion efficiency Of course this process assumes that the arbitrarily shaped objects have been defined
and segmented from the frame pnor to encoding The segmentation process produces an aipha mask,
which defines which pels n the frame belong to the segmented object This 1s a non-trivial 1ssue and a
significant research challenge 1n itself

2251 Video Object Segmentation

The segmentation process nvolves the 1dentification of semantically meaningful video objects from a
frame The difficulty with this 1s that what constitutes a object depends on the application For example,
1n a video telephony application the human face could be the object of interest However, 1n a biometric
identification application the eyes could be the object of interest (e g for retinal scan identification)
Hence video object segmentation 1s an 1ll-posed problem 1n general However, as briefly summarised
here, there are some generic approaches based on extracting and labelling 1mage regions of similar
properties such as brightness, colour, texture, motion and others [45] The segmentation process can
be performed erther antomatically or semi-automatically (1e guided by some user interaction) It must
be emphasised that the applicability of these general approaches depends heavily on the application

A comprehensive survey of approaches to video object segmentation 1s given by Zhang and Lu in
[58] The broadest classification groups algorithms into motion-based approaches and spatio-temporal
approaches Motion-based segmentation approaches generally have three main properties the data prim-
1tives used (pixels, comers, regions, ), the motion model used (2D, 3D, parameter estimation, motion
estimation, ) and the segmentation criteria used (maximum a postenori, Hough Transform, expecta-
tion and maximisation, ) Traditionally motion-based segmentation methods are usually only applica-
ble to scenes with rigid motion or piecewise ngid motion Spatio-temporal approaches leverage spatial
features (edges, colour, morphological filtering, ) and temporal (motion) features to give a more ro-
bust solution These approaches are applicable to non-rigid motion and hence more generic scenes Since
1t 15 impossible to generalise for all applications, effective object segmentation algorithms will always
be an open research problem It 1s a very active area of research and some state of the art algorithms are
presented in [59]

Object segmentation 1s computationally demanding 1n general, and as a result there has been some
research work published that aims to hardware accelerate the task For example, Chien et al propose
a systolic array scheme based on frame differencing and morphological filtering (dilation, erosion and
conditional/geodesic erosion) [60] Systolic arrays are arrays of processing elements that are connected
in a mesh-like topology to a small number of nearest neighbours, and are generally used for tasks that
are highly computationally intensive Processors perform a sequence of operations on the data that flows
between them Another systolic array approach by Kim et al extracts, filters and normalises spatial
and temporal low-level features [61, 62] These features are combined by a neural network to generate a

segmentation mask
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Arithmetic Encoding (CAE) [65] Motion compensation produces a motion vector for each BAB encoded
using CAE The motion vector for each BAB 1s passed to the entropy encoder and encoded using a
prediction based on neighbouring shape or texture motion vectors The idea behind CAE itself 1s to
use efficient arithmetic coding to represent the state (transparent/opaque) of each pixel in the BAB
Figure 2 13 shows the shape coder separated from the entropy encoder even though CAE 1s a form
of entropy coding itself Conceptually, the shape coder block produces motion vector differences for
shape that are passed to the entropy coder as well as the encoded shape (the result of the CAE process)
Both components are multiplexed into the bitstream by the system level controller A shape decoder
15 also ncluded 1n Figure 2 13 since the inverse motion compensation tool and the inverse transform
tool 1n the downstream decoder will only have the decoded shape information and not the raw mnput
shape mformation Since shape coding may be a lossy process depending on the mode of operation, 1t 1s
important to maintain compatibility in the decode feedback loop of the codec Shape coding 1s 2 complex
task and a survey of hardware implementations 1s discussed in [48]

Shape Adaptive Transform As well as coding the shape definition of the VOP using the shape coder,
the VOP texture must also be encoded A frame-based codec uses an 8 x 8 transform block to do thus 1n
intra mode (see Section 2 2 1) In a shape-based codec a shape-adaptive transform 1s required to exploit
the spatial and perceptual redundancy of the VOP, 1gnoring any texture not encompassed by the VOP
The tool used by MPEG-4 1s the Shape Adaptive Discrete Cosine Transform (SA-DCT) [20] A power
efficient hardware implementation of this tool 1s a primary focus of the author’s research The SA-DCT
algonithm 1s outlined 1n more detail in Section 2 2 6, and the proposed 1mplementation of the SA-DCT
1s outlined 1n Chapter 3 For boundary BABs the SA-DCT only transforms the pels that are defined as
part of the VOP The SA-DCT will 1gnore transparent BABs and revert to a regular 8 x 8 transform
for opaque BABs The 1nverse transform (SA-IDCT) uses the decoded BABs to reproduce the texture

mformation

Shape-based Motion Estimation and Compensation To exploit VOP temporal redundancy when the
codec 15 operating 1n inter mode, the motion estimation and compensation tools need to operate 1n a
shape aware fashion The two techniques most commonly used are referred to as padding and polygon
matching [44] As the name suggests, padding pads out the boundary BAB texture blocks (and indeed the
opaque BABs adjacent to the boundary BABs) and conventional motion estimation and compensation 1§
carried out on the result Polygon matching 1s more sophisticated 1n that only pixels within the VOP are

considered 1n the matching cnitenion used 1n the motion estimation process

22 6 The Shape Adaptive Discrete Cosine Transform (SA-DCT)

When the MPEG-4 standard was being defined, a transform tool was needed that supported object-based
coding and the Shape-Adaptive DCT (SA-DCT) defined by Thomas Sikora and Bela Makai was adopted
f20] The SA-DCT has the advantage that 1s based on the 8 x 8 DCT-11 [53] so 1s backward compatible
with traditional block-based video codecs

The SA-DCT operates on IV x IV texture blocks as before but has three modes of operation depending
on the corresponding alpha N X N block

31




X ) )H6/+&() ") +%'. ', > U ( '"+H6LU + +, $
X ), )He6/+&()') . ', > L\ (-% ")+/6 LU " 3

X ), )t6e+ > +% LU "+% ")+/6 LU

00 0 0) Sl . % ., /[+0 '+ )F 7 F3 . J%..
'+ 3#3#B# ', ', /.1, 0 L % SUC8 )% T&()

$% 3#AGH . *$% ', T&() +% 46 .+ +% +*'+8( "+
>9 Y /6%+% 8+:>9# . ', )He6: . 3 v, . (" 4
(.. 8" IH)%&.*. ', (H.3$' %) "'"+# , (+H. $+ 8/+)%&.+
+.% 09 +&" )6 . 3 8., *t&%) *+ ', 3 F7TF .*%)

()9 W, &S K # L %, L+ &%) v 3
, &%) L v+ & L+ H)HE + )0 [H&(" ) L% :C
0.%) . L D&% (+ . IH)%&. ', +.8, /' 0.

&%."(+/ .. +.', [+)%& .9 8559#

L ELCOR0L LS )N(), T S, > 8.,8)% LS () T+
L) )H690 /)N S $(#H# LIH)W& L, Y+ % $,/+0 '+ )
>i(+ *+ &%) . $0 %'+ 3HF# O+, L, ( (0 &+
U 0)% *+ [, [H)%& ( B+, %& +*(). LUIH)%& ', ( +*

> 8( 0+%.) #> F *+ )) [+)%&. +.9% , %) [+ 0+ L+ ] ) %&
I, L (/16 .+ K+")) ((+ " (& O+ R R
[+t ox & () FTF )46 L+, +"&)*(7)$ $% 3#AG!
Y¥0)% L. )6 L, e % (.. (0L (*+ &

)

o
+ L+ H)%&  (L+, 0)% +* LA [H)%&H#, BE& HH [+
$ ' L %)+, %& +*(). ., >+ (%) T'%  )+H6 L ¢
S+ (+ 8 )( )He#
L+ 0 o+ 0") ' +, &'+ +E/ LT+ &
I+ $1 &+ + )  )$//# WMEDR# )= ((+/, . 3 +.( )$ ). +,+%+)
A&+ [+ " ) K &S L& HE L) (IF] AT+ 4SS )
&$. 0 * /,6 +*3 . (# % ./  +% [+&( $ ' **/ | +*
o6+ 18 & L) (&), (0 % :+/0
F+ 8 9MSFR#E %) .+ LR+ ) N +%( &, T+ %
+(&) '/, -%.8 6+ $ 0 &9 +% 3" 8/+. $+) +%
)+/6.9 +) 444G " *+ &T7T% +*+% = FT7F )H6# , .'% /[+)% .'""
6+ )8/ *+&,0 )&+ /) (*+&/# , 0'$.+*/++ $
o D% 1

, &%/, ). [H&(% T+ ) [+&(O)T [+&( '+, )$ F+& S,
#

X " .*%) /6 [+&(') ', FTF %. ) I+ #

X . )'0.&) " ", F7F &6 '%"') *+, &) & ''+ MBHN#

B3



o 2/

C 0= %077

Egh i+&/& +%/ "

$%

11?2/#

3#AGL1

)$+ L& (o

BB

$ (

11?/#



I, r &+ [+&(W T+ ) & B /+&( '+, $%) FTF | .+&
E%. %/ '+ ' & +*[+&( .+ [ [ *+ +($' 1 . % #  ((
%**/'# ) MAFN#', %'.+. 70+'", */''," * " & '"[+E/[. 0 +.-% / )),0
g [ L BHSE B I6S+% L $)F )/ & &+ + + %) T ) *+ $+%
+E/ L+, &M & &+ Uk [+ +) B+ )&+ (&'

6 0/+ 2 ., $)8, ., L A&+ (), +E L H&(
& L& THETH ) WAL S, L& : e
+%'( *+ & +(&. 3 )+/6: . [+ | B#B"%. $$)+ ) &+ + /[+&( . '+ MAFN#
E/NMO S+, e B [+ +(( * [k .
+% S (% %) [H&( A+, %, (e
+E/ . C /+ E%.* +, & +*¥/[+&( ..+ **/[ |/
%I'+# E/M . I+ 3 )+, Or"+ ")y . J%.. (0+%.)#
e A ES L A&, ) (O ) L H&(
.+ MD4N! $') ' & 6 $MDAA &$ /+. $MD3N# ! ,( 5' %+ (+(+. .
+, %. +* 0 +'[6) ", 0 **/%)/,) $+*.& /0O ++E/[.$& "'+ #
N7 ) %) Y, )0 [+&(% T+ ) +&() T E%.S L, &) & '+
Lo+ 8 L NT ) % L s < # [ K%+ (;
"B C .+ $ =/ ', Ny '+ &) & "'+ . +*", :
roy# L. L.ty Sttt 0 %0 +*(0+%. ((+/,.
) %+ +%) $, (+H(+. (/L HE,TSTOHE& R %/, ) v 1+0
$'&+) 0/ . '+%/ LA &) & N (+ [+ %&(+ . &I($
L& & LS IS H I+ BB %) L, 1) AL ;
[, 1'% . (+(+. ,(.B C . L. & #
&9&98 + A" % 4 44 #'
y LS, &%) & L+ 0/ 0 + [+ [ %/, . C(+. .$ /1)
) S+ &(O&TTH FL8, %) (0. YL ) + &) 01# &
0& "'+ ''$ . & $ )N NH.* (0 )
(+$ && ) (+/ ..+ . MBFIDBI3AN# $ ) [ ((+/,.+% '/ $ " [J+( *+ *
U &OD& L+ ([F]TB6 (%)) *, N6 . $%) e, tCN) &
8#HPH 1 &+'+ &'+ )+/6:&'/, $9 MDCN! |, /,"['% [/ ")+ N VA
C(1%) (+ [+ " +* $0 . &# , & .0'$ +* [’
L% L+ 00 )I6+*%)7 )'W8),+%$, ',. . +.%/, (+)& * (+$ && )
L%, . ) +$ && ) 8 9 .%. 9% (+$&&) . ((+/,
G RNT ) &+ ) % o+ D)
SLS# L0, H )T )Y U L (& L% **] |
MBFEN# + ', . A +&E&+ LS ((H, ., J, &, [ 1% .
I +(C *+ ', &0 & "'+ +*0 * % '[+&(%''+ ) & $'.6.1.%/, .
&+ + &AL, T+ ) )+ 40, L & o+ )# +$ && ) &+ %) .
%. *+ ' ). & $'.6..%/ [+ []+"+) , | [+&(%" '+ ) )+ ). $%) #
(S && ) (H o+ 1) R &, TI% &()) ) $(
(+ A

BC



Some of the key issues requiring consideration when choosing a system architecture for a particular
coding approach include [73]

o Detailed profiling of the multimedia codec to 1dentify processing “hot spots” These hot spots may

be candidates for dedicated accelerator cores
¢ Evaluation of real-time constraints of tasks taking into account task switching

e Exploration of inherent algonthm parallelism and redundancy that could be exploited to accelerate
the computations

¢ Memory bandwidth requirements and memory subsystem design (on chip and off chip partitioning,

suitable cache design)
e Power, area and throughput trade-offs according to design constraints

This section briefly discusses the trends and popular approaches to dedicated accelerator and processor
design 1n a hybnd system to support mobile multimed:a processing

2271 Dedicated Accelerator Options

Traditionally, mghly demanding tasks were mapped to systolic array processors based on their inherent
parallelism [75] However, the more recent trend 1s to move away from blindly implementing highly par-
allel, systolic array type structures to a more considered approach with power consumption as a primary
concern {75, 76] Multimedia applications are becoming more diverse and less predictable in their com-
putational flow and load - MPEG-4 object-based processing 1s a prime example of this In this scenario
the efficiency of highly parallel architectures diminushes significantly [76] This makes the design of
dedicated architectures more challenging, and 1deally these architectures should be flexible enough to be
re-usable by more than one of the ever expanding application features being integrated on the convergent
mobile device {75] For example, in Chapter 6 1t 1s argued that the SA-DCT architecture proposed in
Chapter 3 could be used to tackle the 1ll-posed problem of video object segmentation This 1s obviously
advantageous 1f the same architecture s flexible enough to support both the segmentation processing and
compression processing in an MPEG-4 object-based encoding application As hinted at in Chapter 1
and discussed in detail 1n Section 2 3, the more considered design approach requires optimisations at all
levels of design abstraction The variable nature of MPEG-4 object-based processing creates the need for
power efficient reconfigurable accelerator cores flexible enough to handle the irregular evolution of VOs
[76] A commercial example of a dedicated hardware core with acceleration umts for DCT and others 1s
the Hantro 4250 [77]

2272 Programmable Processor Options

General purpose processors (GPPs), whether they be RISC or CISC based, generally do not have the right
mix of processing performance, power consumption and silicon area to be viable for efficient mobile
multimedia processing [75, 73] Ths 1s despite extensions to the instruction set that exploit data level
parallelism (e g Intel MMX) since such extensions must be backward compatible with the existing
mstruction set [73, 78] This deficiency has spawned the emergence of special purpose processors (1€
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231 Circuit Power Dissipation Phenomena

It 1s essential to understand the sources of power dissipation in an integrated circuit before discussing
techniques to reduce it A commonly used model to describe power consumption is given in Equa-
tion 2 10, which has four terms — dynamic power (due to switching), short-circuit power, leakage power
(incorporating reverse biased junctions and sub-threshold effects) and static power (due to circuits with

a constant source of current between power rails) {83]
Pavg = denamtc + Pshort + Pleakage + Pstatw (2 10)

Each component will be discussed in turn 1n this section It should be noted that the distribution of
power consumption between these components 1s mextricably linked to the specific application and the
technology employed

2311 Dynamc Power Consumption

Switching activity 1n a circuit causes dynamic power consumption, and the most significant source of
dynamic power 1n a CMOS circuit 1s the charging and discharging of capacitances [84] These capaci-
tances may be intentionally fabricated in the circuit but 1t 1s more likely that they are parasitic The latter
anse due to the parasitic effects of interconnection wires and transistors This 1s inherent 1n a circutt and
cannot be 1gnored — especially 1n deep sub-micron devices

Toggling between logic zero and logic one at a logic node discharges and charges the equivalent
capacitance at that node as demonstrated 1n Figure 2 16 In this figure (taken from the derivation in [84])
V 1s an 1deal constant voltage source and R, and Rq are the resistances of the charging and discharging
circutts respectively The switch 1s a model for the change 1n logic state at the node The capacitor Cy,
1s a model of the capacitive load at the node This load 1s caused by parallel plate capacitive effects
that are present as a result of the layout and fabrication process of the transistors and wire interconnect
Accurate modelling of this capacitance 1s complicated, but to a first order Cy, o« W x L, where W 1s the
transistor channel width and L 1s the transistor channel length [85, 86, 87] It 1s more common to find
L referred to as the “process technology” or sumilar 1n the hterature For example, if discussing 90nm
process technology this implies that L = 90nm

During the charging cycie from time £y and ¢; the energy E 1s given by Equation 2 11 assumung that
the capacitive load C, 1s fully charged

o

FE, = Vaiedt
t
to
= CLV dvd;(t)dt
ty t
= C.V? 211

Part of E 1s stored 1n the capacitor (E.qp 1n Equation 2 12) and the rest 1s dissipated as heat energy 1n
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Figure 2 16 Dynamic Charging and Discharging a Capacitive Load

R (E. m Equation 2 13)

Eeap = /to ve(thic(t)dt

153
1

= 5(;LV2 (2 12)
E. = E;— Eqp
- %chz @13)

Assuming that the capacitor 1s fully discharged from time ) to ¢2 the energy dissipated Eq4 in the dis-
charge resistor Rq 1s 1dentical to E.qp 1f the circurt operates on a clock at fHz and C, 1s charged and
discharged with a probability ¢, the power dissipation at the node 1s given by Equation 2 14

P=C.V?fa (2 14)

A more general version of Equation 2 14 for a complete system operating at fHz mvolves summing the

above equation over all nodes 1n the circuit as shown 1n Equation 2 15
denamzc = Z P = Z CszQfO% (215)
? 2

It 1s immediately clear from the above equation that the supply voltage 1s the dommant term and has a
quadratic effect on dynamic power consumption Although reducing V will reduce the power consump-
tion, 1t has other repercussions, including increasing the propagation delay, as discussed 1n Section 2 3 3
There are some assumptions made 1n deriving Equation 2 15 that must be taken into account, although

most digital CMOS circuits satisfy them They are as follows
1 The capacitance C7, 1s constant
2 The voltage V 1s constant
3 The capacitor 1s fully charged and discharged

It 1s interesting to note that although these restrictions apply, the result 1s independent of the charging
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Figure 2 20 Degenerated Voltage Level Driver Figure 2 21 A Pseudo-NMOS NOR Gate

when CMOS circuits may consume power 1n steady state mode — degenerated voltage levels feeding
CMOS gates and pseudo NMOS circuit architectures [83]

Reduced Voltage Levels Feeding CMOS Gates Consider the common scenario of a CMOS 1nverter
being driven by a previous stage buffered by an NMOS pass transistor as shown 1n Figure 2 20 If the
output voltage of the previous stage 1s Vg and the pass transistor 1s conducting (1€ gate voltage 15 Vyqg)
then v, will equal Vg — Vi, (a degraded logic °1°) where Vi, s the threshold voltage for the NMOS
pass transistor In this scenario the PMOS transistor should be fully off and the output voltage will be at
logic "0’ However, since v, 1s a degraded logic ’1° the PMOS transistor 1s weakly on (the gate-source
voltage 1s very close to the threshold V;,) and hence there 1s a static current path between the supply rails
A similar problem occurs if the previous stage 1s driving logic "0’ and the pass transistor 1s PMOS This
component of power consumption may become appreciable 1f the circuit 1s 1dle for most of the time

Pseudo-NMOS Logic  The PMOS pull-up network of a pseudo-NMOS circuit 1s a single PMOS device
whose gate 1s grounded (1¢ always on) If the output voltage 1s driven low, there 1s a static conduction
path between supply rails To illustrate, consider the pseudo-NMOS style NOR gate as shown m Fig-
ure 221 If any of the input signals are logic "1’ there will be static current flow between the rails
thereby dissipating power Although they contribute more to static power consumption than pure CMOS
circuits, pseudo-NMOS architectures are commonly used because of their area efficiency They tend to
be used only for implementations that require complex logic switching at high frequencies since their
area efficiency implies a reduced switching capacitance (and hence lower dynamic power consumption)
Pseudo-NMOS circuits should not be used if the circuit 1s likely to be tdle at an output logic 1’ for long

periods of time as the extra static power consumption then negates the area gain

2315 Summary and Trends

The main power consumption components in a digital CMOS circuit have been introduced They can be

generally categorised as follows
¢ Dynamic/Active Components (=90%)

— Node switching (dominant factor)

— Short circurt currents

o Static/Standby Components (=10%)
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Figure 2 23 Using Power [W] as a Design Metric

232 Power Analysis & Estimation Techniques
2321 Power Metrics

Having established that power has become the most important design constraint and discussed the sources
of power consumption 1n a digital CMOS circunt, 1t 1s now necessary to elaborate on the techmques
designers use to tackle the 1ssue  As with everything else in engineering design, there 1s no golden
procedure to follow and trade-offs are inevitable Therefore, there are many solutions to a given problem
and designers need a metric to compare alternatives in terms of their low power properties As will be
discussed 1n this section, the obvicus metrics of power (in Watts) and energy (Joules) have serious flaws
if taken 1n 1solation [94]

Using nstantaneous or average power 1n Waits as a metric 1s useful for designers when selecting
a power supply, figuring out cooling requirements and ensuring that physical packaging limits are not
exceeded Also, given a battery with a certain amount of energy, the average power in Watts can be used
to derive the battery life in hours Power in Watts may be misleading, however, as a metric for comparing
designs, 1t gives no indication as to how long 1t takes a circuit to complete an operation Consider two
designs A and B The two designs may have different peak power levels as shown in Figure 2 23 for
the same computation [95] Although A seems worse than B in terms of Watts, B takes much longer to
perform the operation Thus, comparing A and B based solely on Watts 1s not a good way to compare
design efficiency, as 1t does not take nto account the temporal factor, and designs are usually specified
to complete a computation within a certain temporal window As shown in Equation 2 15, power 1s
proportional to operating frequency Designs A and B could have identical architectures with B simply
operating at a lower frequency Both designs will perform the same task and draw the same amount of
energy from the battery but 1t will take B longer to do this than A

The previous discussion hints that using energy (Joules) 1s a better metric for comparing design
alternatives Energy per operation 1s obtained by multiplying power by operation delay (it 1s also equal to
the area under the curves in Figure 2 23) Although the base unit 1s the Joule, the more commonly quoted
unit 1s W/Mhz (1 e dissipation per clock cycle) When comparing the performance of two processors
however, W/Mhz can be musleading since different processors may require different numbers of clock
cycles for the same instruction  As a consequence, 1t 1s usually normalised to uW/MIPS, a more objective
metric since 1t has the unit of Watt-Second per Instruction 1t 1s argued, however, that yW/MIPS favours
processors with simpler architectures with inferior computation engines [84] In addition, energy has a
quadratic dependence on voltage so 1f designs A and B are 1dentical but B 1s operating at a lower voltage,
theoretically B will consume less energy per operation However, scaling the voltage has complex effects
on delay and power performance (discussed 1n detail in the next section), so whether B 1s truly a better
low power alternative depends on many other factors As a result, using energy as a metric in 1solation

suffers from similar problems as using Watts




S

$% 3#3C1 $ ) +%/'8 9 H)w'+ (/

N, % &L &) (& % L)) .
$: % J# H%+ L, $:) (+%r8 9 L, Lt & %$S.. L
(+%/'+*', $ ( +( '+ ' ) ( +( '+ MHCIH59# , 0 '$ +*',.&" /.
R D A $% o+ &+ S (*+ &/
Lo+ LS, # 4. $% 3#3C, LU %) L (LSt 0B
A%+ (I % .S H)% . )& L (IE LS ()% LS
L)% &) (20 )L )RS # % Lt
/ . $ ol . I B B $% 3#3C . $. ,0 7,
& % &+ S LU % %L ) % # .S &)L
.$ /0 $*+ (# )+%S$, '&(+0. $ +0 . < < 1Y
+ 9%/ " +)'+ * . $.,0", . & #
$ N LAl HF& T (L, (). 8 +%' ', G
O/'+# +.8%) & % ..%**/ "*+ ) (% (+.. S = ()
(! ). ./ +%'#
&9*9&9& ! ! 1
, (F 1+ %&(+ % '+, T I% 4+ ., 0) ('"+, % ) %,
(+ .+ 00+ % .+# +*  (+ )..$ ) Lo+ )L+
(+/ .+ %I+ .+ 1+ .%& N, (. %+, %[+, &.)0 !
+( 0)%.! . $&+t . U %I+
&2, 1Y, 4%, (¢ (8<9 [+ .%& (+ .+ "'& +.0 (+ %/ +*
+%. /% ' =< S +%. 0+)'$ '=<8## <UB<9 £ <'=<<C.%& $', ',
0+)'$ .6 (/+. "8## $+ $', (+.. ) +* &/ 0+)$ /) $9! *F<L j89
$(C . [+ %) O+)s#H * 4+ (+$ & '6. e L+ T I% o+
(+ .+ S+ % Y (+$ &1+ '$'$,'89 0*+&
+0 8C .%& $ /% ' 0)% *+ Dol %S () SR +) R %)
"6 . /+ $, /% ' 0*+& F<C +(+ .+%. .&%)'+ . &'+. ,
AR &%)+ o4& )+ )0) &+ ) +*, 8 + 0 9% ) '&

&(+.. ) ++' %/, &+ )+ &(/I'/) *', (+$ & .0 )+$+ ', (+ .+ .0
[+&0I7# ) '0 ((+/, .+&+6 (./)& B &' (/% &&'

CG



$9 (T, (H R () 0 )R+ (T

S+ L0 ) )HE L, ((H, HIE L (S & )ES T T ) HH#H L 1%)
2) (+ ] ==<0*+ &, + (+ (. 1% + 0 R
(+$&# +01!".& % 7(.0 " /[-%.'+ .. & *+ [/[% ' $.#

+& L+ B (.(ror, L0+, L&)+ ((H (T +& Y, LK
L % L, K (L &+ ). ) 0)) '+ .$ Lt
(+ 1+ %&(+ % '+ .47 T/%+ | (/) +) & % * & %*/'% MHDN#
I (. 1)& % & ' . ) + +%. +:(+ (+/.) '&6...'+8&6 & % &'
YLt (A= %I+ L MHEN# %'+ )0) ).. & % ., I%
(I %y % #E 0, (0 L), % *+ &'+ 4+
J%M+)0) ). L% &) FR&THE MR- T Y (0 )%+ L&1)0)
S (4$& %L+, (%) (H A # O, % (¢ &+ ) +F %[+
L &+ & '+ [+&() L I+%) $ &, I+ +('&. *+
+ . ). 7/%+"'& [+ K#

MHFEN! /[, "%/'+ ./, ' . ' #o M+ (0N (2 I+ L]
(+ .. $ 0 %+ 8%+ $.). /), &... l, &+ ) .( ')
C 1% & Y%+ )HH(+*.0 ) /4% $0 0 % +# ) )1, [+ 0
', +( .0)%..+ 0 $. % 8#%# O '+ +*+) GT *+ CF5083

Y %'S o+ 9% %+, $+%( +N ... (O S+, &%
+5[% T, # % R )&+ ) L R %L &(F
CHS T %% L % R )& L % &+ (++% [t
8. 1", &) ,O &) 11,9# Y, %M+ L N% () )

% ). I, &.# ,. &+ ) . $+0, ./, [I' . "x)
(+$ &, . ™[ +HI% (')# =&+ )+ )+ & S % & " P
D) L

Lk8J .!'X <R>P=&'" I Q <dc "ST$4 83#AH9
I 4
, U, %& &L %M+ N T I% # % (. . $ [+ +* (& |
1% 40, | E/" " W ., $ 40, +*.)).
I, &.. # =&+) 7 .+. 0 '+.,. %. '+/, [I'
0 "+ +*(+H .+ [,'I'% . N% $, D MHH# A44# A4AN , ) > GGA4
MHDR#
6+ . ((+/, .,"" % . 7,%.'0/, ' ."+ +*' ' '0%[+
0%, %M I +6 , . 6. Lt Lt ) +E+0
[+&&+ [ +.. .'%/l'+. L9)' Y, +0 ) /% T+ %&(+H Y (48 & 6
[+ %M+ & ) (ST % S 0H)'S
MA43! A4B! AACN# [+ + *[18% '+ %'+ 9 7. %", T7( &".+", |
)., DT *+ .'+* [& 6(+$ &# , '/, -% (+(+. , , 6.
&) S LT & S % ., BTH* %) & % & L+
"+ $ :AA44 ', # , [+Nh% ', ', [+&&+ +0 , .8//,.! |+
T#O &+ & &I H(+ .+, ) $ 40 .+ %I+ (/*]0 '+ .#
, 08", ,. '+ &) ., 6. Lt L, &T&%& 0B

C5



Table 2 | Weighting Factors for K=4 on the StrongARM Processor

Class Weight | Value

Instruction w1 21739
Sequential Memory Access Wy 00311
Non-sequential Memory Access w3 1 2366
Internal Cycles Wy 08289

current variation over a range of programs 1s approximately 8%, so to a first order
Eqtg = Vaalo(Vua, f) At (2 20)

This 1s surprising because 1t implies that the power dissipated by a processor 1s program independent!
However, what 1s more important 1s the energy consumed — algorithms are differentiated to first order by
their execution time and not by their instruction stream Indeed this seems to be true for the StrongARM
but may not be true in the case of datapath dominated processors such as DSPs Their second order
model considers instruction effects and classifies K energy differentiated classes Cj. of instructions for
a processor (For StrongARM K = 4 Instruction, Sequential Memory Access, Non-Sequential Memory

Access and Internal Cycles) The proposed second order current consumption equation 1s

K-1

I(Vaa, f) = To(Vaa, ) Y, wicx @21)
k=0

where ¢y, 15 the fraction of total cycles 1n a given program that can be attnibuted to instructions 1n the
class Cy, and wy, are a set of weights The weights for the StrongARM are shown in Table 2 1 which
have been solved using the least mean square approach for values obtained for a variety of benchmark
programs [104] The key advantage of this approach 1s that the instruction effects have been modelled
without resorting to elaborate mstruction level profiling

Despite the advantages of the instruction set characterisation approach to software power analysis, the
physical measurement approach 1s used 1n this thesis This 15 because efficient software implementation
18 not the primary focus of this thesis and the appropniate equipment for physical measurement was
available to the author This facilitates rapid software power analysis — see Chapters 3 and 4 for details
on the experiments conducted The results presented there justify implementing the SA-DCT/IDCT in

hardware as opposed to software for energy and power reasons

2323 Hardware Power Analysis

In this thesis, “hardware power” refers to the power consumed by a dedicated hardware accelerator This
1s distinct to the “software power” consumed by a programmable processor caused by software code
executing on 1t Unlike the case of software, 1t 1s rare that an engineer has a physical embodiment of
the hardware for power analysis early in the design flow Hence, physical measurement approaches
like Tiwar’s [98] are not suitable and some simulation-based approach 1s necessary There are three
broad categonies of simulation-based approaches probabilistic, statistical and event-based All three are
closely related

Since power consumption 1s highly dependent on switching activity, the power consumed by a hard-
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ware module 1s input pattern dependent For this reason power estimation 1s a “moving target” [105]
A probabihistic approach uses the switching probabulities of each of the module input pins and propa-
gates thus data into the circuit Using a delay model for the intended process technology, the propagated
switching probabihities can be used to estimate the power consumption of the entire block However
such an approach requires intimate knowledge of the data charactenstics To get around this, a statistical
approach simulates the circuit repeatedly with random data The switching power 1s estimated using
the delay model for the circuit The power value should converge to an average value and a technique
hike the Monte Carlo method can be used to decide when to stop [105] It 1s clear that the probabilistic
and statistical approaches are very similar The statistical approach 1s needed 1f the input signal transi-
tion probabilities are unknown, and essentially the statistical approach uses simulation to experimentally
estimate these probabilities

Event-based power estimation involves simulating a circuit using typical input patterns The switch-
g activity at each node mn the circuit 1s monitored, and after the simulation the average power con-
sumption can be calculated by summing the average power consumed by each node in the circuit The
potential difficulty with this approach 1s that the designer needs to know what “typical patterns™ are for
the circuit 1n question This could be a problem 1if a designer 1s in the early phases of working on a
sub-module that 1s part of a larger design, and the timing of the interface signals to the sub-module are
not yet established Also, for large circuits, monitoring each node can be very computationally intensive

2324 Power Measurement Approach Adopted

The PrnmePower tool by Synopsys is capable of probabilistic, statistical and event-based power analysis
[106] Since the SA-DCT and SA-IDCT circuits proposed i this thesis are relatively small, and “typical
patterns” are available (1 e video test sequences), event-based power analysis 1s used due to its sumplicity
A Verilog testbench has been designed to stimulate the SA-DCT/IDCT accelerators with test data from
a range of CIF/QCIF resolution test sequences The testbench can also run in random data mode For a
given simulation run, the simulator saves a Value Change Dump (VCD) file This records the switching
transitions on each node 1n the hardware accelerator for the duration of the simulation, and PnmePower
uses this VCD file 1n association with the target technology library information to calculate the average
power consumed VCD analysis causes problems 1f a timing simulation 1s run for a long time since VCD
files may grow large (in excess of 1GB 1s not uncommon) Large VCD files means that running power
analys:s 1s slow and laborious, and 1ndeed some tools cannot handle VCD files larger than 2GB Future
research 1s needed to find solutions to this file size problem

It must be noted that the simulations run to generate results in this thesis are back-annotated dynamic
simulations using the Synopsys VCS simulator of the gate level netlist generated by the Synopsys De-
sign Compiler synthesis tool In this context, back-annotation means that the netlist 1s annotated with
the delays and parasitics (capacitances and resistances) of the circuit togic elements as well as the inter-
connect delays Hence the VCD created should reflect the switching that would occur m a real physical
realisation of the circuit However, analysis using the post-synthesis netlist uses wire load models to
estimate interconnect delays and parasitics There 1s no layout information to indicate the length of the
wires This 1s acceptable for older technologies where the delays through the cells (logic gates and reg-
1sters) 18 much greater than the wire delays However 1n deep sub-micron technologies like 90nm the

interconnect delays are actually the longest — hence accurate layout info 1s crucial for accurate timing
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Agamn if U < 1 this means that V' 1s a smaller voltage compared to V and vice versa If § = U, this 1s
commonly referred to as constant field scaling The case where S 3 U 1s termed general scaling The
gate oxide thickness H 1s usually scaled by the factor U,1¢ H =U x H
With the scaling factors established, the task now 1s to investigate how the various factors mfluence
the power P and energy E The normalisations used in this thesis assume that dynamic power is the
domunant component (1¢ leakage power 1s 1ignored) This assumption gives reasonable first order nor-
malisations [85] The dynamic power equation for a circuit node (Equation 2 14) 1s restated here for
convenience
P=CLV:fa (2 25)

From Equation 2 25 1t 1s clear that P depends on the capacitive load switched Cy, the voltage V, the
operating frequency f and the node switching probability & The switchung probability « depends on the
architecture of the design itself and 1s independent of V, L and f Hence 1t does not need to be scaled
when normalising P and F

To normalise P with respect to V', Equation 2 26 1s applied since by Equation 2 25 P 1s quadratically
dependent on V

/

P (V) = P x U? = Power After ¥ Scaling (2 26)

It1s clear thatif U < 1, P'(V') < P Ths 1s expected since the voltage has been reduced Normahsing P
with respect to W and L 1s not as straightforward since neither W or L appear explicitly in Equation 2 25
However, consider Equation 2 27 which approximately’ expresses the load capacitance of the NMOS

transistor in Figure 2 25 [86, 85]
GOLW

H

In this equation € 1s the permittivity of the gate oxide By the scaling equations presented earlier, Cf,

Cp =

(227)

scales according to Equation 2 28
: 5?2
CL = CL X F (2 28)

Thus, normalising P with respect to V and L 1s achieved by Equation 2 29

2

P'(V,L) PxU2x%

= P x §% x U = Power After V'L Scaling 229

Normalising P with respect to operating frequency f 1s also difficult, and this thesis presents three
options and adopts the third to generate the results in Chapters 3 and 4

Option 1 According to Intel, each generation G of L scaling reduces the feature size by approximately
0 7 and increases the transistor speed 1 5 times For example, scaling from 130nm to 90nm means the
maximum operating frequency can increase by a factor of 1 5 all other factors being equal [108] Using

the Intel approximation S =~ 0 7€, the number of generations G when scaling from L to L’ 1s determned

"This 15 the gate capacitance of the transistor and ignores other gate and interconnect parasitics although most these other
components scale similarly
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by Equation 2 30
In(%)

ms S<!

Therefore, when normalising from fp,0, to0 f,/mz, finaz 15 multiplied by 1 5G if § < 1 (scaling to
a smaller and faster technology), or 1t 1s divided by 1 5G 1if § > 1 (scaling to a larger and slower
technology)

To a first order approximation, the maximum operating frequency also depends linearly on V' (see
(31] and subsequent discussion 1n Section 2 3 3) Hence f;,,, should be scaled by U when normalising
to f,’mw Using the Intel approxamation, normalising the maximum operating frequency with respect to

V and L 1s accomplished by Equation 2 31

fmaa:x_'als[{( S>1
fmae XU x15xG S<1

@231

’
oz =

Using Equation 2 31 and Equation 2 29, normalising P with respect to V, L and fp,4; 15 achieved by
Equation 2 32

, PxSZxUx K S>1
P(V,L, frmaz) = T5%C (232)
PxS2xUxUx15xG S<I

Power After VL f Scaling

Option 2 Another approach to scaling f,,.z 1 to consider Equation 2 33, which 1s an attempt to express
the maximum operating frequency of a device in terms of its physical parameters, where p 1s the carrier
mobility in the channel and Cj, 1s the gate capacitance (see Equation 2 27 where 1t 1s equal to Cp,) [85]

|24 y pegV
L CyH

fmaz = (233)
Applying the previously outlined scaling factors to W, L, H and V, 1t follows that f,’mm can also be
expressed by Equation 2 34

Fras = s % o5 @34
Companng Equation 2 34 with Equation 2 31, 1t 1s clear that both scale f,,,; by U Given that each
generation corresponds to S & 0 7, the 1/52 term m Equation 2 34 implies that each generation scale
down (S < 1) represents an approximate speed-up of 2 In contrast, Equation 2 31 assumes that each
generation offers a speed up of 1 5 Hence Equation 2 34 represents more aggressive scaling of frnax
Using Equation 2 34 and Equation 2 29, normalising P with respect to V, L and fy4 1s achieved by
Equation 2 35

P,(VyLafma:z:) = PxS§xUx %
= P x U? = Power After VL f Scaling (2 35)

Interestingly, Equation 2 35 1s independent of S
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Figure 2 26 Simple Multiply-Accumulate Circuit

PUAC results presented mn [109] only consider the number of adders and multipliers when deriving area,
and do not consider the bitwidths of these arithmetic umts

To 1llustrate the flaw with the PUAC metric, consider the simple multiply-accumulate circuit in Fig-
ure 2 26, where the mput pins have bitwidth b Consider two circwits X and Y that have the same
architecture as shown m Figure 2 26, but the mput bitwadth of ciremit X 1s by = 16, and the input
bitwidth of circwit Y 1s by = 32 Using the PUAC metnic according to [109], both X and Y have the
same PUAC since they both have the same number of adders, multiphers and clock cycle latency How-
ever, Y 1s twice as big as X! Also, 1f either X or Y had additional non-arithmetic decode logic (e g
some Boolean logic network), the PUAC would not take this extra circuit area into account

We propose that a fairer metric when comparing designs would be the product of gate count and
computation cycle (PGCC), since the gate count considers all the logic in the design including the arith-
metic units For the simple example described earlier, the PGCC of circuit Y would be twice as big as
the PGCC for circuit X When benchmarking the SA-DCT/IDCT architectures proposed in this thests,
the PGCC metnic 1s used along with the power and energy metrics outlined in Section232 5

233 Low Power Design Techmques

With the causes of power consumption in CMOS circuitry established, this section aims to survey the
power saving technmques commonly employed by designers For maximal effectiveness, power consider-
ations must be mtegrated into the design flow at all abstraction levels from concept to layout Electronic
Design Automation (EDA) companies have foreseen this need [14] and there are many new tools and
libraries coming on the market that recognise power alongside area and tuming as a high priority design

constraint

2331 Battery Technology

Perhaps the most obvious target for improving battery hife 1s by improving the battery technology 1tself
However, due to slow incremental improvements 1n battery technology relative to the pace of Moore’s
law, hardware engineers must focus on energy-efficient circuit design to alleviate the exponential increase
in power density of modern integrated circuits [34] Nevertheless, research into improved longer-lasting
physically highter energy sources 1s an important complementary field The most common secondary
cells 1n usc today are Sealed Nickel-Cadmium (N1Cd), Nickel-Metal Hydride (N:MH) and Lithum-fon
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(La-10n) and significant research has been mvested m these technologies due to the explosion of cellular
phones, portable computers, camcorders and entertainment devices [110] Of the three, Li-1on 15 the
most advanced (in terms of lifetime and weight) but 1s also the most expensive It 1s currently dominant
in the laptop computer market and the technology 1s currently maturing and 1s permeating the mobile
consumer electronics market [111] A proposed low cost alternative to Li-ion 1s Lithium polymer (Li-
polymer) [110, 112]

Researchers have been attempting to develop a revolutionary power source solution that could com-
plement work m low power electronics, and the most promising solution 1s the fuel cell [113] A fuel
cell 1s a device that generates energy using electrochemical reactions There 1s enormous interest in fuel
cells since they deliver cheap, clean energy [114] The fuels being looked at most seriously for portable
fuel cells are hydrogen, metal hydndes, ethanol and methanol, with methanol appearing to be the most
promusing option [113] One 1ssue with fuel cells 1s making them powerful enough at the small sizes
necessary for mobile platforms Research in the field 1s ongoing, and Toshiba appear to be the leading
company 1n the field [113, 115]

2332 System Level Techmques

It 1s generally accepted that most power savings are achieved at the higher levels of design abstraction
since there exists greater degrees of design freedom as illustrated in Fig 12 [83, 116] The largest
savings are possible prior to design synthesis, therefore 1t 1s important to consider power consumption at
an early stage i a design It 1s estimated that at the system and algorithm design phases, optumsations
can yield a 10-20 x improvement 1n terms of power consumption as compared to only a 10-20% possible
improvement with post-synthesis stage (circuit/technology level) techrques [117]

Hardware / Software Partitomng When implementing a system specification, partitioning the func-
tionahty between hardware and software 1s an important step Hardware accelerators for computational
hot spots (e g motion estimation and DCT 1n an MPEG-4 codec) are generally more power efficient
compared with software but are less flexible and require extra logic on the chip [21, 117] Accelerat-
ing demanding algonthms in hardware will increase throughput, since the processor 1s rehieved of these
tasks, but also save power 1f designed correctly The SA-DCT/IDCT architectures proposed in this thesis
achieve precisely this — they are low power hardware accelerators Designers have great control over the
architectures of the hardware accelerators and so can design them with energy-efficiency in mind There
1s less design freedom for a general-purpose processor since by definition they must cater for numerous
processing tasks On the software side, the latest trend in microprocessor design 1s the shift from high

frequency single core systems to multiple parallel cores operating at lower frequencies 118, 119]

Board Level Layout and I/O  The ntial high-level layout of the chips and interconnects on a board 1s
very important in terms of power consumption A system designer should aim to mimimse the physical
length of interconnects that will have the heaviest switching load Careful layout of chips (processors,
memory, 1/O, custom peripherals etc ) on a board can potentially save a lot of needless power consump-
tion It 1s estumated that one third of the power consumed by a single chip 1s at the [/O ports [116]
Therefore for board designs contaiming discrete custom penpherals (ASIC or FPGA), the amount and
position of I/O pins must be carefully traded off against speed and area requirements Data buses usually
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have heavy loads and long mnterconnects between cores on a board It may not be possible to reduce
the number of I/O lines but effort can still be made to reduce the switching activity on the bus Some
common techniques include one-hot coding, Gray coding and bus-mversion coding [84, 116]

Memory Subsystems The memory bandwidth available for a given application 1s another important
design parameter for hardware designers There are two components that need consideration — firstly
there 1s an off-chip to on-chip memory bandwidth, and secondly an on-chip memory to processing data-
path bandwidth The optimal partitioning between on-chip and off-chip memories depends on the appli-
cation and the design constramnts Both have to be optimised in order to achieve the appropriate speed,
area and power efficiency In general, the same source video data needs to be accessed and processed by
different video tools (¢ g motion estimation and DCT) so 1t makes sense to read the current source data
once from an off-chip memory and store 1t 1in an on-chip memory where the various tools can access the
data faster and with less energy Unfortunately, embedded/on-chip memory 1s usually more expensive so
again trade-offs must be made However, the power requirements of modern wireless hardware heavily
favour the energy-efficiency of embedded memory Another complicating factor for memory design 1s
the hkely usage of a cache architecture to minimise the probabulity of expensive off-chip accesses, both
in terms of power and speed [120] Other techniques employed to reduce switching on memory data and
address lines include memory banking, selective line activation [88] The aim of techniques like these 1s
to localise the amount of memory circuitry activated for each data access Emnergy 1s saved if irrelevant
areas of the memory are not activated

When choosing the memory technology for a low power application, a designer must consider both
the dynamic and static power consumption of the various alternattves In terms of dynamic power con-
sumption, a Static RAM (SRAM) cell consumes more power than a Dynamic RAM (DRAM) cell due
to 1ts latching action and mherent size [121] Traditionally, DRAM was said to be at a disadvantage
in terms of leakage power due 1t’s need for refresh circuitry but as process technologies shrink below
130nm, SRAM cells become very susceptible to leakage currents [121] In fact, modern techniques have
reduced the refresh current needed for a DRAM cell significantly lower than the leakage currents asso-
clated with an SRAM cell However, DRAM 1s relatively slower than SRAM so again speed must be
traded for power depending on the overall system specifications

Dynamic Power Management (DPM) As mentioned, a system can be thought of as a collection of
funcuonal components (processor, memory, I/Q, dedicated hardware accelerators etc ) which themselves
are composed of various functional modules Inapower manageable system all of these components have
one active state 1n which 1t carnies out its task and one or more 1nactive low power states The components
may self-manage the power state transitions or may be controlled externally A power manager observes
the component workload and controls 1ts power state accordingly, where the power state corresponds
to a particular operating frequency and voltage Such strategies are commonly referred to as Dynamic
Voltage/Frequency Scaling (DVS/DFS) In this scenano, components can be put in a low power state
or shutdown to save power when not needed However, there are many complications regarding the
implementation of a DPM system [122] For example, components should only be shut down if the
shutdown period 1s long enough to amortise the cost of turning off the component This means that
the DPM controller needs to be able to predict with a certain degree of accuracy the fluctuations in a
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synthesis approaches [123] and tools like Synopsys’ Power Compiler now has features such as automatic
clock gating and power aware placement [107] Since by their adaptive nature, the SA-DCT/IDCT have
a variable computational load, clock gating 1s used to gate off logic in the SA-DCT/IDCT architectures
proposed 1n Chapters 3 and 4 according to the dynamic nature of the input shape information

Other techniques related to clock tree optimisation include half-frequency and half-swing clocks [32]
A half-frequency clock triggers logic on both the nsing and the falling edge, thus enabling 1t to run at half
the frequency and hence reduce switching by 50% One drawback of this technique 1s the increased area
requirements of double edge-tnggered latches and flip-flops  Another 1ssue 1s the complexity involved 1n
interfacing logic that 1s double edge-triggered with logic that 1s single edge-tnggered A half swing clock
swings only half of the supply voltage on each edge, which again saves power However, this increases
latch and flip-flop design requirements and 1s difficult to apply 1n systems with a hughly scaled supply
voltage

The concept of asynchronous logic 1s a much-debated topic 1n the design communmity and 1ts sup-
porters claim that a system without a clock can save considerable power However, asynchronous logic
requires extra handshaking signalling and 1s 1n general difficult to test The fact that most EDA tool
vendors warn against the use of asynchronous logic 1s a strong sign that the synthesis results may be
unpredictable

Ghitching/Switching Minimisation  Circuits can sometimes exhibit spurious transitions due to finite
propagation delays through logic blocks This 1s especially true 1f logic depths are unequal between
registers To mimimise these glitches 1t 1S important to balance all signal paths as much as possible For
example, consider the two implementations for adding four numbers shown m Figure 2 31 Assume all
inputs arrive at the same time If there 1s a propagation delay through the first adder in the cascaded
case, the second adder 1s computing with the new C input and the old value for A + B When the new
value of A + B finally propagates, the sum 1s recomputed The same idea 1s true for the third adder,
except this time the addition 1s computed three times per cycle The capacitive load switched per cycle
1s greater for the cascaded case compared to the tree implementation due to the spurious transitions
The capacitive load for the registers holding the primary mputs 1s also distributed more evenly 1n the
tree circuit  Sometimes, however, the primary mputs may have different arrival times and depending
on the specific signal timing statistics, a hybnid cascaded tree implementation may be optimal Such
decisions can only be taken with certainty after synthesis and placement deta:ls are available As well
as balancing logic paths, other common techniques to reduce general node switching {(as opposed to
ghtching 1n particular) include conditional computation [84] and clever finite state machine encodings
(Gray, One-Hot etc ) Both adder tree balancing and Gray coding of finite state machines are used in the
SA-DCT/IDCT architectures proposed in this thesis

Reduced Precision Computation The previous techniques that have been mentioned aim at saving
energy without loss of performance Speed may be sacrificed, but the precision and accuracy of the
output produced by the low power hardware accelerator 1s maintained However there are cases when
degradation 1n quality may be acceptable if it can be traded for increased battery life Signal processing
applications generally require many additions and multiplications and energy can be saved 1f the bit
widths of some of these computatons 1s reduced, or if the results of a computation are rounded to a
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Figure 2 31 Reducing Glitching by Balancing Signal Paths

smaller number of bits A detailed examination of the algorithm to be implemented may hint at certain
computations that may afford less accurate or precise computation without a significant degradation in
quality For example, an 8 x 8 DCT computation produces 64 frequency coefficients all of which require
the same number of additions and multiplications to compute However, as outlined 1n Section 2 2 2,
the lower frequency coefficients are most important 1f the DCT 1s being applied to natural video data
Therefore 1t may be energy-efficient to compute the high frequency coefficients less precisely It may
also be possible to adapt the precision of the computations based on the input signal statistics and only
dissipate the mimimal power necessary for each individual computation This idea has been explored for
a hardware accelerator implementing the forward 8 x 8 DCT [124] The SA-DCT/IDCT architectures
proposed 1n this thesis use fixed-point arithmetic using the lowest possible bitwidth that maintains the
quality required by the MPEG-4 standard

2335 Circuat/ Technology Level Techmiques

The energy saving techniques discussed up to this point have been relatively independent of the technol-
ogy used to implement hardware accelerators The focus has been on optimising the system architecture,
the algorithm to be implemented and the local architecture of the hardware accelerator These techmques
are applied before the synthesis process enhanced by sophisticated EDA tools during logic synthesis
Applying low power methodologies effectively at the circuit, transistor or silicon levels requires a de-
talled understanding of the technology being used and the associated semiconductor physics The maimn
technique used 18 to scale down the voltage to save power, but this can also cause subsequent adverse
behaviour depending on the technology employed Since these techniques are not exploited directly by
the SA-DCT/IDCT architectures proposed in this thesis, this section aims to only briefly outline the most

commonly used techniques at these levels

Logic Circuit Options There are numerous options available in choosing the basic circuit approach
and topology for implementing various logic functions The choice between static versus dynamic imple-
mentations and pass-gate versus conventional CMOS are two such examples [83] In terms of low-power
properties, dynamic logic has the edge over static logic since 1t has lower glitch switching, eliminates
short-circuit dissipation and reduced parasitic node capacitances Pass-gate logic 1s attractive, as fewer

transistors are required to implement logic functions such as XOR [34]
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Voltage Scaling and 1ts Imphlications  As noted earlier, 1deally the most effective method to reduce
power consumption is to reduce the supply voltage since the energy per switching transition 1s quadrat-
ically dependent on this term  Unfortunately one adverse effect of reducing V4 1s that the speed of the
logic gates 1s reduced A first order approximation of the relationship between voltage and delay 1s given

in Equation 2 39
Cr Vad

- Lo W (Vg — Vi)?

T (2 39)

Since the objective 1s to reduce power consumption while keeping the latency of the overall system fixed,
compensation for these increased delays 1s required At higher levels of abstraction this 1s achieved by
parallelism and pipelining as outlined earlier At the lower levels of abstraction, two primary techniques
based on Equation 2 39 mvolve resizing the transistors (the W/ L ratio — see Figure 2 25) and scaling the
device threshold voltages The latter technique has serious implications in deep sub-micron designs and
1s dealt with separately in the next section

With regard to transistor sizing, 1t can be seen from Equation 2 39 that increasing the W/ L ratio will
decrease the delay but 1t will also increase the gate capacitance and increase the switching power con-
sumption In circuits where the parasitic capacitances dominate over the gate capacitances, the trade-off
18 not so distinct and there exists an optimal W/ L ratio that actually minimises the switching power con-
sumption with a certain decrease 1n gate delay [83, 96] When the parasitic capacitance 1s negligible, the
nmuuimum sized devices should be used Adjusting the transistor sizes and the supply voltage optimally
to balance speed and power 1s very much circuit dependent

One way to improve both power and delay is to use a smaller technology where all voltages and
hnear dimensions are scaled down [96] The scaling formulae are presented in Section 23 2 5 in the
context of circuit benchmarking The difficulty with 1deal scaling 1s the requirement for the threshold
voltage to scale along with the supply voltage as well as rehability 1ssues In addition, with the latest
technologies such as 90nm the resistances associated with interconnects are no longer negligible This
may cause voltage drop problems and electromigration effects when routing the power supply rails and
the clock tree [125]

In general, reducing the supply voltage will reduce the power consumption but increase the device
delay Techniques such as transistor sizing, technology scaling and threshold voltage scaling are com-
monly employed to compensate for the imncrease m delay However, with the most modern technologies
these techniques cause problems with static power dissipation which :f not tackled threaten the viability
of future feature size miniaturisation

2336 Tackhng Static Power Dissipation

As technologies are scaled to make devices smaller and faster, the supply voltages are also scaled The
supply voltages are scaled to keep the electric fields the same across generations, since many of the
device rehability parameters are a function of the fields that exist within the device This approach
1s called constant field scaling [89] Scaling the supply voltage has the added benefit of reducing the
dynamic power dissipation as outlined in the previous section To achieve a device delay improvement
as 1t 1s scaled, the device drive current must be kept constant [91] The drive current 1s a complicated
function of many parameters including (Vg — Vi) The quantity (Vg — V) 1s referred to as the gate
overdnive, where Vg 15 the supply voltage and V; 1s the device threshold voltage As Vyg 1s scaled, V;
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must be scaled accordingly to keep the drive current constant Unfortunately as Equation 2 18 illustrates,
the sub-threshold leakage current 1s exponentially dependent on —V; This 1s the reason why static power
dissipation 1s increasing as technologies shrink below 90nm

Research into the static power 1ssue 1s widespread and one solution 1s to use multiple voltage domains
[125] In tlus approach, any performance critical functions can be located 1n a higher voltage domain
while non-critical functions can be allocated to a lower voltage domain Many vendors also offer multiple
V; libraries where each type of gate 1s available 1n different forms low-threshold devices that switch
quickly but have high leakage, and high-threshold devices that switch more slowly but have low leakage
Again, low V; devices could be used on cntical paths only Another techmque 1s to selectively power
down low V; chip areas when they are not needed [89] This techmque 1s called power gating, and 1s
based on the same concept as dynamic power management of subsystems, except at the transistor level
For this techmque to work effectively, accurate prediction and speculation circuitry 1s needed which
obviously has an associated area overhead There 1s also widespread research at the silicon and physical
level, and some common themes appear to be strained silicon and high-k dielectrics [91] Strained silicon
1s a processing technique that essentially stretches the silicon molecules further apart, allowing electrons
to flow through transistors up to 70% faster This will reduce the need to scale V; as aggressively to
maintain the gate dnve current “High-k” stands for high dielectric constant, which 1s 2 measure of
how much charge a matenal can hold By moving to a new high-k matenal, the drive current can
be maintained at the level 1t could have achieved with sihcon dioxide dielectrics — and overcome the
leakage Intel aims to introduce a high-k dielectric with 1ts 45nm technology before 2010

2337 Recurring Themes 1n Low-Power Design

Section 2 3 1 has provided a detailed explanation of the sources of power consumption in modern CMOS
devices This discussion has shown that the prnimary controlling parameters are voltage, physical capac-
1tance, operating frequency and node activity rate The sub-sections thus far in Section 2 3 3 have de-
scribed techniques at the different abstraction levels that aim to jointly optimise these parameters Many
of these techniques follow two common themes — trading area/performance for power and avoiding waste
(37]

It has been demonstrated that decreasing the system supply voltage to save power degrades the max-
imum operating frequency of the system Clearly this represents trading power for performance In
deep-submicron design where power 1s a pnimary design constraint, a designer should aim to meet rather
than beat performance requirements If performance constraints are also tight, the designer can employ
parallelism which has been shown to save power as well as maintain performance However, excessive
parallelism 1ncurs an area penalty, which 1s clearly important on a mobile platform where area 1s limited
It 1s clear that with modern technology, a designer must carefully trade area, performance and power
according to the system constraints

The other recurring theme of low power design involves avoiding waste Low power techniques for
avolding waste exist at all levels of abstraction (e g DPM, algorithm re-formulation, clock gating, glitch-
g elimination and power gating) These techniques almost come for free in the sense that performance
and area are not significantly affected if they are employed (1gnoring relatively negligible overheads)
These techniques are mainly common sense 1deas but can significantly improve the power consumption

of a system
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127] Ths section briefly summarises the kind of EDA algorithms used by a synthesis tool, which gives
context for the EDA algorithm proposed by the author in Chapter 5 that optumises the hardware resource

allocation for general CMM operations

2341 Trendsmn EDA

In general, the synthesis process 1s a multi-stage process that takes a specification of the behaviour
required of a system and a set of constraints and goals to be satisfied, and finds a structure that implements
the behaviour while satisfying the goals and constraints [128] The synthesis flow 1s an important topic
n 1tself, and a proper treatment 1s beyond the scope of this thesis

It must be noted that differing definitions of the scope of the synthesis stages exist in the literature, but
they all refer to translation from behaviour to structure at some abstraction level Behavioural synthesis
translates an untimed algornthmic description (possibly C/C++/SystemC) into a cycle accurate Register
Transfer Level (RTL) description (SystemC/Venilog/VHDL) RTL synthesis transforms behavioural HDL
constructs (such as if-else and case statements) into a structural representation (Boolean networks for
combinational logic and fimite state machines for sequential logic) Logic synthesis s the fine tuning of
an existing structural description based on design constraints Layout synthesis 1s the place and route
step where a layout mask of the final chip for manufacture 1s produced

The escalating complexity of hardware designs led to the emergence of HDLs 1n the 1990’s, since
schematic capture became no longer feasible Today, there 1s no established automatic design flow from
the system level to the timed RTL description, although this 1s slowly changing TIn the workplace, digital
designers usually manually interpret a behavioural system specification document and directly code HDL
timed RTL descriptions of the various sub-modules As designs have become even more complex and
time to market pressures increase, there 1s a necessity for a more integrated design flow incorporating
behavioural synthesis Behavioural synthesis and RTL synthesis can be grouped by the term “High-Level
Synthesis” (HLS) The HLS process 1s discussed 1in more detail in Section 23 42

The most recent EDA trend 1s the emergence of Electronic System Level (ESL) design flows —a fully
integrated design flow from concept to manufacture The perceived advantages of such a flow include

e More abstract models facilitate faster and easier design space exploration

e No manual translation necessary from behavioural software description to RTL hardware descrip-

ron

e Virtual prototypes for the hardware are immediately available so software development can begin
1n parallel as opposed to the traditional staggered design flow where a physical hardware prototype
1s necessary first

¢ Verification time decreases significantly compared to RTL simulation

ESL tools have been slow to emerge due to concerns about the quality of results compared to hand crafted
RTL design However, there 1s significant work ongoing 1n this field and recent years has seen the release
of many ESL tools Examples include Cynthesizer by Forte [129], DK Design Suite by Celoxica [130]
and Catapult C by Mentor Graphics [131] The overriding trend 1s the drive to more ntegrated design
flows with designs described at more abstract levels However, the EDA algonthm proposed in Chapter 5
15 still 1in the HLS domain
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2342 The High-Level Synthesis (HLS) Process

HLS may be thought of as an intermediate abstraction level of synthesis between pure RTL synthesis and
true ESL synthesis The process may start with an untimed or timed description of the system, depending
on whether the behavioural synthesis step 1s included or not Once a timed RTL description 1s available,
the following synthesis steps take place to translate it into a structure transparently mappable to hardware
gates [127, 126]

Compilation

High Level Transformations

Scheduling

Allocation

e Binding

These are the steps that underpin the “synthesis tool” black-box i Figure 2 32 The compilation step
15 a one-to-one transformation of the input HDL specification into a new internal representation of the
behaviour, better suited to synthesis [128, 127] No optimisation occurs 1n this step and the result s
usually graph based (a data flow graph and a control flow graph) [127] High Level Transformations
(HLTs) aim to optimise circuit behaviour by transforming the description of the circuit without altering
its functionality Some common HLTs include dead-code elimination, common sub-expression sharing,
algebraic transformations and constant propagation [126] The goal of scheduling 1s to optumise the
number of control steps needed to complete a function, according to design constraints A scheduling
algorithm assigns each operation 1nto one or more control steps [128] The allocation and binding steps
carry out the selection and assignment of hardware resources for a given design Based on the schedule,
allocation determines the type and number of resources (registers, adders, gates etc ) required by the
design Binding assigns the mstance of an allocated hardware resource to a given data path node [126]
The HLS steps are non-trivial and the optimisations used depend on the design constraints Indeed
the HLS process can be described as an NP-complete problem, so 1n general clever heurnistic approaches
are required [126, 127] The design space 1s large and a good HLS process aims to search the design
space cleverly to converge on an optimal realisation based on constraints The complexity of the problem
means that 1t wall always remamn an active area of research, especially since the optimal synthesis of

complex VLSI systems 1s vitally important

2343 High-Level Transformations of VLSI for Constant Matrix Multiplications

Applications 1nvolving the multiplication of vanable data by constant values are prevalent throughout
signal processing, 1mage processing, control and data commumnication {132] Some common tasks that
nvolve these operations are finite impulse response filters (FIRs), the discrete Fourier transform (DFT)
and the discrete cosine transform (DCT) Optimisation of these kind of multiplications will significantly
impact the performance of such tasks and the global system that uses them The tasks listed as examples
are instances of a more generalised problem — that of a linear transform nvolving a constant matrx
multiplication (CMM)
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a detailed state-of-the-art review of work 1n this field to give context for the contributions made by the

author’s work

235 Conclusions

The discussion 1n this section has 1llustrated clearly that with the ever-increasing mmiaturisation trends
in microelectronics power consumption has become the high prionity design constraint The sources of
power consumption in a CMOS circuit have been derived and the typical approaches taken by designers
to tackle the 1ssue have been introduced To achieve sigmificant power gains, energy efficiency must
be considered at all abstraction levels and at all stages of the design cycle Most power savings can
be made at the higher levels and the 1mtial stages of the design where by reformulating the problem,
energy 1s not wasted on computation that 1s not necessary It 1s this high-level approach that has been
adopted for the design of the SA-DCT and SA-IDCT cores proposed in Chapters 3 and 4, as well as the
CMM optimisation algorithm proposed in Chapter 5 In particular, the main contributions of the SA-
DCT/IDCT architectures proposed in this thesis are at the algorithmic and RTL/logic abstraction levels
It 1s envisaged that the proposed CMM optimisation algorithm could be mntegrated into a sophisticated
EDA synthesis tool to help achieve superior results for a complex hardware resource allocation problem

24 Summary

This chapter has presented a comprehensive technical background to give context and motivation for the
author’s own work Digital video applications are emerging as key selling points on the latest mobile
handsets Due to the large amount of data mvolved, a data compression scheme 1s required to make
transmission and/or storage feasible This chapter has described the basic enabling technologies that
underpin the modern video compression schemes A taxonomy of compression standards has been pre-
sented, with emphasis on object-based MPEG-4, which uses the SA-DCT/IDCT It was explained how
video compression schemes are very computationally demanding, and how on a mobile platform this
gives rise to power consumption concerns This chapter presented the sources of power consumption
in modern CMOS technology, discussed some benchmarking metrics, as well as outlining power sav-
ing techniques for all levels of design abstraction It 1s concluded that most savings are possible at the
higher abstraction levels (system, algonthmic, RTL) Such “high-level” techniques include effectively
partitioning the system between hardware and software, avoiding redundant computation, and hardware
resource re-use The SA-DCT/IDCT architectures of Chapters 3 and 4, as well as the CMM optimisation
algonthm proposed in Chapter 5 have been designed with this high-level approach i mind
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CHAPTER 3

Shape Adaptive Discrete Cosine Transform Architecture

Modern image and video compression standards use transform based compression techniques to achieve
highly efficient compression ratios as outlined in Chapter 2 The transformation process literally trans-
forms the mput data to an alternate representation, which 1s more amenable to compression than the
original representation By processing the data in the transform domain, 1t 1s easier to exploit spatial sig-
nal redundancy and thereby achieve lower bit-rates for transmission Both representations are equivalent
and the forward and inverse transform equations are used to alternate between one and the other This 1s
possible because the transformation 1tself is a lossless process and performing the inverse transformation
restores the original image data

The benefits of transform-based compression come at a cost — the transform functions are among
the most computationally demanding in a video codec Hence, there has been extensive research into
efficient implementations, both software and hardware, of mathematical transforms The stringent power
and real-time design constramnts imposed by modern mobile multimedia devices has seen a recent focus
on efficient hardware implementations of transform functions The most popular transform adopted
by multimedia standards 1s the Discrete Cosine Transform (DCT) [54] for block-based codecs and 1ts
Shape Adaptive extension, the SA-DCT, for object-based codecs [20] This chapter firstly surveys state
of the art implementations for the DCT/SA-DCT proposed 1n the literature Then, a novel hardware
implementation of the SA-DCT 1s proposed that offers a good trade-off between area, speed and power
consumption This architecture 1s extremely attractive 1f implementing a mobile multimedia terminal
that supports MPEG-4 object-based processing

3.1 Introduction

To 1llustrate the additional complications associated with the SA-DCT compared to the regular 8 x 8
DCT, consider Figure 3 1 which 1s similar to Figure 2 15 (see Section 2 2 6 for an introduction to the
algorithm) In Figure 3 1, the data in the block relevant to the VO 1s labelled with integers to explicitly
llustrate how the data 1s shifted and packed during the different SA-DCT steps The additional factors
that make the SA-DCT more computationally complex with respect to the 8 x 8 DCT are vector shape
parsing, data alignment and the need for a vanable N-point 1D DCT transform The SA-DCT 1s less
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mean that real-time processing 1s more difficult to achieve As such, there 1s a valid case for hardware
acceleration of the SA-DCT tool especially given the relatively reduced performance and computational
capability of mobile processors Any hardware acceleration solution proposed for the SA-DCT on a
mobile platform must make power efficiency a pnimary design feature as well as matching the other re-
quirements for throughput and low silicon area The proposed solution tackles these 1ssues at a high level
of abstraction, yielding a low power solution without sacrificing throughput or area, nor does 1t impact

on design-time by requiring exotic process technologies or circuit design techniques

3.2 DCT/SA-DCT Hardware State of the Art Review

This section outhines the algonthmic and architectural approaches to implementing the 8§ x 8 DCT and
in particular the SA-DCT There 1s a huge amount of literature discussing 8 x 8 DCT implementations —
this 1s due to the computational complexity of the algorithm and 1ts importance 1 various signal process-
ing applications  As such, Section 3 2 1 aims to classify DCT implementations by general approach
Section 3 2 2 discusses SA-DCT specific implementations in detail giving context for the proposed SA-
DCT architecture outlined subsequently A condensed version of this DCT/SA-DCT unplementation

overview 1s given 1n [48]

321 Classes of DCT Implementation Approaches

Due to the computational complexity of the DCT, many fast algonthms have been proposed 1n the lit-
erature Imtially, the focus in the literature was on developing fast algorithms without consideration for
VLSI implementation The fastest algonthms generally result in complex signal-flow graphs with 1rreg-
ular routing, complex architectures and numerous /0 pins  As a result, most VLSI implementations of
the DCT 1n the literature use simpler, more regular, hardware-oriented algorithms This section outlines
some of the fast algorithm approaches before discussing the hardware-oriented approaches (systolic ar-
rays, recursive structures, CORDIC, approximation-based, integer encoding and distributed arithmetic)
The taxonomy of approaches is summansed n Figure 3 4

There are two broad categories of 2D DCT computation schemes that can be implemented 1n both
hardware (architecture) or software (algonthm) These are the direct approach (which operates directly
on the 2D pixel data) and the so-called row-column approach, which exploits the separability of the
DCT (see Section 2 2 2) The row-column approach 1s a two stage process that involves computing a
1D DCT for each of the columns 1n the 8 x 8 pixel block, followed by a 1D DCT on each of the rows
of the result Some authors claim that the direct approach 1s more computationally efficient than the
row-column approach since the latter 1s more complicated and requires additional matnix transposition
architecture to store the intermediate data [139] However, direct implementations generally suffer from
irregular routing [140] The direct and row-column approaches are very general, and can be implemented

with any of the strategies listed in Figure 3 4

3211 Fast Algorithm Approaches

The primary goal of fast DCT algorithms 1s to mummuse the number of anthmetic operations — especially
multiplications  The early fast DCT algonthms are based around the 1deas similar to the Cooley-Tukey
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Figure 3 4 Taxonomy of DCT Implementation Approaches

FFT algonthms, namely data-reordering and butterfly processing to avoid redundant computation The
“Chen” algonthm 1s a common approach for implementing an N point DCT where N 1s a power of
2 [141] It uses the fact that a umtary matrnix can theoretically be factorised into products of relatively
sparse matrices These matrices are tailored 1n such a way as to reduce the number of computations This
algonithm requires 16 multiplications and 26 additions for the 8-point DCT It also has the advantage that
it uses real arithmetic, which 1s more hardware efficient compared to complex anthmetic approaches
that exploit the Discrete Fourier Transform [142] An approach based on the derivation of the FFT 1s
proposed by Lee requiring 12 multiplications and 29 additions [143] A similar approach to the Chen
algorithm 1s proposed by Loeffler et al whose signal flow graph 1s based on scale-rotation operators
[144] This approach needs 11 multiplications and 29 additions and a recent paper has implemented 1t
on an FPGA platform [145]

Another approach proposed by Feig exploits the fact that scaling and quantisation follow the DCT 1n
avideo codec [146] The subsequent scaling means a scalar multiple of the DCT basis functions might do
mnstead of a two step DCT and quantisation process, with appropriate compensation icorporated 1nto the
scaling The algonthm also factorises the DCT basis matrix using the so-called “Winograd construction”
The Feig algonthm requires 13 multiplications and 29 additions An extremely fast algorithm based
on similar 1deas as the Feig algorithm 1s the so-called “AAN” algorithm [147], which needs only §
muitiplications and 29 additions For more details and a broader survey of fast DCT algorithms, the
reader 1s referred to Chapter 14 of [148] and Chapter 4 of [142]

3212 Systohc Approaches

The advantage of a systolic array approach is that the resulting architecture 1s very modular, regular and
easily pipelined Since there 1s only local communication between processing elements, high speed 1s
possible The disadvantage of such an architecture is the relatively large area requirement

A systohic approach using single instruction multiple data (SIMD) techniques 1s proposed 1n [149]
The architecture 1s based around the “Lee” fast algorithm [143] Pan et al propose a unified systolic
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array architecture capable of computing not only the DCT but also the Discrete Sine Transform (DST)
and the Discrete Hartley Transform (DHT) [1S0] Depending on the transform required, each processing
element 1s capable of either computing two parallel mult:ply-accumulate operations, or one multiply-
accumulate and one multiply-deaccumulate Aggoun et al propose a fully parallel systolic architecture
with multiply-accumulate processing elements [151] The multiplier has an array architecture and the
partial products are accumulated using a column compressor tree A recent paper by Cheng et al pro-
poses a systolic array structure for an N-point DCT with the restriction that N must be a prime number
[152] Inthis paper the DCT 1s reformulated into two cyclic convolutions implemented as systolic arrays
Other references proposing systolic array architectures to compute the DCT include [153, 154, 155]
However, despite their regularity and locality, the high hardware area cost (usually proportional to N 2
[156]) of systohc architectures generally make them unsuitable for VLSI implementations on a mobile
platform

3213 Recursive Approaches

A recursive approach can be used to compute the DCT at varying levels of granularity At the coefficient
level, a recursive operation could be executed iteratively to yield a single DCT coefficient However, the
computation may suffer from round-off noise depending on the bitwidth of the datapath At a higher
level, recursive structures could be used to generate higher order DCTs from lower order DCTs A
recursive structure 1s area efficient and allows programming flexibility This affords the possibility to
selectively control the amount of coefficients computed and their accuracy to a certain degree This
could be leveraged by a dynamic power management system to reduce the amount of computation 1n low
power mode

Chan et al propose an algorithm that converts a length 2" DCT mnto n groups of equations with
the group sizes 271,272 20 respectively [157] The result 1s a regular formulation suitable for
implementation using a regular filter structure Although the structure 1s quite simple, 1t does require
more multiplications than some of the fast algorithms Elnaggar et al propose a recursive architecture
based on the fact that a large 2D DCT can be decomposed exactly into a single parallel stage of four
smaller 2D DCTs with additional pre and post processing [158] A recent paper by Chen [159] outlines
a family of recursive processing elements capable of computing an M -dimensional DCT that could be
used in a 3-D DCT coding scheme as opposed to conventional 2-D DCT with motion compensation The

striactures exploit the symmetrical properties of the DCT basis functions to reduce recursion iterations

3214 CORDIC Approaches

Another c¢lass of approaches to implementing the DCT 1s based on the COordinate Rotation Dlgital
Computer (CORDIC) algonthm [160] CORDIC 1s an iterative algorithm for calculating trigonometric
functions including sine, cosine, magnitude and phase It 1s particularly suited to hardware implemen-
tations because 1t does not require any multiplies CORDIC 1s based upon the concept of rotating the
phase of a complex number by multiplying 1t by a succession of constant values If the multiphers are
powers of 2 they can be done using just shifts and adds, no actual multiplier 1s needed

A DCT architecture that makes use of CORDIC rotators 1s proposed by Jeong et al [161] The
architecture exploits the fact that image data 1s highly correlated so local differences will have small
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values If these values are small, some of the CORDIC iterations may be skipped, avoiding power
wastage Another recent CORDIC approach 1s by Hsiao et al [162] The architecture for the DCT
1s denived from a decomposition of the DFT and uses butterfly operators and rotators as processing

elements

3215 Approximation Approaches

Some recent approaches are designed for low power by using specific low power architectural techniques
and algorithm approximation In [163], Christopoulos et al propose an approach that exploits the fact
that the most useful information about image data 1s kept in the low-frequency DCT coefficients Only the
low-frequency DCT coefficients are computed by using a so-called ‘pruning’ algorithm The algorithm 1s
used for the computation of Ny x Ny coefficients, which are a subset of the possible N x N coefficients
with the restriction that V and Ny are powers of two This results 1n computational savings, and the
recursive nature of the algonthm allows the computation of the DCT coeffictents in zig-zag order saving
the entropy encoder this task The authors claim that the algonthm 1s suitable for high-speed, limited
memory applications

Another hardware-oriented pruning scheme 1s proposed 1n [164] which investigates the quantisation
parameters and the last non-zero DCT coefficient after quantisation This information 15 used to adap-
tively make the decision of calculating all 8 x 8 DCT coefficients or merely a subset of these This
1s because the magnitudes of the high-frequency DCT coefficients are usually small and tend to go to
zero after quantisation anyway This paper also proposes a method to approximate the DCT coefficients,
which leads to further computational savings This 1s possible since, when the quantisation parameters
are large, the coefficients will be coarsely quantised Such methods are useful for low bit-rate applica-
tions such as mobile MPEG-4 codecs This work 1s extended in [165] where a theoretical model for the
DCT coefficients is proposed which generalises the work n [164]

August et al propose some low power optimisations on a “Chen” datapath 8 x 8 DCT [166]
One techruque 1s skipping macroblocks that have small magnitude data after motion compensation This
decision 1s based on a simple function of the quantisation parameter and the sum of absolute differences
computed by the motion estimator A similar approximation approach that incorporates the data-driven
architectural 1deas by Xanthopoulos [124] is proposed by Lin et al [167]

3216 Algebraic Integer Encoding

Algebraic mteger encoding 1s an interesting approach that expresses each DCT cosine scale factor as
an mteger polynomial of a base cosine [168, 169, 170] The underlying mathematics 1s too mnvolved
for a full treatment here, but a detailed explanation can be found in [171] The advantages of algebraic
integer encoding are 1ts low complexity and high precision The nternal datapath precision only grows
maximally to 13 buts, and this 1s considerably less than the typical 22 bits of conventional approaches
The mnherent description of the integer encoding scheme 1s such that it 1s easily mappable to a distributed
arithmetic structure Distributed arithmetic structures are discussed 1n detail 1n Section 3 2 1 7, and their
primary advantage 1s that power consumptive multipliers are not required

There 1s currently a call for proposals on a fixed-point 8 x 8 IDCT and DCT standard for use 1n the
MPEG video coding standards [172], hence approaches such ag algebraic integer encoding should come
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to prom:nence in the near future The broad goal of this activity 1s to come up with a low computational
complexity transform scheme that can achieve acceptable performance as well as eliminating the IDCT
mismatch problem and drift between encoders and decoders [173] This mismatch problem 1s discussed
in greater depth 1n Chapter 4 1n the context of IDCT implementations

3217 Distributed Arnithmetic Approaches

Although the DCT 1s an extremely complex operation, it 1s essentially a collection of dot products, each
involving multiply-accumulate operations Therefore, any algorithm or architecture that implements the
DCT should focus on reducing this computation — particularly the multiplications This 1s especially true
for low power hardware solutions One architecture technique that has evolved 1s Distributed Arithmetic
(DA), which 1s a bit-senal operation that computes the dot product of two vectors, one of which 1s a
constant (the DCT basis vectors in this case) mn parallel The advantage of DA 1s 1ts efficiency and
the fact that no multiphcations are necessary A more detailed explanation of the theory behind DA 1s
provided n this section as 1t 1s the technology underpinning of the SA-DCT and SA-IDCT architectures
proposed 1n this thesis It 1s also the foundation of the proposed EDA algorithm for constant matrix
multiplication circuit design proposed 1n Chapter 5

DA 1s widely acknowledged to be extremely efficient at computing a dot product calculation when
one of the vectors contains constants The paper by White 1s a seminal paper i this area where the
theory 1s explained 1n detail along with possible architecture optimusations [174] A frequently argued
disadvantage 1s apparent slowness because of 1ts bit-serial nature However 1n his paper, White discusses
techniques such as offset-binary coding, bit-pairing and word partitioning to speed up the computation
and claims that DA 1s at 1ts most efficient when the number of mput lines 1s equal to the number of clock
cycles required to load the data Essentially this means balancing the area of the circuit (a consequence
of the number of parallel input lines) with the circuit latency (the clock cycles required to compute the
dot product) DA mmpiementations of dot product circuits where one of the vectors 1s constant have
been shown to have attractive power consumption properties [124] There are two broad approaches to
implementing a DA computation unit — ROM-based and adder-based, both of which are introduced here
The SA-DCT/IDCT architectures proposed in this thesis adopt the adder-based approach since it requires

no ROM lookups and 1s more scalable, as explained in the following sections

ROM-Based DA Consider Equation 3 1 which shows a single dot product of varable data vector x
with a vector of constants A(u)

N-1
X(u) = Alu)azx G
k=0

Assume that each data vector element z; 1s a (|P + 1 — @|)-bit twos complement binary number (P 1s
MSB index, @ 1s LSB index) and so can be represented as shown 1n Equation 3 2 where br() € {0,1} 1s
the eth bit of data vector element z; To be clear, by(q) 1s the least significant bit (LSB) of x4, and by(p)

1s the sign bit (also the MSB)
P-1

Zp = —bk(p)QP + Z bk(z)Ql (32)
1=Q
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Substituting Equation 3 2 into Equation 3 1 yields

N-1
X(u) = ZA Uk _bk(P)2 +Zbk()2z 33)
k=0 1=Q
N-1 - P-1
X(u) = ZA w)kbip) 27 +ZA W Y b2 (3 4)
=0 k=0 1=0Q
N-1 P—1[N-1
X(w) = =) A(uhbyp)2” +Z Au ‘Cbk(l:| (353)
k=0 1=Q Lk=0
Z

The rearrangement of the summation to arrive at Equation 3 5 1s the key step 1n deriving the ROM-based
DA computation Consider the bracketed term Z in Equation 3 5 Since byp,y € {0,1}, Z has only 2N
possible values The set of possible values Z can take can be precomputed, since vector A(w) 1s constant,
and stored m a ROM of size 2V

The corresponding bits from each of the /V data vector elements zj are fed senally to an address
generation unit 1e |P + 1 — Q] 1iterations) At each senal iteration ¢, the corresponding N bats
(bo@y: b1y, »bN—1()) are aggregated to form a ROM address to access one of the N possible Z
values The architecture 1s referred to as distributed because the binary bit values of xj are distributed
across |P+1— Q| weights The value of | P + 1 — @] 1s generally termed as the DA precision The ROM
value for each weight then needs to be scaled and accumulated as described in Equation 3 5 Each weight
15 scaled by a power of 2 so the entire process can be achieved using successive shifts and accumulations
Special care 1s needed with the first term of Equation 3 5 (the sign bit 1¢ when ¢ = P) to ensure that
the accumulator subtracts the weight from the partial sum After [P + 1 — Q| cycles, the final value of
X (u) 15 present in the result register A sample ROM-based DA architecture with P = 5,Q =0, N =4
1s shown 1 Figure 3 5 The benefit associated with this approach 1s that no multiplications are required
to implement the dot product — only additions are required A recent proposal for a low-power FIR filter
architecture uses ROM-based DA coupled with unsigned LUT data to reduce net switching [175]

In terms of ROM-based DA DCT architectures, [176] 1s based on the “Chen” algorithm, and to
improve latency two 16-word ROMs are used with a2 Wallace column compressor accumulator Paek
et al use the row-column decomposition scheme based on the “Chen” and “Lee™ algorithms and the
architecture 1s capable of both DCT/IDCT with ROM-based DA {177] Karathanasis claims that most of
the traditional ROM-based DA DCT implementations have large ROM requirements, and the algorithm
proposed uses offset binary coding to alleviate this drawback [178] Offset binary encoding effectively
reformulates Equation 3 2 to enable ROM compression — further details on this scheme are available 1n
[174] Scopa et al present a low power architecture for the 2D DCT [179] It exploits the fact that
coefficients will be subsequently quantised by adapting the precision of the calculations to the minimum
required Sub-systems are turned off when not necessary for the current computation thus saving power
The approach uses ROM-based DA with extensive use of pipelining to improve latency Srinivasan et
al employ a recursive structure (similar to the family of approaches described in Section 3 2 1 3), but
use ROM-based DA to implement the constant multipliers Hence, the regular compact properties of
the recursive structure are combined with the power efficient properties of ROM-based DA A simular
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approach 1s used 1n [180], where arithmetic units are turned off whenever possible The linear array
architecture used 1s fully pipelineable and easily scalable Xanthopoulos et al concentrate on fow
power optimusations for a ROM-based DA architecture [124] Furstly, they exploit local pixel correlation
by reducing computation dynamic range that leads to switching activity reduction (MSB Rejection)
Secondly, they use precision reduction for computation related to perceptually msignificant data (Row-
Column Classification) The architecture implements a row-column DA version of the “Chen” algorithm,
enhanced with these activity-reduction methods An area efficient architecture that uses ROM-based DA
1s proposed 1n [181], where a single 1D DCT/IDCT module 1s used to evaluate the 2-D DCT/IDCT In
essence, the module 1s used four times for each transform/reconstruction carried out in the codec, and 1s
based on the row-column technique Further approaches that adopt ROM-based DA DCT architectures
can be found m [182, 183, 184, 185, 186, 187, 188, 167]

Adder-Based DA With adder-based DA the values in the vector of constants are distributed as opposed
to the data vector, as was the case with ROM-based DA The bits of the constant vector elements are
distributed, as shown in Equation 3 6, over successive stages of adders, which combine elements of the
mnput vector x to form weighted values These weights are then shift-accumulated together to form the

result
P-1

Al = —bepy2t + > by 2" (3 6)
=Q

Combining Equation 3 1 and Equation 3 6 results in Equation 3 9 (see Equations 3 7 and 3 8) Note that
weight W py (corresponding to the sign weight P) needs to be 2°s complemented (change sign) since
it 1s derived from the sign bits and has a negative weight Since b,y € {0, 1}, each weight W,y has
only 2V possible values and 1s a linear additive combination of input variable vector x An element of x
(namely x) 1s included in the linear addition forming Wy ifbgpy = 1, where k = 0,1, N-1 To
generate the final coefficient X (u), all |[P + 1 — @] weights need to be scaled appropriately (1e shifted)

and accumulated together

To
X(u)=[Au)o Alw)n-1] (37
TN-1
- ~T - -
—2F bo(p) bn-1(p) Zop
2P-1 bo(p-1) bv-1(P-1) T
X(u) = (38)
20+ bo(@+1) bN-1(Q+1) TN-2
L 22 ] | b bN-1Q) xN—lJ
A(u)d
_ 4T ~ -
—oF Wip)
2P—1 I/V(P—l)
X(u)= (39)
204 || Wiga)
2@ | | wg,
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Figure 3 6 Conceptual NEDA Architecture

Again no multipliers are required, and adder-based DA has the extra bonus of requiring no ROM-lookups
Thus 1s particularly important if NV 1s large or if the DA precision |P + 1 — Q] 1s large [133] It has been
shown that if implementing the DCT, an adder-based DA architecture requires less silicon area compared
to ROM-based DA architecture [189] Adder-based DA 1s more promising in terms of hardware re-
use because the adder inputs can be easily reconfigured as demonstrated with the SA-DCT architecture
presented 1n Section 3 4 Shams et al refer to adder-based DA as NEw Distributed Arithmetic (NEDA)
and this acronym will be used in the remainder of this thesis [133] A conceptual NEDA architecture 1s
shown n Figure 3 6 NEDA based architectures offer the possibility of optimisation in the sense that the
number of adders required to compute a dot product depends on

e The length of the dot product N
e The precision |P + 1 — @] of the constant vector elements A{u)x

e The bimnary (or otherwise) representation of A(u)x

The impact of these parameters 1s discussed 1n greater detail in Chapter 5, Section 5 3 3

NEDA DCT architectures have become popular recently, and Chang et al propose a fast direct
2D algorithm with NEDA and common sub-expression sharing to reduce hardware cost and increase
throughput [139] It claims to combine a flexible programmable processor style approach with efficient
dedicated hardware units Generally, direct DCT algonthms (as descnibed 1n the ntroduction of Sec-
tion 3 2 1) require several stages of butterfly additions making routing difficult for parallel hardware
implementations Chang et al claim to overcome this by using a programmable processor style ap-
proach at the cost of longer computation latency Another proposal based on the “Chen” algorithm uses
NEDA with radix-2 multi-bit coding to minimuse resource usage [190] It also uses symmetric transpose
memory to improve latency Another NEDA architecture that computes DCT coefficients in parallel for
high throughput 1s proposed by Shams et al [133] The adder network required for each coefficient
1s derived using common sub-expression sharing and 35 adders are required 1n total to generate the DA
weights 1n Equation 39 Gundimada et al extend this 1dea by employing the “Chen” fast algorithm
which reduced the number of weight adders to 26 [191] The work by Shams has been developed fur-
ther by Alam et al who have proposed a time-multiplexed NEDA datapath (1 e a serial computation
scheme) to increase resource usage while mantaining low bandwidth senal /O [192, 193] This archi-
tecture uses 12 time-multiplexed adders to generate the DA weights A similar approach based on the
time-multiplexed 1dea 1s proposed by Guo et al [194] They exploit canonic signed digit representations
of the basis functions and their weight generation logic only requires 10 adders 1t should be noted that

time-multiplexed architectures such as these achieve lower area at the expense of lower throughput
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3218 Future Evolution of DCT Hardware Cores

As mobile implementations of MPEG-4 become more commonplace, research attention will focus more
centrally on low power hardware acceleration cores The DCT/IDCT tool 1s one of the most compu-
tationally 1intensive tools in the MPEG-4 toolbox and power efficient algonthms and architectures are
becoming increasingly important To include full object-based processing, architectures will need to
incorporate the regular block-based DCT with a shape adaptive DCT for VO boundaries Some of the
fastest algorithms that appear 1n the literature are not getting much attention because they translate to
very complex hardware layouts Future DCT/IDCT hardware tools for mobile MPEG-4 will probably
use simpler but slower (1 ¢ more senal) algorithms that have a regular and power efficient architecture
Some current low power techniques exploit the mathematical properties of the DCT/IDCT such as DCT
pruning algorithms, low energy macroblock skipping and truncated multiplication Other techniques
exploit the fact that the DCT/IDCT are essentially a large multiply-accumulate operation and use dis-
tributed arithmetic as an alternative to power consumptive multiplications There are also some general
low-level techmques that can be used such as clock gating, low-transition data paths and voltage scaling
[166]

322 SA-DCT Specific Approaches

The SA-DCT 1s a column-row process and cannot be easily implemented directly as a 2D equation given
the large number of possible 8 x 8 shape configurations The primary computation engines required to
implement the SA-DCT are a variable N-pomt 1D DCT processor, an alpha shape parser (for the packing
steps) and a memory scheme to store the intermediate coefficients after the vertical transform The
dynamic nature of the SA-DCT processing steps pose significant VLSI implementation challenges and
many of the previously proposed approaches use area and power consumptive multipliers to implement
the N-point 1D DCT Most also 1gnore the subtleties of the packing steps and manipulation of the shape
information

Gause et al [195, 196] have proposed two FPGA-specific architectures for the SA-DCT Because
shape adaptive algonthms are less regular and predictable compared to the classic DCT, Gause et al
propose reconfigurable architectures, one using “static reconfiguration” and the other using “dynamic
reconfiguration” of the FPGA fabric They implement the SA-DCT packing stages using a shuft register
controlled by the incoming shape information This approach induces needless register switching that
can be avoided using a simple addressing scheme as proposed 1n Section 3 51 The static design has 8
parallel N-point 1D DCT processors implemented using ROM-based DA, although no details are given
about the precision of the cosines or indeed the style of ROM used The dynamic design re-programs the
FPGA fabric with a dedicated IV-point processor for a particular N according to the dynamic value of N
(determined by the shape), although the authors admat that the time overhead involved in reprogramming
the FPGA on the fly 1s not worth the effort [196]

Leet al have proposed two SA-DCT architectures — a recursive structure (Figure 3 7) and a feed-
forward structure (Figure 3 8) [197, 198, 199, 200] The former employs a bank of second order 1IR filters
(16 muttipliers and 24 adders 1n total) but suffers from numerical instability due to bitwidth growth, as
well as using area nefficient multipliers The latter exploits a factorised SA-DCT equation implemented
by multiplexed datapath with adders and multipliers with improved numerical accuracy The authors
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Figure 3 7 Recursive Architecture (Le et al [197]) Figure 3 8 Feed-Forward Architecture (Le et al )

favour the feed-forward architecture and as 1s clear from Figure 3 8, this has a hardware cost of 11
adders and 5 multipliers, with a cycle latency of N 4 2 for an N-pont transform However, neither of the
architectures address the hornizontal packing required to 1dentify the lengths of the horizontal transforms
and have the area and power disadvantage of using expensive hardware multipliers

Tseng et al propose areconfigurable pipeline that 1s dynamically configured according to the shape
information [201] The architecture (as shown i Figure 3 9) 1s hampered by the fact that the entire 8 x
8 shape information must be parsed to configure the datapath “contexts™ prior to texture processing The
paper does not describe the architecture n detail, but 1t seems that the SA-DCT data packing steps are
computed using explicit shifts which would cause needless power consumption and add extra processing
latency Furthermore, there 1s no breakdown on adder and multiplier requirement and no cycle latency
figure 1s provided

Chen et al developed a programmable datapath that avoids multipliers by using canomc signed
digit (CSD) adder-based distributed arithmetic [202, 109] The datapath 1s the structure on the right in
Figure 3 10 The datapath functionality can be described by the equation bus = Ra + Rb >> s where
bus denotes the output of the datapath and >> s means right shift by s-bits The hardware cost of the
datapath 1s 3100 gates requiring only a single adder, which 1s re-used recursively when computing the
multiply-accumulates  This small area 1s traded off against cycle latency — 119 cycles in the worst case
scenario The architecture 1s energy-aware in the sense that the data word length precision can be con-
figured by a supervising dynamic power manager Although 1t has good area properties 1t approximates
odd length DCTs by padding to the next highest even DCT, and also does not address the SA-DCT hon-
zontal packing requirement The authors do not comment on the perceptual performance degradation or
otherwise caused by approximating odd length DCTs with even DCTs

Lee et al considered the packing functionality requirement and developed a resource shared data-
path using adders and multipliers coupled with an auto-aligning transpose memory (Figure 3 11) [203]
As 1s clear from Figure 3 11, the datapath 1s implemented using 4 multipliers and 11 adders The worst
case computation cycle latency 1s 11 clock cycles The transpose memory 1n Figure 3 11 1s used to store
the intermediate coefficients computed by the vertical transformations prior to horizontal transformation
The hornizontal packing step 1s mherent in the addressing scheme and 1s similar to the independently
concerved scheme proposed in Section 3 5 2 Essentially, the transpose memory 1s partitioned into eight
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A serial coefficient computation scheme was chosen because 1t facilitates simpler parsing of shape
information and hence simpler data 1n interpretation and addressing Also, the area of the serial datapath
1s smaller compared to a parallel scheme although the processing latency increases slightly The reason
for only a slight increase 1s due to the way the SA-DCT packing stages have been incorporated into the
architecture Architectural vanations are discussed 1n more detail in Section 3 7

341 Even-Odd Decomposition

Even-odd decomposition exploits the inherent symmetries 1n the SA-DCT cosine basis functions to re-
duce the complexity of the subsequent MWGM computation Referring to Figure 3 3, 1t 1s clear that the
rows of each of the N-point DCT basis functions exhibit either symmetry (for even k) or anti-symmetry
(for odd k) This can be exploited to reduce the amount of computation required For example, con-
sider the 8-point DCT according to Equation 2 8a re-formulated as a matrix multiplication as shown 1n

Equation 3 10 (with basis elements as labelled Figure 3 3)

— - - - r -

F(0) ag @ @ @@ @ 4G G G f(0)
F(1) @ a3 a ar —ay —az —a3 —a1 f(1)
F(2) az ag —a —az —02 —Gg G Q2 f(2)
F(3) _| @ —er —a —as ez a4y a7 —43 f(3) 3 10)
F() g —ap —A a QG —Gp —ag 4o f(4)
F(5) as —ay Ay a3 —a3 —ay Q1 —as f(5)
F(6) ag —az ay —as —as Gy —ap Qg f(6)
| F(7) | |ar —as @ —a1 a1 -a3 a5 —a7 J wiun

Direct implementation of Equation 3 10 requires 64 multiplications and 56 additions However, the
symmetry and anti-symmetry mherent in the basis matrix in Equation 3 10 means 1t can be factorised

mnto two smaller matrix multiplications (Equations 3 11a and 3 11b)

F(0) a @ a ap F(O) + £(7) s(0)
F2) | _|a e -—a —a f(1) + £(6) A s(1) G 11a)
F(4) a0 —ay —ag ap F2) + f(5) T s(2)
F(6) as —ax a2 —as | | FB3)+ F(4) | s(3)
F(1) a a3 e a | [ SO S(7) d(0)
F@B) | | a3 —ar —a1 —as f)—f6) | d(1)
o) | e ca ar a || @) | T a 1)
F(7) a7 —as a3 -—a1 | | f(3)—f(4) d(3)

A direct implementation of the factorised equations requires only 32 multiphcations and 32 additions

This techmque 1s referred to as even-odd decomposition (EOD), and can be applied to all N-pomnt DCT
basis matrices shown in Figure 3 3 The appropriate decomposition of the N-point data vector obviously
depends on N and whether the coefficient k£ being computed 1s even or odd These decompositions are
summarnised m Table 3 1 where X signifies a “don’t care” value Inthis context,a don’tcare value for a
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Table 31 SA-DCT N-point Data Decomposition

N=8 N=7 N=6 N=5
5(0) = f(0) + f(7) | s(0) = F(O) + f(B) | s(0) = f(O) + F(5) | s(0) = f(O) + f(4)
s(1) = f(1)+ f(6) | s(1) = f(1) + £(5) | s(1) = f(1) + f(4) | s(1) = fF(1) + F(3)
5(2) = f(2)+ f(5) | s(2) = f(2) + f(4) | s(2) = f(2) + f(3) | 5(2) = f(2)
5(3) = f(3) + f(4) | s(3) = £(3) s5(3) = s(2)=X
d(0) = f(0) — £(7) | d(0) = f(0) — f(6) | d(0) = f(0 f(5) | ¢(0) = £(0) — f(4)
d(1) = f(1) = f(6) | d(1) = f(1) — £(5) | d(1) = f(1) - (4) d(1) = f(1) - f(3)
d(2) = f(2) - £(5) | d(2) = f(2) - f(4) | d(2) = f(2) f@B)d2)=X
d3)=f(3) - f4) | dB)=X d(3) = d(2) =X

N=4 N=38 N = N=1
s(0) = f(0) + f(3) | s(0) = f(0) + f(2) | s(0) = f(O) + f(1) | 5(0) = f(0)
s(1) = f(1) + f(2) | s(1) = f(1) s(l)=X s(1) =X
s(2y=X s(2)=X s(2)=X s2)=X
s(3)y=X s3)=X s(3)=X s(2)=X
d(0) = f(0) — f(3) | d(0) = f(0) — f(2) | d(0) = f(0) d(0) =X
d(1) = f(1) - f(2) | d1) =X d(1) = (1) d(l} =X
d(2) =X d(2y=X d(2) =X d2)=X
d3)=X d3)=X d3)=X d2) =X

register (one of 5(0)  ,s(3),d(0), (d(3)) indicates that the register 1s not needed for that particular
N-pomt transform Al! 8 registers in Figure 3 14 are required for the N = 8 1D DCT, but if N < 8, the
registers with “don’t care” values can be clock gated The EOD module (Figure 3 14) decomposes the
mput vector and re-uses the same adders for both even and odd & This adder re-use requires MUXSs but
the savings 1n terms of adders offsets this and results 1n an overall area improvement with only a slight
increase 1n critical path delay Register clocking of s and d 1s controlled so that switching only occurs
when necessary For example, when computing coefficient & = G when N = 4, only registers s{0) and
s(1) are clocked since the other data 1s irrelevant and 1gnored by the subsequent DA circuitry anyway It

1s clear that register data 1s only switched when necessary to save needless power consumption

342 Reconfiguring Adder-Based Distributed Arithmetic Dot Product

The dot product of the data vector (decomposed by the EOD module) with the appropriate N-point DCT
basis vector yielding SA-DCT coefficient & 1s computed using a reconfiguring adder-based distributed
arithmetic structure (the MWGM 1n Figure 3 15) followed by a PPST (see Section 3 4 3) Multiphiers
are avoided since they are expensive if system power and area 1s constrained, particularly 1f single cycle
mulnpliers are employed In our case, 1n order to use only adders in a senial computation scheme, the ap-
proach comes at a cost of additional multiplexing logic, but as evidenced by the synthesis results, overall
gains are achieved (see Section 3 6) Using dedicated units for different {k, N} combinations (where
at most only one will be active at any nstant) 1s avoided by employing a reconfiguring multiplexing
structure based on {k, N'} that re-uses single resources

Experimental results using the proposed approach have shown that for a range of video test se-
quences, 13 distributed binary weights are needed to adequately satisfy reconstructed image quality
requirements [204] This effectively means that the constant cosine scale factors are implemented using
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Figure 3 15 Multiplexed Weight Generation Module (MWGM) Architecture

x3 x01 x23 x02 x03 x12 x13 x01x23 x0Ix2 x0Ix3 x02x3 x12x3 m Figure 3 15) although each
welght only chooses from a subset of these possibilities as 1llustrated 1n Table 3 2 The weights are then
combined by the PPST to produce coefficient F'(k) as described 1n Section 3 4 3

As 1s clear from Figure 3 15, the primary adders are all six possible two nput addition combuinations
of the selected 4-point vector (e g x01 = z0 + z1) The secondary two-input adders combine a subset
of the possible primary adder sums with elements of the selected vector (e g z01z2 = z01 + z2)
Note that one of the secondary adders z01x23 combines primary adder sums z01 and z23 together
representing the summation of the entire selected vector 0 + x1 + 22 + x3 The important pomt to note
1s that not all possible additive combinations of the selected vector {x0 x/ x2 x3} are used to form the
weights forming SA-DCT coeflicients for all allowed {k, N} It 1s possible that this adder count of 11
can be reduced depending on the representation of the cosine basis functions and thus 1s presently being
investigated

Agam, power consumption 1ssues have been considered by providing a valid signal that permits
the data in the weight registers to only switch when the control logic fiags that this 1s necessary The
logic paths have been balanced 1n the implementation 1n the sense that the delay paths from each of the
MWGM mput ports to the data input of the weight registers are as similar as possible This has been
achieved by designing the adders and multiplexers 1n a tree structure as shown in Figure 3 15, reducing
the probability of net glitching when new data 1s presented at the input ports
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Figure 3 19 Partial Product Summation Tree (PPST) Behavioural Architecture

1t 1s straightforward to swap 1n compressor structures other than the Wallace arrangement, e g Dadda,
overtumned-stairs tree, balanced tree [160]

The weighted nature of the inputs means that the sign extension can be manipulated to reduce the
circuit complexity of the high order compressors (160] This manipulation can be illustrated by an ex-
ample Consider a general 6 bit twos complement number sbybsbrbibg, where s 1s the sign bit Now
consider for Hlustration five of these 6 bit numbers, which represent distributed weights that require ac-
cumulation using a PPST according to Equation 3 12 (with: =0, ,—4asopposedtoz=10, ,—12
for ease of illustration) The appropriate alignment of the five weights are 1llustrated in Figure 3 20,
where the shaded bits are the necessary sign extension bits The size of the compressor for each column
1s hsted underneath each column Using the identity 5 = 1 — 5 1llustrated 1in Figure 3 21, the weights
in Figure 3 20 may be reformulated as shown i Figure 3 22 By pre-adding the *1” values (since they
are constant), the PPST inputs look like Figure 3 23 It 1s clear that the required size of the leading bit
compressors are reduced Another useful identity 1s 5+ 1 = {3, s} (see Figure 3 24) This 1dentity can
be applied to W_, to reduce the height of the (6,2) compressor in Figure 3 23 to a (5,2) compressor, as
llustrated in Figure 3 25 This means increasing the size of the left adjacent compressor form (4,2) to
(5,2), but from a circuit detay perspective 1t 1s better to have two (5,2) compressors as opposed to a (6,2)
and a (4,2) It s clear that both 1dentities exploited 1n this example reduce the complexity of the PPST
logic Hence both are applied to the design of the PPST required to implement the accumulation of the
13 distributed weights produced by the MWGM outlined 1n Section 3 4 2

A convergent rounding scheme controlled by the vert/horz signal 1s employed to round the full-
precision coefficient to the appropriate precision Vertical coefficients are rounded to 11 f fixed-pont
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BUFFER{N_buff_B_r], and the value in N_buff_B_r 1s also incremented by 1 This process continues 1n a
similar manner until in clock cycle 5 where alpha_in_s 15 0 (1 € not part of the VOP) Therefore in cycle
6 the corresponding data DB4 1s not stored (since 1t does not form part of the VOP) and N_buff"B_r 1s not
incremented In cycle 6 alpha_in 1s 255 indicating that DBS 1s part of the VOP so requires storage in
cycle 7 However since N_buff_B_r was not incremented 1n cycle 6, DBS5 1s stored in the next BUFFER
location after the previous VOP pixel, which 1s DB3 It 1s clear that no actual circuit register shifting
takes place but the data 1s stored 1n the appropniately packed manner Column 1 contains 6 VOP pixels
and only 6 registers in BUFFER get switched Registers BUFFER[7 6] are not unnecessanly switched
and hence no unnecessary energy is consumed Although these registers now contain dead data, the
subsequent DCT circuitry will know this based on the value of N_buff_B_r and will not access them In
clock cycles 10-17 the DCT processor pipeline has time to process column 1 Also during this interval
column 2 1s stored 1n BUFFER and 1n thus case all 8 pixels form part of the VOP This example 1llustrates
how the ACL performs the SA-DCT shifting steps efficiently without any explicit shifting cycles by
exploiting the shape information

352 Transpose Memory

The TRAM 1n Figure 3 28 1s a 64-word x 15-bit RAM that stores the coefficients produced by the
datapath when computing the vertical 1D transforms These coefficients are then read by the ACL mn a
transposed fashion and honzontally transformed by the datapath yielding the final SA-DCT coefficients
As 1s clear from Figure 3 28, when storing data the index & 1s mamipulated to store the value at address
8 x k +tNRAM[k], where NRAM/[k] 1s routed to N_k_curr 1n Figure 3 28 In this way, when an entire
block has been vertically transformed, the TRAM has the resultant data stored 1n a horizontally packed
manner with the honzontal IV values ready immediately without shifting Then NRAM[k] 1s incremented
by 1 The 8 honizontal /N values are implemented as a bank of 3-bit counters (NRAM n Figure 3 28)
When an entire block has been stored in the TRAM, there are 8 values in the NRAM that represent the N
values for each of the transpose rows, and these values are used by the ACL to mimimise TRAM reads
To 1tlustrate the behaviour of the proposed TRAM, consider the example shown 1n Figure 3 29 The
left block shows a vertically aligned block of SA-DCT coefficients as produced by the vertical vanable
length transform module Each column of coefficients are computed in turn and each column coefficient
k 1s produced senally The SA-DCT requires these coefficients to be re-aligned as shown in the middle
block 1n Figure 3 29 before horizontal transformation of each of the rows To avoid explicit shifting
of data to achieve this re-alignment, the proposed TRAM exploits coefficient index k and the set of
8 NRAM/[k] counters as described previously To illustrate this behaviour with timing diagrams 1s too
unwieldy, but the general concept can be 1llustrated by Figure 3 30 This diagram shows coefficient
k = 2 of column 3 being stored 1n the TRAM Using the formula 8 x k +NRAM[k], the coefficient 1s
stored 1n the aligned TRAM address without explicit shifung This addressing scheme makes 1t easier
for the ACL to read data row-wise from the TRAM since the data 1s mcely aligned, as shown 1n the
nightmost block in Figure 329 The ACL uses the N values in the NRAM to limit TRAM accesses to
VOP data only The TRAM proposed 1n this thesis 1s similar to the auto-aligning TRAM proposed by
Lee et al [203] However, the scheme by Lee et al partition their TRAM into 4 banks to support their
two data per cycle read/write processing scheme The TRAM proposed by the author 1s simpler 1n that 1t

only uses one bank since only one read or wnite 1s ever required 1n a single cycle
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This translates to a maximum block processing latency of approximately 14us Given that the proposed
SA-DCT module requires at worst 142 cycles to process a block, this means that the longest allowable
clock period for the proposed SA-DCT module 1s approximately 98 8ns This translates to a minimum
operating frequency of about 11MHz Table 3 4 shows that the maximum achievable frequency with
TSMC 0 09um TCBN9OLP technology 1s 556MHz, so the proposed SA-DCT core can comfortably
meet real-time constraints Running at 556MHz, the proposed core can process a single 8 x 8 block
in 256ns At this frequency, the design 1s capable of a throughput of 250 Mpixel/s As discussed in
Chapter 2, the design should run as slow as possible (11MHz) for low power consumption, and the
maximum throughput 1n this case 1s SMpixel/s

In Chapter 2, the product of gate count and computation cycle (PGCC) was proposed as a good metric
that combines speed and area properties for benchmarking competing circuit architectures that implement
the same task (1n this case the SA-DCT) As evidenced by the results 1n Table 3 4, the proposed design
represents an improvement in terms of PGCC compared to prior art in the cases where benchmarking 1s
possible An “n/a” field in Table 3 4 indicates that this value 1s not available from the literature, or is
not appropniate  These results indicate that the proposed SA-DCT architecture strikes a better balance
between area and speed compared to the prior art

3622 Power Consumption and Energy Dissipation

Comparing hardware accelerators meanmgfully 1n terms of their power consumption properties 1s dif-
ficult to achieve 1n practice To ensure a farr comparison, competing architectures must be compared
using the same synthesis tools and configurations In practice this 1s difficult to achieve due to the gen-
eral unavailability of HDL source code for competing architectures published in the literature Some
approximate normalisations must be used to aid benchmarking from the available parameters generally
quoted 1n the literature {power, voltage, frequency and process technology) The benchmarking out-
lined 1n this section 1s based on the normalisation formulae outlined 1n Section 2 3 2 5 of Chapter 2)
To analyse the power consumption of the proposed SA-DCT IP core, the method described 1in Sec-
tion 2 3 2 4 1s followed In summary this mvolves a back-annotated dynamic simulation of the gate level
nethst This netlist 1s generated by the synthesis tool for TSMC 0 09um TCBN9OLP technology The
Synopsys Prime Power too! 1s used to analyse the annotated switching information from a VCD file

As discussed 1n Chapter 2, the power consumption of a circuit 1s heavily dependent on the nature
of the mput stimulus In the case of the SA-DCT, typical input stimulus are readily available from
the standard video test sequences (and segmentation masks) defined by the MPEG-4 Video Verification
Model [209] The sequences available to the author are histed 1in Table 3 S Since running power analysis
1s a slow process, only 5 of these sequences were used for power analysis (indicated by an asterisk
in Table 3 5) The sequences chosen are semantically meaningful objects — they represent the kind of
objects that may be of interest to a user 1n an object-based MPEG-4 apphcation It 1s argued that objects
that represent the background (such as the water) are not as important, and given that power analysis
1s a slow process these are not included 1n the analysis presented in this thesis In addition to these 5
sequences, an additional test sequence was generated by the author, called “Andy”, that simulates video
telephony where the semantic object 1s the human face The segmentation mask was generated using
a simple colour thresholding scgmentation algorithm [64] Power analysis was carried out for each of
the 6 test sequences The power waveforms for each of these sequences are shown in Figure 3 33 to
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3631 Conformance Hardware System

The SA-DCT module has been integrated with an adapted version of the multiple IP core hardware accel-
erated software system framework developed by the University of Calgary (UoC) [217] The hardware
1s implemented on an Annapolis WildCard-II PCMCIA FPGA prototyping platform [218], and a system
block diagram 1s shown 1n Figure 3 41 The MPEG-4 software runs on a host laptop Pentium4 processor
and transfers data to and from the 2MB SRAM on the WildCard-II This 1s done across the PCI bus via
a DMA controiler Integrated IP cores are memory mapped peripherals and are activated by the host
software by writing configuration data to a specific address This write 1s detected by the master socket
block and a strobe 1s 1ssued by the interrupt controller to the specific IP core hardware module controller
(HWMC)

When 1ntegrating a new IP core with the UoC framework, a HWMC specific to the IP core 1s required
to control activation of the IP core and memory transfers to and from it The HWMC shields the IP core
from the WildCard-II platform specific interface signals (PCI and SRAM) making 1t easy to port the core
to another platform (e g ARM based 1n as Section 3 6 4) The SA-DCT has a vanable load depending on
the shape information and the SA-DCT core has been designed such that 1t fimishes processing smaller
video object plane (VOP) blocks earlier The SA-DCT HWMC has been designed with this in mind
so that the SA-DCT relinquishes control of the SRAM at the earliest possible moment Due to the
nature of the SA-DCT computation, the IP core will not respond with output data until it has sampled
all 128 bytes (32 DWORDs) of the mnput texture and alpha blocks (64 bytes each) Hence the SA-
DCT HWMC performs a burst read of 32 DWORDs and will not need to write back until after this
transaction 1s complete The latency between the last DWORD read and the final IP core response 1s 142
cycles Performance could be enhanced by some prefetching and buffering of the next data block while
waiting for the IP core to respond for the current block and this will be investigated 1n future work The
WildCard-1I SRAM 1s single port so does not support dual write and read accesses, but if another system
with dual port memory 1s targeted, the SA-DCT HWMC could be modified to operate with two parallel
state machines to further speed up processing

3632 MPEG-4 Reference Software API

The SA-DCT hardware accelerator has been integrated with the publicly available MPEG-4 optimised
reference software (Part 7) [210], as required to validate functionality and pass conformance testing
For conformance testing of hardware, 1deally the software should require minimal modification for rapid
verification For the SA-DCT accelerator two minor modifications are required (see [214, 216] for more
details) The first modification mvolves editing the configuration steps of the MPEG-4 software to also
program the WildCard-1I FPGA fabric with the SA-DCT accelerator, and allocate and bind the DMA
pownters This allows both the application software and hardware accelerator to read/write in the same
area of the WildCard-II SRAM transparently The second modification 1s in the CFwdSADCT C++ class
m file sadct cpp A new pre-processor directive 15 added to allow the codec to use either the SA-DCT
software algonithm or SA-DCT accelerator on the WildCard-II

It would be more efficient to send unprocessed data to FPGA SRAM 1n frame size bursts as opposed
to mmitiating a transfer for each 8 x 8 block Although transparent to the HWMC which can be pro-
grammed for any amount of burst processing, such a setup requires more extensive modification of the
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Table 3 10 SA-DCT FPGA Synthesis Results

Area g Power Throughput CLB Block
Target Module max [mW] [Mpixel/s) * Shces RAM:s
[Gates] | [MHz] ["(fmax) | (IMHD) | (Jmaz) | (1IMH

WildCard 11 SA DCT 39854 782 31837 49 26 3514 496 0 2605 (18%) 0
Virtex 11 SA DCT HWMC 4354 856 n/a n/a n/a na 0 201 (1%) 0
XC2V3000 Mod UoC Fw 702085 776 nfa n/a n/a n/a 0 1627 (11%) 1
Integrator/CP | SA DCT 36088 472 35255 | 9141 2127 496 n/a | 2018 (10%) 0
Virtex E SA DCT HWMC 053 810 nfa nfa nfa n/a n/a 283 (1%) 0
XCV2000E ARM VS 7020 897 a n/a n/a n/a n/a 381 (1%) 0

MPEG-4 reference software Since the purposes of this platform 1s for conformance testing, the minimal
modification approach 1s suttable since 1t allows designers to concentrate on the hardware accelerator

development and facilitates rapid validation with the reference software

3633 Conformance Results

End to end conformance has verified that the bitstreams produced by the encoder with and without
SA-DCT hardware acceleration are 1dentical The test vectors used were 39 of the CIF and QCIF object-
based test sequences as defined by the MPEG-4 Video Verification Model [209] Synthests results for the
WildCard-IT platform are shown in Table 3 10 The modified University of Calgary integration frame-
work takes up only approximately 11% of the FPGA resources leaving almost 90% for hardware accel-
erators The SA-DCT along with its HWMC require 19% The post place and route timing analysis
indicates a theoretical operating frequency of 78 2MHz so the IP core 1s able to handle real time process-
g of CIF sequences quite comfortably (assuming the same 11MHz constraint as before) Post place
and route simulations were carried out on the nethist for subsequent VCD power analysis with the Xilinx
XPower FPGA power analysis tool These simulations were run at 78 2MHz (high throughput mode)
and at 1 IMHz (low power mode) For each mode, 10 simulations were run using 50 random coefficient
and alpha 8 x 8 block pairs as stimulus, with different seeds used for the random number generators to
guarantee 10 unique data sets The power figures quoted 1n Table 3 10 are the average value over the
10 simulations for each mode As described previously, random data 1s useful in this case to estimate a

value for worst case power consumption

364 System Prototyping

Although the WildCard-II platform 1s useful for rapid validation and conformance testing, the system
itself does not represent a realistic architecture for a mobile embedded system Since 1t interfaces with
the PCI bus 1t 1s more suitable for emulating hardware accelerators for desktop PC graphics cards For
wireless embedded systems, the processor of choice 1s the ARM family, so the author proposes a ptug
and play “ARM wvirtual socket” prototyping platform built around an ARM processor and the AMBA
bus architecture The ARM virtual socket has been implemented on an ARM Integrator/CP prototyp-
ing platform [219] with an ARM920T processor [211] running embedded Linux and a Xilinx Virtex-E
FPGA[220] for AMBA IP core prototyping The platform facilitates the rapid prototyping of any number
of “virtual component™ hardware accelerators with AMBA mterfaces

110




GH+

1@ 1 @9

17@

$% BH#C31 > %) +/6' )*+&

B#5#CH#A > ‘%) +/6"
& )H6E $ &L B 0 '%).+/6", 8&()& "' + ', >IT: 9
Lot $% B#C3# , 0 '%) /+&(+ ' )+/6 [+&(... . 9) , nmy '+ [+
SR # % ), & &%) 0'%)/+&H . . S+, "
0/ (, )"%.8"9 % * $ &/ "+)+ ..+# ,0 '%)/+&(+
S G ) % () % )+ () ).
L&) TRIH S, TS R ()& TR, (' (S 0, T %,
Lot $% B#C3# , "' (++/+))&., %.'++ &.' 8 ..
3 "1 $  $% B#C39% +.-% ) +) ")0.& &O)& ' +
(0'"$, &O& "'+ +* [+'4) # , +* 0 %) /[+&(H+ ', )
$. .+ /+*3% $* & & . +U*& %) $ '
JHO, A D) [ '+
“+& ', I+ . .&) ,0+% '+ 0)+( *+ ' ) AA() *+&
8+%") I'+ B#B5#B#A9 %' NRIHE %, )+ 0 '%) .+6"'&
*+% M3AS5! 33A9#
B#5#C#3 > ‘% ) +/6 "' +*
A . 0)+( "+ N+ " . " " e [R&() (O
0 %) /+&(+ 1, ny '+.# (+0 . . &(0) %. " *] *+ ¥,
0)+t(."$'$ (+/ .+ ',0'%) /[+&(H= ', Iy +.# %',
).+ 0 '%) .+/6" .+* & *+0p M3AS5# 33AR#
B#5#CR  ++'( $ .%).
C L %) )Y BHAA )% L, [+ )+ &L, ) &K%
[+ "+*AA K+ ', 0'%) 46 )+ &H# , &T&W& (+.. ) +( ' * -% /
w0 [+ o+ .CD#3 K#t , 0 '%) +/6"' ()"*+& ")*,. &%l,
&)) -%0)'$' /[+% '8D4349 /+&( +', 1. [+*+ & | * & +6/% ') %.
:C 'HBA434FGY% ,.) 0. &+ .(/ + () *+ &2. o(++ (8



more P cores together and the system architecture in Figure 3 42 1s more representative of a real mobile
multimedia system compared with the PCI based system 1n Figure 3 41 Post place and route simulations
were carried out on the netlist for VCD power analysis These simulations were run at 47 2MHz (high
throughput mode) and at 11MHz (low power mode) For each mode, the random data configurations
were used as described previously The power figures quoted n Table 3 10 are the average value over
the 10 simulations for each mode These results show that in low power mode, the worst case power
consumption 1s approximately 91 41mW

37 Possible Architectural Vanations

The SA-DCT architecture proposed 1n this thesis computes each coefficient serially and re-uses the same
vanable N-point 1D DCT processor for the vertical and horizontal processing steps, with a worst case
clock cycle latency of 142 cycles The experimental results outlined 1n Section 3 6 show that the archi-
tecture 15 sutable for implementation on a low power mobile platform, and it compares favourably with
prior art In a high throughput application where power may be less of an issue, 142 cycles may be too
long However, 1t 1s still possible to leverage a parallel version of the architecture proposed in this thesis
for such an application

Consider the architecture 1n Figure 3 12, which uses a serial computation scheme The most obvious
technique to reduce latency 1s to implement 8 parallel variable N-pomnt 1D DCT processors In this
scenario the number of clock cycles required to compute an N-point DCT 1s 3 (the pipeline depth)
as opposed to the N + 2 cycles required by the serial scheme This translates to an overall SA-DCT
processing latency of 30 clock cycles (compared to 142 with the current serial scheme) However, this
speed up comes at the cost of an circuit area increase of a factor of 8 Another possibility 1s to implement
dedicated datapaths for both the vertical and horizontal DCT processing (1€ 16 vanable N-point 1D
DCT processors) In this scenario, the worst case clock cycle latency 1s still 30 cycles, since the horizontal
processing can not begin until the vertical processing 1s complete However, the overall throughput of
the module increases by a factor of 2 since when the module 1s processing the horizontal transforms for
a certain 8 x 8 block, 1t can begin the vertical transforms for the next 8 x 8 block The downside 1s that
this throughput gain comes at the cost of the circuit area increasing by a factor of 16

Since the focus of this thesis 1s low energy dissipation, the parallel SA-DCT architectures outlined
here have not been thoroughly 1nvestigated If a real system specification was provided with specific
throughput and power requirements, an interesting research task would involve experimenung with vary-

1ng degrees of parallelism 1n the SA-DCT architecture to achieve a “sweet-spot” architecture

3.8 Summary of Contributions

This chapter has described the SA-DCT algorithm 1n detail with a discussion on the hardware imple-
mentation challenges caused by the additional processing steps involved over the classical 8 x 8 DCT A
comprehenstve survey of prior art implementations of the 8 x 8 DCT 1s provided, followed by a detailed
analysis of the prominent prior art related specifically to the SA-DCT Based on this discussion, 1t 1s
concluded that some of the prior SA-DCT implementations do not address all of the required processing
steps, and none have been designed specifically with low energy in mind  Specifically, the Le [197]
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Tseng [201] and Lee [203] architectures have multipher-based datapaths and only the Lee architecture
addresses all of the SA-DCT processing steps Compared to these approaches, the Chen architecture
[109] 1s more energy-efficient since 1t uses an adder-based datapath, but has a long computational la-
tency and approximates odd /N DCTs with the nearest even DCT Following this discussion on prior art,
the author’s proposed SA-DCT archutecture 15 described 1n detail In Chapter 2 1t was concluded that
most energy savings are achievable at the high levels of design abstraction, so the proposed SA-DCT
has been designed accordingly The pnimary low energy features include minimal switching shape pars-
mg and data alignment, data dependent clock gating, multiplier-free datapath (using adder-based DA),
balanced delay paths and hardware resource re-use

The chapter concludes by benchmarking the proposed SA-DCT architecture against the prior art
where possible In terms of area and latency, the PGCC metric shows that the proposed architecture
outperforms the Chen {109] and Lee [203] architectures In terms of normalised energy and power, the
proposed architecture outperforms the Chen [109] and Tseng [201] architectures The proposed SA-DCT
has also undergone conformance testing via the MPEG-4 Part 9 initiative, vahidating that 1t 1s compliant
with official MPEG requirements

Future work on this topic could imvestigate different parallel variations and the trade-offs involved
between processing latency and power consumption The proposed architecture could be extended to
include a ADC-SA-DCT pre-processing module as requured for MPEG-4 mtra-VOP boundary blocks,
and this 1s discussed in detail 1n Chapter 6
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4112 Data Re-Alignment

The data re-alignment steps for the SA-IDCT are less straightforward compared with the corresponding
steps necessary for the SA-DCT In particular the vertical re-alignment of reconstructed pixels to their
original VO position 1s not trivial Essentially the inverse alignment steps undo the forward SA-DCT
packing steps as discussed 1n Section 3 1 and re-msert any holes (see Figure 3 2) This 1s more difficult
compared to the forward SA-DCT packing of pixel data to the block borders (Figure 3 1) since precise
knowledge of the shape pattern 1s required, whereas only an incremental count of shape pixels in the
vector 1s required for packing Once the 16 N values for the rows and columns have been interpreted
durning the forward SA-DCT process the actual shape pattern 1s no longer needed since the subsequent
transform and alignment steps are not contingent on 1t (as illustrated by Figure 3 1) However, the vertical
alignment step during the SA-IDCT process does depend on knowing the shape pattern as 1s clear from
Figure 4 1 For hardware implementation this means an SA-IDCT accelerator block must somehow
retain this mformation locally to be able to compute for the vertical re-alignment step Otherwise 1t must
waste a second access to main memory to re-parse the shape mformation in order to reconstruct the pixels

correctly

42 IDCT/SA-IDCT Hardware State of the Art Review

Thus section outlines the algorithmic and architectural approaches to implementing the § x 8 IDCT and
n particular the SA-IDCT Like the DCT, there 1s a vast amount of literature dedicated to 8 X 8 IDCT
implementations due to 1ts computational complexity and importance 1n signal processing applications
From a video compression point of view, 1t may be argued that the IDCT 1s actually more important
than the DCT since 1t 1s required to encode and decode data whereas the DCT 1s only needed for encod-
g Section 4 2 1 classifies IDCT implementations by general approach Taking the DCT and IDCT at
“face value”, both are constant matrix multiplication computations so the DCT approach classifications
discussed 1n Section 3 2 1 also apply to the IDCT Special emphasis 1s given 1n Section 42 1 to IDCT
specific approaches that exploit the fact that the nature of the data processed by the DCT and the IDCT
1s very different Section 4 2 2 discusses SA-IDCT specific implementations 1n detail giving context for
the proposed SA-IDCT architecture outlined subsequently

421 Classes of IDCT Implementation Approaches
4211 Standard Matrix Multiphcation Approaches

As clear from Equations 2 82 and 2 8b, the DCT and IDCT are very similar computations Both are
linear transforms involving a constant matrix multiplication Hence many implementation proposals 1n
the hiterature for IDCT have a lot in common with the DCT approaches outlined 1n Section 3 2 Indeed
many architectures are capable of computing both DCT and IDCT and the choice 1s governed by some
mode selection logic

In Section 3 2 1, DCT approaches are classified under the following groupings fast-algorithm, sys-
tolic, recursive, CORDIC, approximation-based, integer encodmg and distnibuted anthmetic  The tech-
nical merits or otherwise of each will not be restated here Rather, a few examples of each approach that
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implement the IDCT are given Note however, the approximation-based approaches tend to be specifi-
cally tatlored to the DCT or the IDCT (as discussed 1n Section 4 2 1 2)

The DCT fast algorithms are directly mappable to IDCT These include the popular “Chen” algorithm
[141], “Lee” [143], “Loeffler” [144], “Feig” [146] and the “AAN” algorithm [147]

The systolic DCT architecture proposed by Aggoun et al can be used to compute the IDCT but a
unified architecture 1s not outlined [151] The systolic array architecture based on the “Lee” algonithm
proposed by Wu et al [149]1s capable of both DCT and IDCT on a unified structure For high through-
put a SIMD datapath 1s used The datapath mterconnect 1s a dynamic switching network controlled by a
DCT/IDCT mode select signal Hsiao et al propose a scalable N x N 2D DCT/IDCT systolic array
architecture [153] The architecture has a shared DCT/IDCT kernel processor and a post-processor for
DCT mode and pre-processor for IDCT mode

Chen et al propose low complexity recursive kernels for computing the DCT and the IDCT [222]
They exploited the symmetry properties of the DCT/IDCT basis matrices to reduce the iteration cy-
cles Chen et al also propose a method for designing recursive filter structures that compute an M-
dimensional DCT or IDCT of arbitrary length [159] This 1s achieved by re-formulating the equations in
a compact form and designing the filters using Chebyshev polynomials

Hu et al propose a parallel CORDIC IDCT architecture for high throughput applications [223]
Zhou et al propose a CORDIC architecture that can compute both the DCT and the IDCT on a unified
architecture {224] The CORDIC 1terations are mapped to a pipeline to increase computation speed
Yang et al compute the IDCT using the CORDIC algorithm but they implement 1t using a ROM-based
distnibuted anthmetic structure [225] To speed up the processing, they use a radix-4 redundant signed
digit number system to Iimut the carry propagation delay to a few bit positions 1n the adders

The algebraic integer encoding scheme introduced 1n Chapter 3 in the context of DCT implementa-
tions may also be used to implement the IDCT In the case of the IDCT, algebraic integer encoding 18
particularly mteresting since it eliminates the DCT mismatch problem, and dnft between encoders and
decoders [173] To understand this mismatch 1ssue, consider that since the implementation approach to
the IDCT 1s not normative 1n any of the common video standards, each different implementation could
have a different numerical accuracy Therefore, for a set of given nputs, the outputs of IDCTs from
various 1mplementations will likely be slightly different In the general hybrid video codec presented
in Chapter 2, the IDCT results are used in the reconstruction loop 1n both the encoder and the decoder
to reconstruct pictures When different IDCTs are used 1n the encoder and the decoder, the difference
between the two IDCT outputs, referred to as the IDCT mismatch error, will accumulate The mis-
match error appears as an additional noise 1n the reconstructed pictures and causes quality degradation
Due to the nature of error accumulation, even a shight IDCT mismatch may cause severe picture quality
degradation [173] An integer encoding implementation of the IDCT 1s proposed 1n [168]

Distributed arthmetic, both ROM-based and adder-based, 1s a very popular architecture for imple-
menting the IDCT as well as the DCT Uramoto et al propose a ROM-based DA architecture capable of
both DCT and IDCT [226] They propose a “dual-plane ROM” that allows two bit data to be stored in one
transistor memory cell This means only a single ROM 1s required as opposed to having discrete ROMs
for DCT and IDCT cosines Guo et al propose a unified DCT/IDCT ROM-based DA architecture with
partitioned ROMs to increase speed [184]

The architecture by Chang et al [139] 1s capable of computing the DCT and IDCT using adder-
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Prohabillity x[{]{j] not zero

Figure 4 4 Probabilities of Nonzero Occurrence for 8 x 8 DCT Coeffictent Blocks [227]

based DA (NEDA) It 1s designed as a programmable general purpose NEDA processor built around an
ALU of an adder/subtracter with programmable shifting of the addends Kim et al also use NEDA 1n
their unified architecture capable of both DCT and IDCT [190] The time-multiplexed NEDA unified
DCT/IDCT architecture by Guo et al reconstructs pixels serially in IDCT mode and only requires 10
adders 1n the distnmbuted weight generation logic [194]

4212 IDCT Specific Approaches

In a video codec, the nature of the mput data processed by the IDCT compared to the DCT 1s very differ-
ent The DCT 1s fed pixel blocks in intra mode and motion compensated residual blocks 1n nter mode
The statistical nature of such 2D pixel data from natural scenes 1s commonly modelled as a first order
Markov process [53, 50] As discussed in Chapter 2, the DCT decorrelates pixel data and packs most
of the pixel biock energy for natural scenes into a few low frequency coefficients The AC DCT coeffi-
cients exhibit sharp zero-centred dual-sided Laplacian probability distributions [227], and this implies a
large number of zero-valued coefficients per 8 x 8 block for image and video data Subsequent quanti-
sation increases the chances of high frequency components being reduced to zero This phenomenon 1s
illustrated clearly in Figure 4 4 [227], and 1s exploited by some hardware implementations of the IDCT
proposed 1n the hiterature

McMillan et al express the IDCT as a forward-mapping formulation, 1e each input element’s
contribution to the entire set of output elements 1s expressed independently [228] This can be exploited
since the IDCT mput coefficient matrix 1s sparse The authors claim that for a set of sample images

there are only between four and twelve non-zero values in the input matrix Since each input 15 treated
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independently, this allows 1terative computation of a reconstructed block according to a quality-speed
trade-off (e g by parsing the mnput matrix i a zig-zag scan) The hardware architecture proposed 1s
a systolic array of 64 multiply-accumulate (MAC) umts A similar approach 1s used in [229], but the
architecture 1s serial The approach by Lee et al 1s also sumilar to McMillan’s approach since it uses
the forward-mapping formulation and has a systolic array structure [230, 231] However, Lee et al
exploit the symmetry of the IDCT basis functions when deriving their formulation This reduces the
multiplicative complexity and processing latency of their architecture

A data-driven IDCT architecture 1s presented by Xanthopoulos et al 1in [232, 233], which also
exploits the fact that a large percentage of DCT coefficients are zero valued As well as avoiding zero
argument computations, the architecture also has dynamic voltage and frequency scaling for greater
power savings The variabihity of the workload 1s exploited by adaptively changing the power supply and
clock frequency of the main computation umits The architecture 1s a ROM-based DA implementation
of the “Chen” IDCT algorithm It claims to be more energy efficient than a conventional row-column
DA IDCT by more than an order of magnitude for the same sample rate Xanthopoulos et al have
also published an architecture based on similar pnincipals except that the “Chen™ IDCT algorithm 1s
implemented using a MAC structure as opposed to DA [227]

Kim et al propose MAC structure [234] similar to that by Xanthopoulos [227] Based on the
number of non-zero DCT coefficients at the mput, 1t 1s possible to clock gate some of the registers/-
multiphers in the pipeline  The register pipeline 1s reconfigurable to allow stages to be skipped using
bypass multiplexers 1f the data rate 1s low Their experimental results show that most of the MPEG video
sequences have DCT blocks with typically five or six non-zero coefficients, mawmly located n the low
spatial frequency positions The architecture assumes that the number of non-zero coefficients has been
established aprior1 by simply counting the outputs of the variable length decoder or inverse quantiser

Fanucci et al propose a data driven unified architecture capable of both DCT and IDCT [183]
Previous approaches that exploit IDCT data statistics used two separate architectures for DCT and IDCT
The architecture in {183] 1s based on ROM-based DA Since such an architecture 1s a senial computation
scheme, sign extension of input data does not contnbute to overall result Such bits are discarded when
detected by the architecture to eliminate redundant computation The control logic also detects the
presence of so-called “null rows” (a row in the input DCT coefficient matrix with all-zero values) Ifa
null Tow 1s detected, the datapath is clock gated avoiding unnecessary computation and the corresponding

row 1n the transpose memory 1s reset to all-zeros

422 SA-IDCT Specific Approaches

Similar to the SA-DCT, the SA-IDCT 1s a column-row process by definition and cannot be easily imple-
mented directly as a 2D equation given the large number of possible 8 x 8 shape configurations This pre-
cludes the possibility of expressing the SA-IDCT 1n a single forward-mapping formulation The primary
computation engines required to implement the SA-IDCT are a variable N-point 1D IDCT processor,
an alpha shape parser (for data re-alignment) and some form of memory scheme to store the interme-
diate reconstructed pixels after the horizontal inverse transforms The dynamic nature of the SA-IDCT
processing coupled with the additional complexities compared to SA-DCT (see Section 4 1 1) make ef-
ficient hardware implementation difficult Previously proposed implementations of the SA-IDCT do not
explicitly explain how they deal with the 1ssues described in Section 4 1 1, and indeed some assume a
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reconfiguring adder-only based distributed arnthmetic structure As discussed in Chapter 3, multipliers
can be prohibitive compared to adders in terms of area and power consumption Hence by avoiding
multipliers, the author believes that the proposed architecture offers a better trade-off between speed,
area and power The datapath computes senally each reconstructed pixel k£ (k =0, ,N — 1) of an
N-pomt 1D IDCT by reconfiguring the datapath based on the value of k and N Guarded evaluation and
local clock gating are employed using k and NV to ensure that redundant switching 1s avoided for power
efficiency A transpose memory (TRAM) has been designed whose surrounding control logic ensures
that the SA-IDCT data re-alignment 1s computed efficiently without needless switching or shifting A
pipelined approach alleviates the computational burden of needing to parse the entire shape 8 x 8 block
before the SA-IDCT can commence

Due to the additional algorithmic complexity, 1t 1s more difficult to design a unified SA-DCT/SA-
IDCT module compared to a umfied 8 x 8 DCT/IDCT module The reasons for not attempting to do so

1n the proposed work may be summarised as follows

¢ A video decoder only requires the SA-IDCT Since SA-DCT and SA-IDCT require different ad-
dressing logic, embedding both in the same core will waste area if the final product 1s a video
decoder application only

¢ A video encoder needs both SA-DCT and SA-IDCT, but if real-time constraints are tight 1t may
be required to have the SA-DCT and SA-IDCT cores executing n parallel If this 1s the case, 1t
makes sense to have a dedicated task-optimised core Admuttedly, this has negative silicon area

implications

o Even though the addressing logic for SA-DCT and SA-IDCT are quite different, the core datapaths
that compute the transforms are very similar Therefore 1t may be viable to design a unified variable
N-pomt 1D DCT/IDCT datapath and have separate dedicated addressing logic for each Future
work could mnvolve designing such an architecture and comparing its attributes against the two
distinct dedicated cores presented in this thesis

4.3 SA-IDCT Datapath Architecture

The top-level SA-IDCT architecture 1s shown 1n Figure 4 6, comprising of the TRAM and datapath with
their associated control logic It has a similar architecture to the SA-DCT proposed 1n Chapter 3 (see
Figure 3 12) For all modules, local clock gating 1s employed based on the computation being carnied out
to avoid wasted power The addressing control logic (ACL) firstly parses the the 8 x 8 shape information
1n a vertical raster fashion (as in Figure 4 7) to interpret the honzontal and vertical N values as well as
saving the shape pattern into interleaved buffer register files Each register file 1s 128 bits wide (16 x 4-
bits for IV values plus 64 bats for shape pattern) Interleaving the data increases throughput since when
one 8 x 8 block 1s being processed by the SA-IDCT logic, the ACL can begin to parse the next block nto
the alternate interleaved buffer The ACL then uses the parsed shape information to read the input SA-
DCT coefficient data from memory — this requires num_vo_pels memory accesses where num_vo_pels
1s the subset of pels in the 8 x 8 block that form part of the VO The SA-DCT coefficients are parsed in a
horizontal raster fashion (e g Figure 4 7) Each successive row vector 1s stored 1n an alternate interleaved
buffer to improve latency
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When loaded, a vector 1s then passed to the variable N-point 1D IDCT module, which computes
all N reconstructed pixels serially 1n a ping-pong fashion e f[N — 1],f[0],f[N — 2],f[1), ) The
reason for this order 1s discussed n Section 433 The vanable N-pont 1D IDCT module 1s a five
stage pipeline and employs adder-based distributed arithmetic using a multiplexed weight generation
module (MWGM) and a partial product summation tree (PPST), followed by even-odd recomposition
The MWGM and the PPST are very similar in architecture to the corresponding modules used for the
SA-DCT as discussed n Chapter 3 The even-odd recomposition module has a three clock cycle latency
whereas the corresponding decomposition module used for the SA-DCT 1n Chapter 3 has only a single
cycle latency This accounts for the additional two cycles over the vaniable N-point 1D DCT module

The TRAM has a 64 word capacity, and when storing data the index & 1s manipulated to store the
value at address 8 x N _vert[k] + k after which N _vert[k] 1s incremented by 1 The TRAM addressing
scheme used by the ACL looks after the horizontal and vertical re-alignment steps by using the parsed
shape information The data read from the TRAM 1s routed to the datapath which 1s re-used to compute
the final reconstructed pixels that are driven to the module output along with its address in the 8 x 8
block according to the shape information

431 Reconfiguring Adder-Based Distributed Anthmetic Dot Product

The dot product of a 1D coefficient data vector with the appropriate N-poimnt IDCT basis vector yielding
reconstructed pixel k 1s computed using a reconfiguring adder-based distributed anthmetic structure (the
MWGM) followed by a PPST The architecture 1s almost 1dentical to the one used for the forward SA-
DCT (as shown n Figure 3 15 and Figure 3 19) and has been designed n the same manner using the
recursive iterative matching algorithm [40] The advantages of such a structure may be summarised as

follows
e Power consumptive multipliers are avoided in favour of an adder-only structure
e The re-configuring structure promotes hardware re-use
e Balanced adder network for regulanity and to reduce the probability of glitching
o Local clock gating of distributed weight registers

The primary difference for the SA-IDCT MWGM 1s that the multiplexer configurations controlled by
{k, N} are different since the IDCT basis vectors are different to those of the forward DCT In fact the
MUX configurations for odd & for all N are actually 1dentical to the forward transform but not so for
even k This 1s due to anti-symmetry of the odd transform basis vectors

Experimental results have shown that for a range of video test sequences, 13 distributed binary
weights are needed to adequately satisfy reconstructed image quality requirements (see Section 4 5 1)
As expected, this 1s 1dentical to the precision required for the forward SA-DCT as discussed 1n Chapter 3
The 11 adders needed for the SA-IDCT MWGM are 1dentical to those used for the forward SA-DCT
Hence 1t 15 possible to extend the capability of a single MWGM module for both forward and inverse
transform processing by extending the multiplexor configuration signal from the current 6-bit {k, N'} to
a 7-bit signal {k, N, mode} (mode = 0 = SA-DCT mode = 1 = SA-IDCT)

124



Table 4 | Total Number of Unique Possibilities for Each Distributed SA-IDCT Weight
Wo Jli/_\ I W_o i W_3 [ W_q [ W_s l W_g I VV_Q W_sg W_g i W_10 I W_11 W_1o

8 9 11 13 12 13 12 11 9 12 15 12 12

‘ # Unique
Selections

pra_even_r

datafi] |

gven/odd

oddN_k_finai

aven/odd
valrd
valid

Figure 4 8 Even-Odd Recomposition (EOR) Architecture

Like the SA-DCT MWGM, a certain degree of overlap exists for the distributed weight values over
the 36 valid cases possible using configuration signal {k, N} This case overlap decreases the synthe-
sised MUX complexity For each of the 36 cases there are 16 possible values for a weight (zero and
signals x0 x/ x2 x3 x01, x23 x02 x03 x12 xI3, x01x23 x01x2 x0Ix3, x02x3 xI12x3 in Figure 3 15)
However, of the 36 valid configurations for each weight, only a subset of these 16 possibilities are used as
illustrated in Table 4 1 The weights are then combined by the PPST to produce pixel f(k) as described
in Section 4 3 2

432 Partal Product Summation Tree

The use of adder-based distributed arithmetic necessitates a PPST to combine the weights together to
form the reconstructed pixel The architecture used for the PPST mn Figure 4 6 1s identical to that shown
mn Figure 3 19 (apart from the rounding ranges used) The reconstructed pixels after the honizontal
nverse transforms are rounded to 11 f fixed-point bits (11 bats for mteger and f bits for fractional) and
the expenments show that f = 4 represents a good trade-off between area and performance This implies
that each word m the TRAM 1s 15 bits wide The final reconstructed pixels produced after the vertical

inverse transforms are rounded to 9 0 bits and are routed directly to the module outputs

433 Even-Odd Recomposition

The purpose of the even-odd recomposition (EOR) circuit 1s to combine successive values produced by
the PPST and reform the reconstructed pixel values The reason for this 1s explained by the mathematics
of EOD/EOR Consider Equations 4 1a and 4 1b whach are the general N-point even-odd decomposition
equations (Equations 3 11a and 3 11D take the value V = 8) Substituting into Equations 4 1c and 4 1d
yield the corresponding inverse transform equations by even-odd recomposition (refer to Section 22 2

for a discussion on the mathematics of orthogonal forward and mverse transform pars)
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The crucial point to note from Equations 4 1¢ and 4 1d 1s that recomposition produces added/sub-
tracted pairs of the oniginal pixel values scaled by 0 S Thus 1s except for the one particular case of the
muddle odd 1ndex pixel when N 15 odd (e g pixel K = 3 when N = 7) This 1s because this middle odd
pixel does not contribute to any of the odd coefficients when N 1s odd (as 1s clear from Table 3 1) Math-
ematically speaking the data 1s scaled sincc the EOD basis matrices are not orthogonal so AT, x A

or AT . % Acyen Will not result in the 1dentity matrix
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Table 4 2 SA-IDCT EOR Ping Pong Data Ordering
data(0] | data(l] | data[2] | data]3} | data]4] | data[S] | data[6] | data|7|
ﬁp}jziﬂl f(O);f(7) f(1)42rf(6) f(l);f(ﬁ) f(2);rf(5) f(2);f(5) !(3)-;&4) [(32;f§42
f(O)-;f(ﬁ) f(OJJ-f(S) f(l)-;f(S) f(l);f(5) f(2)42-f(4) L(g);f(4) 7(3)
f(O)-ZFf(f)) f(O);f(S) f(l);f(‘i) f(l);f(‘l) f(?)ﬂ;f(ﬁ‘) f(2)£f(3)
f(O);f(") f(U);f(‘i) f(l);f(3) f(l)gf(3) £(2)
f(O)*QFf(3) f(0);f(3) f(l);f(Z) f(l);f(Ql
ggog; ) f(O); & 1)
f(OHZ-fLD f(O);f(l)

f(0)

—[olwlalun|o|wlcilZ

Using a serial computation scheme the order of data entering the EOR module for different N 1s
summarised in Table 42 The EOR module converts these sequences mto the original pixel values
Taking N = 8 as an example, data[0]+data[l] = f(0) and data[0] —data[l] = f(7) The EOR module
takes successive pairs of samples and recomposes the onginal pixel values but in a ping-pong order
(£(0), £(7), f(1), f(6), ) Ths data ordering eliminates the need for data buffering that 1s required 1f
the sequence generated 1s (f(0), f(1), f(2), f(3), ) The ping-pong ordering must also be taken nto
account by the addressing and control logic responsible for intermediate data storage in the TRAM and
vertical re-afignment of the final coefficients (see Section 4 4)

A schematic of the EOR module 1s shown in Figure 4 8 It has a three stage pipeline and the data
flow 1s controlled by three multiplexers The input signal datali] 1s updated on every cycle for N cycles

from:=0,1, ,N —1 The pipelined evenz/odd control signal 1s set or cleared depending on whether
the corresponding pipelined value of 2 1s even or odd The signal oddN _k_fwnal 1s asserted whenever
the condition : = N — 1 and N 1s odd 1s detected at the second pipeline stage This deals with the
special case of the middle odd index pixel when NV 1s odd as outhned earlier The advantageous features
of the EOR module are 1ts simpheity and efficient resource usage The interleaved pipeline means that

the module can sample new data every clock cycle

44 SA-IDCT Memory and Control Architecture

The primary feature of the memory and addressing modules 1n Figure 4 6 1s that they avoid redundant
register switching and latency when addressing data and storing intermediate values This 1s achieved
by manipulating the shape information The architectures are similar to the corresponding forward SA-
DCT counterparts outlined 1in Section 3 5 However, the distinctions between the SA-DCT and SA-IDCT
algorithms necessitate different addressing strategies

The ACL (Figure 4 9) parses shape and SA-DCT coefficient data from an external memory and routes
the data to the variable N-point 1D IDCT datapath for processing in a row-wise fashion The intermediate
coeficients after the horizontal processing are stored in a transpose memory (Figure 4 11) The ACL
then reads each vertical data vector from this transpose memory for vertical inverse transformation by
the datapath
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As 1s clear from Figure 4 10, the parallel state machines mean that the variable N-pomnt IDCT datapath
1s continuously fed with data after the first pipeline stage Apart from the parsing of the very first alpha
block, no additional computation cycles are caused by the requirement to parse the shape information
prior to IDCT processing The shape information s parsed according to the pseudo code i Figure 4 1
Each of the 16 IV values are stored n a 4-bit register and the shape pattern 1s stored 1n a 64-bit register
The shape pattern requires storage for the vertical re-alignment step, since this re-alignment cannot be
computed from the /V values alone A run-length encoding scheme was considered for storing the shape
pattern but was dismissed as too complicated given that the datapath produces reconstructed data 1n a
ping-pong order This would either require a complex run length decoder or a sophisticated ping-pong
run length encoding scheme Hence, a 64-bit register with very simple control logic was chosen

Once an alpha block has been parsed, the data addressing finite state machine uses the horizontal
N values to read SA-DCT coefficient data from an external memory row by row Since the shape 1n-
formation 1s now known, the state machine only reads from memory locations relevant to the VO (see
Figure 4 7) Like the SA-DCT ACL discussed 1n Section 3 5 1, the SA-IDCT ACL uses a parallel/inter-
leaved data buffering scheme to maximise throughput By virtue of the fact that the SA-DCT coefficients
are packed into the top left hand comer of the 8 x 8 block, early termination 1s possibie for the horizontal
IDCT processing steps If the horizontal N value for row index 7 has been parsed as 0 1t 1s guaranteed
that all subsequent rows with index > j will also be 0 since the data 1s packed Hence the vertical IDCT
processing can begin immediately 1f this condition 1s detected

The data addressing finute state machine reads intermediate coefficients column-wise from the TRAM
for the vertical IDCT processing Early termination based on N = 0 detection 1s not possible 1n this case
since the data 1s no longer packed (e g Figure 4 1) When a column 1s bemng read from the TRAM,
the data addressing FSM also re-generates the original pixel address from the 64-bit shape pattern This
64-but register 1s divided into an 8-bit register for each column Using a 3-bit counter, the state machine
parses the 8-bit register for the current column until all N addresses have been found These addresses
are read serially by the N-point IDCT datapath as the corresponding pixel 1s reconstructed

442 Transpose Memory

The TRAM 1n Figure 4 11 1s a 64-word x [5-bit dual port RAM that stores the reconstructed data
produced by the horizontal mnverse transform process Thus data 1s then read by the ACL 1n a transposed
fashion and vertically mverse transformed by the datapath yielding the final reconstructed pixels The
TRAM 1tself 1s 1dentical to the structure proposed in Chapter 3 for the SA-DCT, but the addressing logic
1s different As s clear from Figure 4 11, when storing data here the index k 1s manipulated to store
the value at address 8 x N_curr[k] + k Then N_curr[k| 1s incremented by 1 After the entire block
has been horizontally inverse transformed, the TRAM has the resultant data packed to the top left corner
of the block (e g top night block in Figure 4 1) For the subsequent vertical inverse transformations,
the ACL data addressing state machine combined with the NV value registers beside the TRAM read the
appropriate data from the TRAM Horizontal re-alignment 1s intrinsic in the addressing scheme meaning
explicit data shifting 1s not required Instead, manipulating the shape information combined with some
counters control the re-alignment
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4.5 Experimmental Results

451 Fixed-Point Variable N-point 1D IDCT Design

The SA-IDCT core presented 1n this thesis has two sources of round-off error inherent in its behaviour,
namely the DA precision |P + 1 — Q] (see Section 32 1 7) and the intermediate coefficient precision
T = 11 f (see Section 43 2) These are the same sources of error incurred by the SA-DCT core
discussed 1 Chapter 3 The DA precision 1n this case represents the number of bits used to represent
the cosine constants of the variable N-point 1D IDCT basis functions These inverse basis functions
are the transposed matrices of the forward SA-DCT basis matrices in Figure 33 Since cosine values
are guaranteed to be in the range [—1, 1], the value of P = 0 in Equation 3 6 introduces no error The
mathematical properties of a 1D N-pomt IDCT mmply that 11 bits 1s enough to capture the integral part
without any loss incurred [142] Since the cosine functions are theoretically infinitely precise, rounding
the fractional part of the result to 7" = 11 f bats introduces loss

The values of () and f are design parameters Since both increase the circuit area the larger they are,
the goal 15 to keep these parameters as low as possible according to design constraints In Section 3 6 1
of Chapter 3, experiments show that MPEG-4 precision requirements are met with ¢ = —12 (13-but
cosine constants according to Equation 3 6) and f = 4 (11 4 = 15-bit transpose memory) Since the SA-
IDCT 1s stmply the mverse process of the SA-DCT, 1t 1s expected that the same values of ) and f will
suffice for the SA-IDCT Nevertheless, experiments were carried out to venfy this claam For MPEG-
4 standard comphance, the SA-IDCT implementation must satisfy the IEEE 1180-1990 [173] standard
with some simplifications as specified by the MPEG-4 standard [66] as summarised 1n Figure 4 12 The
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Table 4 5 SA-IDCT 90nm TSMC Power Consumption

[ Test Sequence Average Power [mW] I
Andy 0404
Coastguard Object 1 0465
Contamer Object 1 0482
Hall Monitor Object 2 0429
Sean 0504
Weather 0488
Random Data 0 686

pected since the proposed SA-IDCT architecture terminates processing earlier for smaller shape blocks
The average power for each sumulation 1s given 1n Table 4 5, and the average power figure over all 6 test
sequences 1s 0 46mWwW

Another set of power analysis simulations were run using random data as stimulus To achieve
this, random 8 x 8 pixel and alpha block pairs were generated using a software program This random
data 1s then transformed using a software implementation of the SA-DCT as described previously, and
the resultant random coeflicients are used as stimulus to the SA-IDCT block As argued 1n Chapter 3,
random data simulations generate an estimate for worst case power consumption This 1s because unlike
natural video data, there 1s a very low probability of adjacent pixel or shape correlation with random
data For natural video blocks, the SA-DCT decorrelates most of the information into relatively few
low frequency coefficients and much of the high frequency coefficients are zero valued In the case of
random coefficient blocks, there 1s not as much decorrelation — hence the input stimulus used tn the
random simulations 1s more likely to generate circmt switching To get an estimate for worst case power,
10 simulations were run using 50 random coefficient and alpha 8 x 8 block pairs as stimulus, with
different seeds used for the random number generators to guarantee 10 unique data sets The power
figure quoted 1n Table 4 § 1s the average value over the 10 random data simulations As expected, the
value of 0 686mW 1s slightly higher compared to 0 46mW, which 1s the average power consumption over
all the video test sequence simulations

Two of the SA-IDCT implementations in the literature quote power consumption figures and the pa-
rameters necessary against which to perform normalised benchmarking the architectures by Hsu et al
[235] and Chen et al [109] The normalised power, energy and Energy-Delay Product (EDP) figures
are summarised in Table 4 6 Note that the energy figures quoted in the table are the normalised energies
required to process a single opaque 8 x 8 block The proposed SA-IDCT architecture improves upon
the Chen architecture 1n terms of normalised power, energy and EDP The EDP results are particularly
impressive (0 50 pJs versus 7 11 pJs) This gain 1s predominantly attributable to the much improved
clock cycle latency (188 versus 1984) Compared to the Hsu architecture (in no skip mode), the pro-
posed architecture 15 agamn better (n terms of normahised power, energy and EDP Table 4 6 shows that
the Hsu architecture 1n zero skipping mode outperforms the current implementation of the proposed de-
sign (no zero skipping) 1n terms of Energy and EDP, despite the fact that the current implementation
of the proposed design has a better normalised power consumption performance This 1s a direct con-
sequence of the reduced clock cycle latency achievable with a zero skipping scheme As mentioned 1n
Section 4 5 2 1, future work on the proposed SA-IDCT architecture will involve incorporating an appro-
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from the WildCard-1I platform specific interface signals (PCI and SRAM) making 1t easy to port the core
to another platform (e g ARM based 1n as Section 3 6 4) The SA-IDCT has a vanable load depending
on the shape information and the SA-IDCT core has been designed such that 1t finishes processing smaller
video object plane (VOP) blocks earlier The SA-IDCT HWMC has been designed with this in mind so
that the SA-DCT relinquishes control of the SRAM at the earliest possible moment

Due to the nature of the SA-IDCT computation, the 1P core will not respond with output data until 1t
has sampled all 64 bytes of the alpha block and opague_pels) number of coefficients from the coefficient
block memory The vaniable opague_pels represents the number of object pixels 1n the current block
belonging to the object Hence the SA-IDCT HWMC processing latency could be reduced by imple-
menting some prefetching and buffering of the next data block while waiting for the IP core to respond
for the current block This 1dea 15 essentially the same as the prefetching idea mooted 1n Section 3 6 3
for enhancing the SA-DCT HWMC This investigation 1s targeted as future work

4532 MPEG-4 Reference Software API

The steps nvolved to integrate the SA-IDCT hardware accelerator with the MPEG-4 optimised reference
software (Part 7) [210] are very simular to the steps followed for the SA-DCT accelerator (sece Chapter 3)
This 1ntegration 1s required to validate functionality and pass conformance testing according to MPEG-4
Part 9 requirements For conformance testing of hardware, ideally the software should require minimal
modification for rapid verification For the SA-IDCT accelerator two minor modifications are required
(see [236] for more details) The first modification mvolves editing the configuration steps of the MPEG-
4 software to also program the WildCard-II FPGA fabric with the SA-IDCT accelerator, and allocate
and bind the DMA pomters This allows both the application software and hardware accelerator to
read/write 1n the same area of the WildCard-II SRAM transparently The second modification 1s mn the
CInvSADCT C++ class 1n file sadet cpp A new pre-processor directive 1s added to allow the codec to
use erther the SA-IDCT software algorithm or SA-IDCT accelerator on the WildCard-1I By only making
these straightforward changes, the mmimal modification approach described in Chapter 3 1s followed for
the SA-IDCT conformance 1ntegration to facilitate rapid validation of the hardware accelerator with the

reference software

4533 Conformance Results

End to end conformance has venfied that the bitstreams produced by the encoder with and without SA-
IDCT hardware acceleration are 1dentical The test vectors used were 39 of the CIF and QCIF object-
based test sequences as defined by the MPEG-4 Video Verification Model [209] Synthesis results for the
WildCard-1I platform are shown m Table 4 9 The modified University of Calgary integration framework
takes up only approximately 11% of the FPGA resources leaving almost 90% for hardware accelerators

The SA-DCT along with 1ts HWMC require 27% The post place and route tuming analysis indicates
a theoretical operating frequency of 75 3MHz so the IP core 1s able to handle real time processing of
CIF sequences quite comfortably (assuming the same 14MHz constraint as before) Post place and
route sumulations were carried out on the netlist for VCD power analysis These simulations were run at
75 3MHz (ligh throughput mode) and at 14MHz (low power mode) For each mode, 10 simulations were
run ustng 50 random coefficient and alpha 8 x 8 block pairs as stimulus, with different seeds used for the
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mode These results show that in low power mode, the worst case power consumption 1s approximately
113 85mW

4.6 Summary of Contributions

This chapter described the SA-IDCT algorithm 1n detail with special emphasis on the differences between
1t and the forward SA-DCT The SA-IDCT 1s effectively the reverse process of the SA-DCT, and this
means data addressing 1s more challenging A comprehensive survey of prior art implementations of the 8
x 8 IDCT 1s provided, with emphasts on techrmques that exploit the fact that much of the coefficient data
processed by the IDCT 1s zero valued (thanks to the decorrelation of the DCT process and subsequent
quantisation) Prior art hardware implementations of the SA-IDCT are then discussed in depth Based on
this discussion, 1t 1s concluded that just like the SA-DCT, some of the prior SA-IDCT implementations
do not address all of the required processing steps, and none have been designed spectfically with low
energy 1n mind

Then, the author’s proposed SA-IDCT architecture 1s descrnibed 1n detail In Chapter 2 1t was con-
cluded that most energy savings are achievable at the high levels of design abstraction, so the proposed
SA-IDCT has been designed accordingly The primary low energy features include efficient data ad-
dressing and reconstruction, data dependent clock gating, multiplier-free datapath, balanced delay paths
and hardware resource re-use

The chapter concludes by benchmarking the proposed SA-IDCT architecture against the prior art,
where possible In terms of area and latency, the PGCC metric shows that the proposed architecture
outperforms the Chen [109] architecture and the Hsu [235] architecture (in no skip mode) Considering
normalised energy and power, the proposed architecture also outperforms the Chen [109] architecture
and the Hsu [235] architecture (again 1n no skip mode) However, the Hsu architecture also has a zero
skipping mode that exploits the likelihood of zero valued coefficient data to reduce computational latency
Companng the zero skipping mode of the Hsu architecture against the proposed SA-IDCT architecture,
which has no zero skipping mode, 1t has been shown that the Hsu architecture in this mode slightly
outperforms the proposed design in terms of PGCC and signtficantly in terms of energy and EDP Inter-
estingly, the proposed architecture 1s still better in terms of normalised power despite the zero skipping
mode of Hsu However, since the proposed design 1s better for all metrics with both 1n no skip mode, it
1s expected that in future 1f a zero skipping mode 1s integrated into the proposed design, it will improve
upon the zero skipping mode of the Hsu architecture This 1s because the savings achievable due to
zero skipping are data dependent and independent of the architecture As well as benchmarking against
the prior art, the proposed SA-IDCT has also undergone conformance testing via the MPEG-4 Part 9
m:tiative, validating that 1t 1s compliant with official MPEG requirements

In addition to the development of a zero skipping extension to the proposed SA-IDCT architecture,
future work could include the development of a ADC-SA-IDCT post-processing module as required for
MPEG-4 mtra-VOP boundary blocks (see Chapter 6 for details) Simuilar to the SA-DCT architecture
discussed n Chapter 3, a future research task 1s to investigate different parallel vanations and the trade-

offs involved between processing latency and power consumption

142




CHAPTER D

Dot Product High Level Synthesis

5.1 Introduction

The multiplication of vanable data by constant values 1s a common operation required by many signal
processing algorithms and applications [132] Indeed 1t has been shown that for a survey of more than two
hundred industnial examples, over 60% have greater than 20% operations that are multiplications with
constants [40] Some commonly used tasks that involve such operations include digital filters and linear
transforms such as the Discrete Founer Transform (DFT) and the Discrete Cosine Transform (DCT)
Since these operations are so common, efficient optimisation of hardware architectures to implement
these operations 1s key to improving the performance of the algonthms and applications that use them
The DFT, DCT and indeed the SA-DCT/IDCT discussed 1n detail 1n previous chapters, are instances of a
more generalised problem — that of a linear transform involving a constant matrix multiplication (CMM)

The general properties of a CMM operation can be exploited by a designer to realise an efficient
hardware implementation Given that one operand of a multiplication 1s constant, 1t 1s possible to 1m-
plement the operation using only additions and or subtractions coupled with shift operations instead of
implementing a full multipher The multiplication by constant problem has been widely researched and
there are many optimisation algorithms 1n the literature, as surveyed in Section 53 The CMM optimisa-
tion problem 1itself seems simple but in reality 1s very difficult due to the huge combinatonal possibilities
As a result, most prior art sacrifice optimality by using heuristics to converge on a local optimum These
heuristics are usually “greedy” 1n nature meaning that the algorithm is steered such that it may exclude an
area of the search space that contains the absolute optimum solution Since it builds potential solutions
1n parallel, the algonthm proposed in this chapter guarantees (in theory) an absolute optimal solution
without resorting to exploring the entire permutation space by using some intwitive early exit strategies
Such an algorithm can be employed to realise optimal circuitry for any CMM problem In reality, due to
the huge permutation space and computational tractability limitations 1t 1s impossible to search the entire
search space m a reasonable amount of time even with the early exit strategies proposed This has led to
the proposal of a genetic algorithm that searches the permutation space intelligently to converge on the
optimal result relatively quickly Mutation strategies have been built in to the algorithm to avoid getting
stuck 1n local optima
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52 Multiphcation by Constant Applications

As mentioned previously, multiplication by constants 1s a prevalent task in many applications The task
itself 1s used in many different guises depending on the application and a recent paper by Dempster and
Macleod classifies them into four sub-categories [134] These categories are single coefficient multi-
phers, constant multiplier blocks, digital filters and constant matrix multipliers (CMMs) All four are
summarised here to 1llustrate where the CMM problem sits 1n relation to the others

521 Preliminaries

The work presented 1n this chapter 1s built upon the theory of adder-based distributed arithmetic as
described 1n Section 3 2 | 7 of Chapter 3 Distnibuted anthmetic substitutes all multiplications by con-
stants with a number of shifts and additions/subtractions (we refer to both as “additions™) Restating
Equation 3 6, a general |P + 1 — Q|-bit 2°s complement constant a may be expressed as follows

P-1
a=-bp2" + Y Bi2%, b€ {0,1} 1)
k:Q

where bit position ) 1s the LSB and bit position P 1s the MSB Bit position P 1s also the sign bit For
notational convemence 1n this chapter, let |P + 1 — Q| = M and re-align bit position 0 to be the LSB
and bit position M — 1 to be the MSB and sign bit without loss of generality So the above equation can

be re-stated as follows
M-2

a=—by-12""1+ > b2k, b€ {0,1} (52)
k=0

In Section 3 2 1 7, the constants are assumed to be 2’s complement numbers However, such constants
may be expressed n different number systems For example, consider the radix-2 signed digit (SD)
numbering scheme with digit set {I,0,1} where T = —1 With M = 4, the constant (—3);9 can be
represented as either (0011)s, (0101)2, (T101)2, (0111)2, (111T); The reasons for considenng such a
number system will become clear when the proposed design algorithm 1s outhned 1n this chapter Note
that with the radix-2 SD system there 1s no specific sign bit, the sign of the overall constant 1s spread

among the distributed weights b, So restating the previous equation we have

M—
a= Y b2, be{1,01} (53)
k=0

-

All subsequent discussions 1n this chapter assume that the constants are M-bit radix-2 SD numbers
without loss of generality Two other terms used when describing the SD representation of a constant
throughout this chapter are Canonic Signed Digit (CSD) and Minimal Signed Digit (MSD) Park et
al clearly define the distinction between CSD and MSD [237] They say that given a constant, the
corresponding CSD representation 1s unique and has two properties, the first 1s that the number of non-
zero digits 1s mmmmal and the second 1s that two non-zero digits are not adjacent They define MSD to
be a superset of CSD where the first property still holds but the second 1s relaxed
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Figure S 1 Single Constant Multiplier Behavioural Architecture

522 Single Constant Multiphers

A single constant multiplier 1s defined by Equation 5 4 where a 1s a constant scalar multiplicand and x 1s
the mput scalar multiplier Since a 1s a constant, Equation 5 3 may be substituted into Equation 5 4 giving
Equation 5 5 Equation 5 5 1s expressed in matrix form in Equation 5 6 where ag = {bg by, ,bar—1]7
are the distnbuted signed digits of @ and the corresponding elements of t = [20,2!  ,2M~1] represent

their weights
= ax (54)
M-1
= Y 2*ha (55)
k=0
= tagz (5 6)

A behavioural architecture 1s shown 1n Figure 51 The optimisation challenge in this case 1s to search
for patterns 1 a4 that mmimises the number of adders, shifts, latches or any other criterion deemed
mmportant For example consider & = 85, M = 8 Therefore ag = {01010101]T Direct implementation
of X requires 3 adders (X = z20 + 222 + x2% + 22%), however considering the sub expression S; =
z[1 4 22, X can be implemented with only 2 adders (X = S + 5,2%)

523 Constant Multipher Blocks

A constant multiplier block 1s a sumple extension to the single constant multiplier except there are N
products with the mnput data = simultaneously This 1s shown 1in Equation 5 7 where A, X are now N-
pomnt 1D vectors The distnbuted signed digits b, for each of the N constants are represented by a 2D

matnx Ag with each column j representing a particular A -bit constant a, (Equation 5 9)

X = Ax 7
X = tAyz (58)
20 T b b
0,0 N-10
2! bo 1 bv-1,1
X - z (59
2M-1 bo M—1 by-1,M-1

145




X(0) X(1) x(N 1)

Figure 52 Constant Multiphier Block Behavioural Architecture

=5 x<n 1> = x<n (N 1)>

X<n>

Figure 5 3 FIR Filter Behavioural Architecture

A behavioural architecture 1s 1s shown 1n Figure S 2 The optimisation challenge 1n this case 1s to search

for vertical patterns across the 2D matrix Ag that ard minimisation of the optimisation criterton

524 Dagital Filters

A digital filter 1s a more complicated scenario that involves a sum of products of a vector of delayed
“versions” of a multiplicand (essentially a shift register) with a vector of constants This kind of filter
1s referred to as a Fimite Impulse Response (FIR) filter An alternative scenario s an Infinite Impulse
Response (IIR) filter which includes delayed versions of previous outputs (1e feedback) as well as
delayed versions of the input multiplicand The following discussion relates to FIR filters for tllustration
but may be generahsed to cover the IIR case An N-point FIR filter may be descnibed by Equation 5 10
In this notation x {n — 3) represents sample x (n) delayed by j clock cycles In this application, matnx
A 1sagam a 1D N-pont vector of constants o, Matrix A has a 2D matrix distnibuted form A4 as before
as shown n Equation 5 12 A behavioural architecture 1s 1s shown in Figure 5 3
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=z
L

X({n) = a;z (n—7) (5 10)
=0
N-1
Xy = 3 aq7z(n) 511)
1=0
T
20 boo byv-10 T {n)
21 b bn_ z{n—1
X(n) = 0,1 N-1,1 ( ) 512)
2M-1 bo,m—1 by_1,M—1 z{n—(N-1))

In this case, the optimisation challenge 1s to search for vertical, horizontal and diagonal patterns in Ay
that aid mmimisation of the optimisation criterion It 1s clear that the optimisation 15 becoming more
challenging as the applications become more complex Consider a sample 4 tap FIR (M = 12) with
matrix Ay as shown in Figure 54 Step 1 and step 2 1llustrate how patterns! are found 1n row, columns
and diagonal directions in Ay Direct implementation of the FIR requires 3 registers and 15 adders
The resultant architecture after the patterns selected 1n Figure 5 4 needs 7 registers and 10 adders and 1s
shown i Figure § §

The example outlined 1llustrates a peculiarity of searching for patterns in FIR problems Since the
data vector 1s a shift register of delayed samples, step 1 in Figure 5 4 finds four instances of pattern
S1, two of which are S (n), and two delayed by a clock cycle S (n — 1), Assuming that a new X (n)
1s computed every clock cycle, the data vector z for subsequent cycles 1s shifted by one location and
an architecture with delayed versions of pattems 1s possible as shown in Figure 55 However, for a
general dot product computation architecture at sample » the data vector z in Equation 5 12 could be 1s
independent of the previous vector for dot product at » — 1 This means that storing patterns such as S
1n registers may not make sense for such a general dot product computation engine

It also must be noted that the order in which patterns are selected can greatly influence the resultant
architecture  To illustrate this pomt more clearly, consider the simple example 4 tap FIR (M = 4)
in Figure 56 Although the filter itself 1s trivial, 1t serves to illustrate the pomnt Figure 5 6 shows
two solutions for the order of selecting sub-expression patterns, and indeed these are not the only two
solutions Figure 5 7 shows the resultant architectures for both options It 1s clear that solution 1 requires
less hardware resources, but this 1s not immediately obvious from the sub-expression choices In step
one, both solutions choose a sub-expresston that occurs four times and 1n step two, both choose a sub-
expression that occurs twice Despite this sumilanity, the resultant architectures are quite different It
1s intuitive to see that 1 a real optimisation problem with a more complex filter, the choice of sub-
expression patterns and the order in which they are chosen becomes a difficult problem to solve optimally
As discussed 1n Section 53 2, most prior art algorithms 1n the literature use heuristics to guide the
decision process However, there 15 no guarantee that the heuristic will produce the best result (whatever
“best” 1s taken to represent), since choosing a pattern at a particular step will influence the potential

patterns available 1n subsequent steps

"For the moment we 1gnore how these patterns are selected
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5.3 Multiplication by Constant State of the Art Review

This section explores in more detail some properties of the CMM problem and the associated impact
on an optimisation algorithm for designing VLSI implementations of a CMM equation Subsequently, a
survey is given of state of the art design algonithms for the constant multiplication applications described
in Section 5 2 Special emphasis 1s placed on algorithms that deal with the CMM problem specifically,
as opposed to constant multiplier blocks or digital filters

531 CMM - A Closer Look

The symplest optimisation criterion for the CMM problem 1s to find the optimal sub-expressions across
all N dot products 1n Equation 5 15 that lead to the fewest adder resources Three properties of solutions
can be used to classify approaches SD permutation, pattern search strategy and problem subdivision,
and each of these properties are briefly reviewed below

5311 SD Permutation

Consider that each of the N x IV M-bit fixed point constants a,; have a finite set of possible radix-2 SD
representations For example, 1t was shown 1n Section 5 2 1 that there are five radix-2 SD representations
of the constant (—3)1p with M = 4 To find the optimal number of adders, all SD representations of
a,, should be considered since for a CMM problem CSD representation 1s not guaranteed to be optimal
(as shown 1n Section 54 2 7 and 5 4 6 and as also mentioned 1n other publications [237, 238, 134]) The
difficulty 15 that the solution space 1s very large [239], hence SD permutation has only thus far been
applied to simpler problems [239, 240] Potkonjak et al acknowledge the potential of SD permutation
but choose a single SD representation for each a,; using a greedy heuristic Netther of the recent CMM-
specific algorithms 1n the literature apply SD permutation [241, 242], whereas the algorithm proposed in
this thests does The approaches i the literature that use SD permutation are described 1n more detail in
Section 5§ 3 2

5312 Pattern Search

The goal of pattern searching 1s to find the optimal number of sub-expressions in the 3D bit matnix Agq
resulting 1n fewest adders Usually the elements b,,; of Ay are divided into NV 2D slices along one of
the planes An example showing 2D slices along the 2 plane 1s shown 1n Figure 59 Slices along the 2
plane essentially mean that the CMM problem 1s divided nto NV dot product problems Slices along the
J plane mean that the CMM problem 1s divided into NV constant multiplier block problems Although
not usually used, slices along the &k plane mean that the CMM problem 1s divided into M MF-CMM
problems Patterns are searched for 1n the 2D slices independently before combining the results for 3D
An example ¢ plane 2D slice for a particular SD permutation 1s shown mn Equation 5 16 It is a simple
T 3 St

4-point dot product with M = 13 constants %cos(w), %cos(fg), %cos(i’—g) and %cos(l—ﬁ-) It 15 actually

the dot product to compute coefficient 1 of the 8-pont 1D DCT using even-odd decomposition (see
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The algorithm proposed 1n this thesis uses : plane 2D slices for reasons outlined in Section 533 As
such, a 2D slice 1s taken to mean an z plane 2D shice unless explicitly stated otherwise Algonthms
may search for horizontal/vertical patterns (P1D} or dragonal patterns (P2D) in the 2D slice The P1D
strategy infers a two-layer architecture of a network of adders (with no shifting of addends) to generate
distributed weights for each row followed by a fast partial product summation tree (PPST) to carry out
the shift accumulate (Figure 5 10) The P2D strategy ifers a one-layer architecture (Figure 5 11) of a
network of adders that 1n general may have shifted addends (essentially merging the two layers of the
P1D strategy) Potkonjak et al use the P1D strategy and search for honizontal patterns, while Boullis
and Tisserand use the P1D strategy and search for vertical patterns [242] Dempster and Macleod use
the P2D strategy [241] However, all of these proposals select sub-expressions iteratively based on some
heuristic criteria that may preclude an optimal realisation of the global problem This 1s because the
order of sub-expression elimination affects the results [243, 244] The proposed algonthm sidesteps this
1ssue by building parallel solutions using the P1D strategy as discussed n Section 5 4 2

5313 Problem Sub-Division

As 1n any hardware optimisation problem, synthesis 1ssues should be considered when choosing sub-
expressions for an N-point dot product (a 2D slice) If N 1s large (e g 1024-pomnt FFT) then poor
layout regularity may result from complex wiring of sub-expressions from taps large distances apart 1n
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iterations by choosing this sub-expression They also propose a scaling preprocessing transformation of
the constants to further improve the results Also mentioned 1s the use of alternative SD representations
of Aq based on a greedy algorithm that mimimises the number of shifts, but details are not given Mat-
suura et al claim to optimise a variation on Potkonjak’s approach but it 1s not clear exactly how the
problem 1s being modelled from the detail given 1n the paper [250]

Hartley uses CSE but also considers the influence of a sub-expression choice on latch count as well
as adder reduction [251] He targets the FIR problem specifically, and uses the CSD representation of
the constants The algonithm searches for vertical, horizontal and diagonal pairwise patterns 1n the Aq
matrix of Equation 5 12 Hartley derives the latch count cost caused by choosing a sub-expression by
running the scheduling algorithm m [252] to estimate the lifetime of the sub-expression These 1deas
are extended in [253] where he denives a heunistic cost function for choosing the best sub-expression as
a weighted difference of the number of adders saved and the additional latch count This heuristic 1s
adopted since repeatedly re-scheduling the circuit 1s a lengthy process It 1s argued that all other factors
being equal, when forming sub-expressions 1t 1s best to combine signals with overlapping hifetimes since
otherwise, the lifetime of one of the signals must be extended In fact 1t 1s commented that the cost
function discriminates quite strongly against choosing diagonal pairwise patterns whose elements are in
rows far away from each other in the A 4 matrix This 1s because for a FIR problem many more latches are
needed 1f such sub-expressions are chosen When considering routability, Hartley proposes using only
the two most common sub-expressions to avoid complex layout It 1s shown that statistically the vertical
patterns 101 and 101 1 matrix A4 occur most often 1f CSD encoding of the constants 1s used Hartley
also hints at the potential savings of using other representations that are not strictly CSD  Although n his
paper Hartley does not cons:der the CMM problem, later papers (as outlined subsequently in this review)
base their CMM algonthms on Hartley’s 1deas

Pasko et al propose a steepest descent {greedy) approach when choosing the best matches for
CSE {243] They justfy a greedy approach by claiming that CSE optimisation may be an NP-complete
problem (although they state that the proof of this claim 1s still an open problem) The approach 1s
targeted to the MF-CMM problem They search for horizontal sub-expressions in the Ay matrix and
always choose the pattern with highest frequency (1e greedy selection) The algorithm does not lhimut
itself to only searching for 2-bit sub-expressions and can search for any possible horizontal multi-bit
patterns within the scope of the problem being optimised The paper proposes simple iterative splitting
of constant matrix to reduce run time for large problems acknowledging the fact that detection of patterns
across boundaries will not be found This “matrix-splitting” technique 1s proposed to reduce algorithm
run time, but also makes sense from a synthesis perspective as discussed i Section 53 1 They outline
extensions of their algorithm for the FIR and CMM problems but their approach 15 exactly the same as
the work by Potkonjak et al [40]

The non-recursive signed common sub-expression (NR-SCSE) algonthm proposed by Peiro et al
[245] aims to optimise 1n terms of adder count and logic depth simultaneously Their algorithm specif-
ically targets the FIR problem and they use the CSD representation of the constants When surveying
other algonthms they comment that graphical methods such as the BHM algorithm obtain the best adder
count but the highest logic depth In contrast, they claim that CSE algorithms, like Hartley’s, require
more adders but obtain the best logic depth and the results infer a regular layout The NR-SCSE only
considers vertical 2-bit patterns 1n the distributed A g matrix of Equation 5 12 This pattern search strat-
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egy results 1 mdependent structures for each multiplier, and they claim that this simplifies both logic
depth and number of adders When choosing the best match they adopt a greedy selection approach
Petro et al also comment that sharing few common sub-expressions (1 e using a low number of adders)
will result 1n a large wiring overhead for large problems This large fanout can have a detrimental affect
on speed and power consumption since large capacitive loads are being switched

The work by Boullis and Tisserand [132] concentrates on the CMM problem specifically although
they have extended their work to cover the FIR problem also [242] They acknowledge that the problem
seems simple but in reality 1t 1s a “hard” problem due to 1ts combinatorial properties As more multiplica-
tions by constants become 1nvolved, the search space grows huge so usually some heuristics are required
Like Pagko et al, the authors claim that the theoretical complexity of the problem 1s still unknown' The
method proposed uses CSE and CSD encoding of the constants The CSE method proposed by Boullis
and Tisserand improves on the work by Pasko et al [243] using the Lefévre algorithm [132] which
allows more complex patterns to be used The elements b,;;, of a CMM A4 are divided into N 2D slices
along the 7 plane, essentially dividing the CMM problem 1nto N constant multipher block problems,
although the paper does not clanfy this clearly They use a heuristic method of choosing the patterns at
each 1iteration based on the pattern with maximal non-conflicts and mimmal conflicts with other patterns
The authors hint at the fact that perturbing the fixed-pont representations of the coefficients (1 ¢ adjust-
ing the value of the constant slightly) may save adders at the expense of some additional quantisation
noise that may be acceptable depending on the synthesis constraints and the quality requirements

Vinod et al concentrate on linear phase FIRs and discuss the trade-offs involved between searching
for intra-coefficient patterns and inter-coefficient patterns [254, 255] Intra-coefficient patterns refer to
patterns along the k plane i the notation 1n thuis thesis Inter-coefficient patterns refer to patterns along
the 5 plane i the notation 1n this thesis They do not mention diagonal patterns With adder count and
critical path as the optimisation criteria, they conclude that vertical pattern CSE 1s better than horizontal
pattern CSE only when constant bitwidth 1s small They use the Hartley “two most common” CSE
approach [253, 255] In [254], they propose a heuristic for searching for a certain subset of horizontal
sub-expressions, followed by a subset of vertical sub-expressions to give a better overall result Further
vanations of their work are presented 1n [256, 257]

While all the approaches listed thus far have concentrated primarily on the optimisation criterion and
the sub-expression pattern search strategy, there has not been much emphasis on the potential benefits
of trying different representations of the constant coefficients themselves As illustrated in Equation 3 9,
the representations of the constants has the most dommant influence on the number of adders required
to realise the circuit, regardless of the pattern searching techniques used The work by Potkonjak et al
hints at this but 1t 1s not explored 1n any depth [40]

The algonthm by Park and Kang generates all MSD representations for a given constant {237] The
authors acknowledge the potential savings using non-CSD representations and approximate that from a
set of three numbers {T, 0, 1} the average number of representations R,,4 per n-bit number 1s as shown

§ n
Rayy = (22) (517)

in Equation 5 17

Equation 5 17 shows that R, increases exponentially with n and searching these permutations 1s a

very “hard” problem Park and Kang propose only searching the MSD representations to get a “good”
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result 1n a reasonable computation time They propose an algorithm for searching the MSD search space
one coefficient at a time for the FIR filter problem For a selection of 8 FIR filters, their algorithm
outperforms Hartley, Potkonjak and Pasko They acknowledge that all coefficients cannot be considered
simultaneously and try to counteract this by applying some 1terative techniques However, the selection
approach 1s greedy and 1s not guaranteed to give optimal results

A recent paper by Dempster et al makes a very important point in regard to the representation
adopted for the constant values 1n any general multiplication by constant problem [134] In their paper,
Dempster et al publish results (in terms of adder count) for some small single multiplier and FIR
filter problems using the RAG-n graphical algorithm, the Hartley CSE algorithm [253] (referred to as
“HH” 1n the paper since 1t uses CSD for the constants and searches for only horizontal intra constant
sub-expressions) and thewr own HHS(k) algonthm (Hartley CSE using only honzontal intra constant
sub-expressions for SD representations with at most k bits more than a MSD representation) They
conclude that the HHS(k) gives good results — always at least as good as the HH algonthm and better
1n many cases compared to the RAG-n algonthm They state that as the number of constants increases,
the number of SD representations grows exponentially so they prefer the RAG-n algonithm 1n this case
for computational complexity reasons However, these results hint at the potential of unconventional SD
representations of the constants 1f the associated computational complexity could be addressed They
cite another paper by Dempster and Macleod as the best candidate for the CMM problem as discussed
subsequently in this review [241]

Dempster and Macleod propose an algorithm to generate SD representations for a given integer that
can be generalised to any fixed-point number [238] They state that any mnteger has an mnfinite number
of SD representations This 1s true, but for any real implementation there will be a finite number of
possibilities due to the finite number of bits chosen to represent that integer The algorithm they pro-
pose generates the SD representations hierarchically In other words the algonthm searches for all n-bit
solutions (if any) from n = 1 up to whatever resolution the user desires they give numerous exam-
ples highlighting the potential benefit of non-CSD representations for integer multipliers For example,
integer 363 has CSD representation 1010010101, which has 5 non-zero digits requiring 4 adders to 1m-
plement multiplication by 363 However, another SD representation 101101011 with 6 digits can be
synthesised using three adders because of 1ts patterns 3 = 2+ 1 (pattern 11), 11 = 3 + & (pattern 1011),
363 =11(32+1)

Dempster and Macleod have come up with a new method that leverages [238] to examine a subset
of the SD representations when designing single constant multipliers [240] and FIR filters [239] For
the single constant multiplier problem they suggest using an extension of the Hartley [253] algorithm
— namely the H(k) algorithm where the constants have at most k bits more than a MSD representation
Their results show that for 19-bit constants, the gams above k = 2 are quite low, thereby posing the ques-
tion — how far 1s worth searching? They state that they have a forthcoming publication with theoretical
proofs showing that there 1s a limit to k worth searching For the FIR filter problem they apply H(k) and
ilustrate the potential gains [239] However they acknowledge the problem of exponential growth of the
search space They state that for Samuelr’s filter [248] using H(1) there are 6 4 x 10%* different sets that
need consideration and conclude that a sensible heuristic needs to be developed

Another recent paper by Dempster and Macleod specifically targets the CMM problem using CSE
[241] This work 1s essentially an implementation of the Hartley CSE algorithm that searches for diagonal
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ing tools 1n the application (such as the SA-DCT core for an MPEG-4 codec presented 1in Chapter 3)
However 1n a price-sensitive mobile device where silicon real estate 1s at a premium, 1t 1s not feasible to
simply lay down multiple accelerator IP cores ad nauseum — especially 1f the core 1s only useful for a sin-
gle task and remains 1dle otherwise Ideally, any accelerators that are implemented should be somewhat
configurable for multiple tasks to increase their value In this context, and given that the dot product
operation where one of the vectors 1s constant 1s a frequent low-level task in many applications, 1t makes
sense for a mobile multimedia device to include a dot product IP core with energy efficient properties
configurable for many dot product tasks

As outlined 1n Section 32 17 a distnbuted arithmetic (DA) implementation of a dot product has
power efficient properties Section 3 2 1 7 also discusses the advantages of adder-based DA (also known
as NEDA) over ROM-based DA Hence, as with the approaches surveyed 1n Section 5 3 2, the proposed
optimisation approach 1s targeted towards an adder-based DA realisation of the final CMM IP core The
key different:ating attributes of the proposed approach over existing work are as follows

1 The algonthm considers all radix-2 SD representations of the CMM fixed-point constants when
building solutions SD permutation has only thus far been applied to simpler problems like single
constant multipliers [239] and FIR filters [240]

2 The algorithm uses CSE and avoids getting stuck in local optima by maintaining parallel solutions
Previously proposed approaches build a single solution by choosing sub-expression patterns itera-
tively using greedy heuristics The proposed algorithm evaluates all sub-expression choice options

in parallel, and decides on the best choice afterwards

3 The improved results achievable by using SD permutation and building parallel solutions comes
at the cost of additional computational complexity Previous work has commented that the SD
permutation search space is huge and whilst this in indeed true the modelling and implementation
of the proposed approach aims to alleviate this 1ssue by cleverly ordering the search space The
proposed modelling solution, summarised 1n Section 5 3 3 3, makes the implementation amenable

to genetic programming and hardware acceleration

4 As hinted at 1n Section 5 3 1 3, real-world synthesis issues should be factored 1nto the design of
any hardware resource allocation algorithm The proposed algonthm 1s scalable to large CMM
problems by adopting a “divide and conquer” approach The division of a large CMM into smaller
independent sub-problems makes sense from a layout and power consumption perspective [243,
245]

5 In the context of the discussion 1n Section 5 3 1 2, the algonthm processes each CMM dot product
independently by dividing the elements b, of 3D matnix Ag into N 2D slices along the 2 plane
Horzontal patterns are searched for (1e using the P1D strategy) in each 2D slice The results for
each dot product are then combined to yield an optimised solution for the entire CMM problem
Such a strategy facilitates effective re-use of logic and the logic 1tself has good area, layout, speed
and power characteristics The reasons for this are elaborated on in Section 53 3 1
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adder “unuts” 1s not a true benchmark since the bitwidths of these adder units must be taken into account
Analysis of the structures in Figure 5 14 and Figure 5 15 shows that the P1D architecture requires 69
1-bit full adders (FAs) whereas the P2D architecture requires 89 1-bit FAs Analysis of the critical paths
reveal that for the P1D architecture, the critical path 1s 36 FAs and for the P2D 1t 1s 47 FAs It 1s clear
that the P1D 1s advantageous both 1n terms of area and speed The primary reason for the advantage 1s
that the PPST has attractive speed, layout and power characteristics since the carry save tree accumulates
the weights W with minimal carry propagation [160] Indeed, such characteristics are leveraged in the
SA-DCT and SA-IDCT architectures of Chapters 3 and 4

5332 Architectural Considerations

When designing a CMM optimisation algorithm, 1t 1s useful to keep 1n mind the implementation options
that exist for hardware implementation of the CMM Since the CMM 1s a collection of N dot products,
each dot product could be computed using N computation units 1n parallel Alternatively a single com-
putation unit could be implemented that 1s time multiplexed to compute each dot product in turn (e g the
dot product architecture proposed 1n Chapter 3 1s capable of computing 8 different N-point DCTs) It
18 also possible to adopt a hybrid serial-parallel architecture between the aforementioned extremes The
size of the CMM problem (defined by NV and M} is a crucial factor in deciding on the approprnate option
The correct choice also depends on the throughput requirements of the CMM block, bandwidth limita-
tions, any area constraints imposed and whether or not power consumption 1s a priority All optimisation
approaches thus far have assumed a parallel approach, but for a large N CMM this 1s not always possible
due to area, bandwidth and power constraints This suggests a divide and conquer approach is sensible
for large problems as hinted at in Section §3 1 3

The dot product circuit need not be restricted to a single CMM — 1t could be configured to implement
a set of dot products spanmng multiple CMMs and 1f the final IP core can be configured n this way,
the value of the core 1itself 1s greatly improved Indeed if the dot products involved are long (e g 1024-
pomt FFT), 1t 1s possible that the individual dot products themselves could be seralised into discrete
segments (agamn hinting at divide and conquer optimisation) The dot product circuit could then be
reconfigured to compute each segment sequentially, accumulating the results For example consider
X = Agzp + A121 + Aome + Azzs which could be segmented as X = «+  where o« = Agzg + A1
and 8 = Asx2 + Aszzz In this simple case the dot product circuit could be configured to compute o
followed by 3 1n the next clock cycle

Hence, 1if a reconfigurable dot product architecture 1s required capable of implementing a set of dot
products, 1t makes sense to adopt a two-layer P1D architecture, since both layers can be independently
highly optimised In this way, the reconfiguring multiplexers (such as those proposed in Chapter 3) are
confined to one layer This promotes hardware resource re-allocation/re-use and makes the architecture
less application specific This discussion further justifies choosing the P1D search strategy

5333 Proposed Efficient Modelling Solution

The proposed algonthm permutes the SD representations of the constants in A of Equation 5 13 For
each permutation, parallel solution options are built based on different sub-expression choices These

parallel implementations arc expressed as a sum ot products (SOP), where each product term mn the
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SOP represents a particular solution (with an associated adder count) The SD permutation 1s done on
each CMM dot product 1n 1solation (see Section 5 4 2), and the results are subsequently combmed (see
Section 5 4 3) The combined SOPs are ordered yielding the overall best (in terms of adder count) sub-
expression configuration to implement the CMM equation Essentially, previous approaches derive one
implementation option (akin to a single term SOP) whereas the proposed approach derives parallel imple-
mentations (2 multi-term SOP) It 1s this multi-term SOP approach and its manipulation (see Section 5 4)
that make the algorithm suitable for GAs and hardware acceleration

The proposed algorithm currently uses the P1D strategy, so it searches for horizontal sub-expression
patterns of {£1} digits in a 2D slice The proposed SOP modelling 1dea can be extended to cover the
P2D strategy by simply extending the digit set from {£1} to {:tl, +2,+4 44, :t%, } However, the
P1D approach was chosen since 1t generates results with attractive hardware characteristics

The value of the algorithm 1s that 1t can be applied to any CMM operation that can be expressed
in the form of Equation 5 13 The pnmary challenge facing the proposed approach 1s the size of the
solution space This space 1s huge even before considering SD permutation, which only increases the
search space even further The size of the search space 15 exponentially dependent on both M and N
This problem 1s addressed by the proposed algonthm in Section 5 4, which incorporates intuitive divide
and conquer techniques as well as effective search space ordering to facilitate redundant search space

area elimination

5.4 The CMM Optimisation Algorithm

The proposed approach 1s a three stage algonthm as depicted in Figure 5 16 Furstly, all SD represen-
tations of the M -bit fixed point constants are evaluated using an M-bit radix-2 SD counter (see Sec-
tion 54 1) Then, each dot product in the CMM 1s processed independently by the dot product level
(DPL) algorithm (see Section 54 2) Fally the DPL results are merged by the CMM level (CMML)
algorithm (see Section 5 4 3) The three steps may execute in a pipelined manner with dynamic feedback
between stages This offers search space reduction potential as outlined subsequently

541 Signed-Digit Permutation Extraction Stage

Equation 5 2 defines the conventional radix-2 2’s complement representation of an M-bit fixed-point
number However there are alternative representations possible, for example the radix-2 SD number
system as introduced in Section 52 1 Using the radix-2 SD number system there are a finite number
of different SD representations of an M -bit fixed-point constant The number of possibilities increases
with M As a simple example, consider the possible representations of —3 with M = 4 In this scenario
there are five legitimate SD representations that yield the value —3

(0011); = -2—-1= -3
(0101)g = -4+ 1= -3
(T101)y = -8 +4+1=-3
(011T) = —4+2—-1=-3
(1111)o = —8+4+2-1=-3
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(+a, are considered as two distinct constants)

In future work 1t 1s worth 1nvestigating other algorithms for generating the possible SD represen-
tations for a given constant For example 1t may be useful to order the representations based on their
Hamming weight (1 ¢ the number of non-zeros set) as suggested by Dempster and Macleod [238] Al-
ternative sorting will not affect the optimality of the results but they may produce the results quicker (this
may be significant for larger CMM problems)

Other future research could investigate number systems other than radix-2 SD to investigate whether
they improve results This could include radix-4, radix-8 or even higher-radix systems Indeed it 1s
probably worth investigating the 1deas 1 [258] and [259] to understand how SD number systems can be
generalised and how “hybrid SD” arithmetic may be beneficial A recent paper by Phillips and Burgess
proposes a general sliding window scheme for recoding a number (in a variety of popular recoding
schemes) with a mimimal Hamming weight [260]

542 Dot Product Level (DPL) Stage

The DPL algorithm iteratively builds a SOP, and the final SOP terms are the unique sub-expression
selection options after considering all SD permutations of the dot product constants in question The
final SOP terms are listed in mcreasing order of the number of adders required by the underlying sub-
expressions The DPL algorithm executes the following steps for each SD permutation

1 Load the next SD permutation of the fixed-point constants from a CMM 2D slice (a single dot
product forming part of the CMM)

2 Ehminate redundant rows 1n 2D slice
3 Elmimate 1’s complement equivalences 1n 2D slice

4 Build a SOP where each term 1n the SOP represents a unique way of implementing this dot product
using NEDA according to the current SD permutation

5 Integrate the SOP terms into the overall ordered list of unique implementations obtained so far

All dot products are treated independently at the DPL stage and the results are combined in the CMML
stage Due to the large number of permutations the above steps are carried out many ttmes Hence the
software implementation of the algorithm 1s vital and must be as efficient as possible Potential early exit
strategies are outlined to help 1n this regard

The DPL software allows the user to interrupt the algorithm at any stage When interrupted, the
program continues until a safe pont to stop and reports how much of the permutation space for the
particular dot product being examined has been searched so far It also reports the best permutation found
thus far and the associated number of adders required At this point, the user must decide whether to
continue execution of the program from that point or terminate and save the configuration and algorithm
state If quit, the configuration state can be used to reconstruct the data structures and file ponters and
restart from the interrupted state
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5421 Step1-Load Permutation

For 1llustration, consider the dot product to compute 8-poimnt 1D DCT coefficient X (1) in Equation 3 11b
where N = 4 With M = 13 there are a fimite number of 13-bit SD representations for each of ay,
a3, as and a7 In fact there are 37, 193, 155 and 133 respectively giving a total number of 147211715
permutations, and one such permutation 1s listed as an example 1n 2D slice form in Equation 5 16 The
key 1dea 1s to examine each of these permutations and see which one leads to the minimal number of
adders necessary The CMML stage will then permute over all dot products in the CMM This section
details the permutation processing at the DPL only

For the current SD permutation, each of the 2D slice columns 1s loaded into a char pointer that has
been allocated M amount of bytes using the function i Listing 5 1 Each vertex in the 2D slice matrix
1s stored 1n a byte Although 1t 1s possible to pack four radix-2 digits mnto a byte, having a byte for each
digit allows more efficient manipulation

Listing 51 Load SD Permutation

void opt load_vector(char data ifstream fileptr)

{

fileptr read(data M)

)

5422 Step2- Ehminate Redundant Rows

Each row 1n the A x N 2D slice matrix (e g the 13 x4 matrnix Equation 5 16) when multiplied with
the data vector forms a weight W that 1s a linear additive combination of the 4-point data vector Any
row with the string 0000 implies no additions are necessary for this weight so may be ignored for opti-
misation Any row with only one non-zero digit also implies that no additions are necessary since only
1 element of the data vector 1s selected to form the weight and no additions are necessary Therefore 1f
any row 1s represented by an element from the set 0001, 0010, 0100, 1000, 0001, 0010, 0100, 1000 1t
can also be 1gnored for subsequent optimisation assuming that all z, and —zx, are available For example
W_11 n Equation 5 16 1s formed by the row 0100 which implies W_1; = —x; Clearly 1f two or more
rows with non-zero digits are 1dentical, they represent the same set of additions so only one of these rows
needs consideration for optimisation For N = 4 there are 36 possible row patterns with a Hamming
weight > 2 that imply unique additions as outlined 1n Table A 3 in Appendix A

Referring back to Equation S 16 1f we 1gnore any rows of the 13 x 4 matrnix with all zeros or only |
non-zero digit we are left with the following rows

[ |

— O H O = O O
= o = O H = O

o = O O O
o = O = B = o=

Each of the rows in the above matrix are pushed onto a dynamic singly linked list — used for code
efficiency and memory conservation They are pushed on at the top for efficiency because order does
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not matter at this stage (they are ordered later on) Each node corresponds to a row 1n the above matrix
and has four data elements corresponding to the signed digit value of each column The node structure
1s shown 1n Listing 5 2

Listing 5§ 2 NEDA Node

// NEDA row SLL node defin:ition
struct nodeNEDA |

unsigned char rbit0

unsigned char rbitl

unsigned char rbit2

ungignad char rbit3

struct nodeNEDA next

}

Next, 1f any rows have the same pattern all but one are redundant In the above matrix, the pattern 1100

occurs twice so one 1s removed from the list leaving

1100
01T 01
01171
1100
0011
00 1 1|

5423 Step 3 - Ehminate 1’s Complement Equivalences

After ehmmating redundant rows we are left with a number of unique patterns that have at least two
non-zero digits per row However, 1t may be the case that there are occurrences where a certain pattern
remains on one row and 1t’s 1’s complement occurs on another row Table A 3 shows that a unique pattern
and 1t’s ones complement infer the same umique set of additions, albeit the final output 1s the + of the
other Therefore for subsequent optimisation, one of these rows can be eliminated since only additional
inverters are required and the ’1’ added to the LSB can be subsumed by the PPST The DPL algorithm
checks for this condition for each row and as soon as 1t 1s found, one row 1s eliminated and the next row
1s checked By virtue of the redundant row elimination, 1t 1s guaranteed that 1f a 1’s complement pair
1s found there will be no other row 1n the rows that haven’t yet been checked that form the appropriate
1’s complement pair, which saves unnecessary iterations Applied to this particular example this step

reduces the permutation matrix to

(5 19)

o o O -
(= e =
= = =]
[t B el I e R )

5424 Step4— Build Permutation SOP

Steps 2 and 3 reduce the example 2D slice in Equation 5 16 to the residual matrix shown in Equation 5 19
The DPL algorithm considers each residual row 1n turn and builds an implementation SOP for that row,
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as 1n (5 20)

(1 100] | (po) |

0101 (p10) AND

01 1 T|=| ({ps)ps1) oR (p10)(ps2) OR {p11)(ps3)) AND (520)
1100 (pe) AND

1001 1] | (p11) anD 1

Each SOP term 1s represented internally as a data structure with elements prod_vector (a bit vector
where each set bit represents a specific adder to be resource allocated) and num nonzeros (the Ham-
ming weight of prod_vector that records the total adder requirement) In Equation § 20, p,, means bit
v 18 set 1n the prod_vector for that SOP term The number of possible two input additions 1s equiva-
lent to the combinatonal problem of leaf-labelled complete rooted binary trees [261] With N = 4, the
number of possibilities 1s 180 as shown in Table A 3 (in Appendix A) and the general series in N 1n-
creases quickly for N > 4 (see proof in Appendix A) Future work will investigate an automated method
for configuring the DPL algorithm for any N, which will leverage the expression for the general series
presented i Appendix A To get around this 1ssue in the meantime for larger N CMM problems, the
author proposes to leverage the divide and conquer approach as suggested 1n Section 5 3 1 3 By dividing
an N -point dot product into N/r smaller r-point chunks, a large problem can be divided into more man-
ageable sub-problems (Section 5 3 | 3 also outlines why this aiso makes sense from an implementation
perspective) In the example being used here, N = 4 so sub-division 1s not necessary

So, each prod_vector 1s a 180-bit vector with a numnonzeros variable equal to the number
of required adders The SOPs for cach row are logically ORed together to form a permutation SOP that
1s an exhaustive set of sub-expressions options that implement the entire permutation The permutation
SOP for Equation § 16 1s given by the three-term SOP in Equation S 21

((p11)(ps) (P33 }(p10) (P0))
((p11)(ps)(P10)}(P52) (P0)) OR (521)
((p11)(pe){p3)(P51)(P10)(P0)) OR

The last term 1n Equation 5 21 has num_nonzeros = 6 so 1t requires 6 umque additions (+PPST) to
inplement Equation § 16 whereas the first two options only require 5 unique additions (+PPST) The
three possible architectures corresponding to cach SOP term are illustrated in Figure 5 17 Clearly one
of the first two options 1s more efficient if implementing this dot product n 1solation However, when
targeting a CMM problem one must consider the CMM level, and 1t may be that permuting the first
option at CMML gives 1n a better overall result since 1t may overlap better with requirements for the
other dot products Hence 1t 15 necessary to store the entire SOP for each permutation at DPL and then
permute these at CMML to obtain the guaranteed optimal

To appreciate how a permutation SOP like the example 1n Equation 5 21 1s generated, some imple-
mentation details are subsequently outlined Ordinarily these may not be of interest but since the DPL
algorithm generally may be executed for a large number of permutations, efficient implementation 1s
crucial to the feasibility of the algorithm The SOP for each permutation 1s built using a singly linked list

strategy to conserve the memory allocated by the operating system running this opimisation algorithm
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