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lntroduction 

In the past few years, multimedia application have been growing very 
fast, being applied to a large variety of fields. Applications like video 
conference, medical diagnostic, mobile phones, military applications re-
quire to handle large amount of data at high rate. Images as well as 
voice data processing are therefore very important and they have been 
subjected to a lot of efforts in arder to find always faster and effective 
algorithms. 

Among image processing algorithms, we believe that rational oper-
ators assume an important role, due to their versatility and effective-
ness in data processing. In the last years, several algorithms have been 
proposed, demonstrating that these operators can be very suitable in 
different applications with very good results. 

The aim of this work is to implement some of these algorithm and, 
therefore, demonstrate that rational filters, in particular, can be imple-
mented without requiring large sized systems and they can operate at 
very high frequencies. 

0nce the basic building block of a rational based system has been 
implemented, it can be successfully reused in many other applications. 

From the designer point of view, it is important to ha ve a general 
framework, which makes it able to study various configurations of the 
system to be implemented and analyse the trade-off among the design 
variables. 

In particular, to meet the need for versatile tools for power esti-
mation, we developed a new macro modelling technique, which allows 
the designer to estimate the power dissipated by a circuit quickly and 
accurately. 
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The thesis is organized as fallows: 
In chapter 1 we present some of the algorithms which have been 

studied far implementation. Only a brief overview is given, leaving to 
the interested reader some references in literature. 

In chapter 2 we discuss the basic architectures used far the imple-
mentations. Pipelined structures have been mainly used far this thesis, 
but an overview of the nowaday available approaches far timing opti-
mization is presented. 

In chapter 3 we present two of the implementation designed far this 
thesis. The approaches fallowed are ASIC driven and FPGA drive. They 
require different techniques and different solution far the design of the 
system, therefare it is interesting to see what can be clone in both the 
cases. 

Finally, in chapter 4, we describe our macromodelling techniques 
far power estimation, giving a brief overview of the upto now proposed 
techniques and showing the advantages our method brings to the design. 
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Introduzione 

Negli ultimi anni passati le applicazioni multimediali hanno visto uno 
sviluppo notevole, trovando applicazione in un gran numero di campi. 
Applicazioni come video conferenze, diagnostica medica, telefonia mobile 
e applicazioni militari necessitano il trattamento di una gran mole di dati 
ad alta velocita. Pertanto, l'elaborazione di immagini e di dati vocali é 
molto importante ed é stata oggetto di numerosi sforzi, nel tentativo di 
trovare algoritmi sempre pili veloci ed efficai. 

Tra gli algoritmi proposti, noi crediamo che gli operatori razion-
ali svolgano un ruolo molto importante, grazie alla loro versatilita ed 
efficacia nell'elaborazione di dati. 

Negli ultimi anni sono stati proposti diversi algoritmi, dimostrando 
che questio operatori possono essere molto vantaggiosi in diverse appli-
cazioni, producendo buoni risultati. 

Lo scopo di questo lavoro é di realizzare alcuni di questi algoritmi 
e, quindi, dimostrare che i filtri razionali, in particolare, possono es-
sere realizzati senza ricorrere a sistemi di grandi dimensioni e possono 
raggiungere frequenze operative molto alte. 

Una volta che il blocco fondamentale di un sistema basato su oper-
atori razionali sia stato realizzato, esso pu6 essere riusato con successo 
in molte altre applicazioni. 

Dal punto di vista del progettista, é importante avere uno schema 
generale di studio, che lo renda capace di studiare le varie configurazioni 
del sistema da realizzare e di analizzare i compromessi tra le variabili di 
progetto. 

In particolare, per soddisfare l'esigenza di metodi versatili per la 
stima della potenza, abbiamo sviluppato una tecnica di macro model-
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lizazione che permette al progettista di stimare velocemente ed accu-
ratamente la potenza dissipata da un circuito. 

La tesi é organizzata come segue: 
Nel Capitolo 1 alcuni sono presentati alcuni algoritmi studiati per 

la realizzazione. Ne viene data solo una veloce descrizione, lasciando 
comunque al lettore interessato dei riferimenti bibliografici. 

Nel Capitolo 2 vengono discusse le architetture fondamentali us-
ate per la realizzazione. Principalmente sono state usate architetture a 
pipeline, ma viene data anche una descrizione degli approcci oggigiorno 
disponibili per l'ottimizazione delle temporizzazioni. 

Nel Capitolo 3 sono presentate le realizzazioni di due sistemi stu-
diati per questa tesi. Gli approci seguiti si basano su ASIC e FPGA. 
Richiedono tecniche e soluzioni diverse per il progetto del sistema, per 
cui é interessante vedere cosa pu6 essere fatto nei due casi. 

Infine, nel Capitolo 4, descriviamo la nostra tecnica di macro mod-
ellizazione per la stima di potenza, dando una breve visione delle tec-
niche finora proposte e facendo vedere quali sono i vantaggi che il nostro 
metodo comporta per il progetto. 
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Chapter 1 

Rational Operators 

Introduction 

In the recent years there has been an increasing interest in signal pro-
cessing techniques due to the wide spreading of multimedia applications. 
In particular, lot of efforts ha ve been spent studying image and voice 
data handling algorithms. Focusing our attention of image processing, 
the developed techniques cover a large field of application, like video 
conference, digital image transmission, image handling for photography 
applications, medical diagnostic, video walis, office automation, robotic, 
military applications, etc.. Ali of them require several different algo-
rithms to process the data, involving interpolation, enhancement, noise 
reduction, decimation, etc .. The solutions proposed for each algorithm 
are numerous and their effectiveness often depends on the specific ap-
plication. Starting from simple linear function, the range of nowaday 
disposable operator has been widely extended. 

Among the various nonlinear operators, polynomial and, most of 
ali, rational operators demonstrate to often outperform other nonlin-
ear operators in operations like interpolation and filtering. Moreover, 
their analytical representation makes them very suitable for modular 
hardware implementation. As pointed out in [105], rational functions 
exhibit the nice feature of errar correction. If both numerator and de-
nominator of the rational function are evaluated with reduct precision 
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coefficients and/ or operations, the result is not affected by the same level 
of degradation but still shows a high level of precision. This behaviour 
has been exploited in old calculators to obtain good approximations of 
basic functions with reduced operands word length. 

The design of rational operators is usually based on a weighted com-
bination of nonlinear filters with lowpass or highpass behaviour, the co-
efficients of which are heuristically chosen. Even though several rational 
operators have been proposed in the last few years, a general framework 
far their analysis and design has not been developed. Some hints about 
the constraints a rational operator should respect on arder to achieve 
determined features are presented in [31]. 

In the fallowing we present a brief review of the algorithms analyzed 
and studied far implementation. We suppose the reader is confident with 
the basic concepts and algorithm regarding image processing. 

1.1 Rational Filter for lmage Smoothing 

One of the most important algorithms far image processing is reported 
in [41]. It is an operator far image smoothing, i.e. a filter far noise 
reduction. 

The linear filters offer the advantage of simplicity, but their results 
are not very satisfactory. In particular, they produce an unacceptable 
bluring phenomenon on the image, with loss of details. 

The basic idea underlying the rational operator is to modulate the 
coefficient of a linear filter in arder to limit its action w hen details are 
present. 

The generic 1-D linear operator acting on a length 3 mask can be 
represented by the fallowing expression: 

Yn = w(xn-1+Xn+i)+(l-2w)xn (1.1) 

where [xn-1, Xn, Xn+i] is the input sequence and Yn is the output 
sample. It is characterized by a lowpass behaviour if the parameter w 
assumes values in the range O < w ~ ~. 

In arder to modify the behaviour of this operator in presence of de-
tails, a function indicating relevant changes in the signal is introduced. 
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. In particular, this can be achieved in an effective way by the squared 
difference of the two extreme samples, xn - 1, Xn+i · If it is large,it is 
assumed that the mask is positioned across a signal transition, there-
fore the filter response is made less selective. On the other hand, if the 
squared difference is small, it is supposed that fluctuation in the sig-
nal due to noise are present and the selectiveness of the linear filter is 
enhanced. 

This approach yields the following rational operator: 

Xn-1 + Xn+l - 2xn 
Yn = Xn + W 2 wk( Xn-1 - Xn+l) + 1 

(1.2) 

The parameter k should take positive values and is used to control 
the filter. If k ~ O, the Eq.1.2 reduces to Eq.1.1. If k -+ oo, the filter 
has no effect and Yn ~ Xn. For intermediate values of k, the squared 
difference ( Xn-l - Xn+i ) 2 perceives the presence of details and reduces 
the smoothing effect of the operator. 

The filtering with the rational operator can be iterated several times. 
If p passes are performed, the smoothing eff ect on uniform areas is 
equivalent to the result obtained with a lowpass linear filter having size 
(2p+l). 

A practical and effective way to extend the proposed method to 2-D 
data is to apply it in a 3x3 mask: 

( 

Xm-1,n-1 

Xm,n-1 

Xm+l,n-1 

Xm-1,n 

Xm,n 

Xm+l,n 

Xm-1,n+l ) 
Xm-1,n+l 

Xm-1,+1 

Thus the following operator is obtained: 

Ym,n = Xm,n 
+w Xm-1,n+xm+1,n-2Xm,n 

wk(xm-l,n -xm+1,n)2 +1 
+w Xm,n-l +xm,n+l -2xm,n 

wk(xm,n-1 -Xm,n+l )2 +1 
+w Xm-1,n-l +xm+1,n+1-2xm,n 

wk(xm-l,n-1-xm+1,n+1 )2+V2 
+w Xm-l,n+l +xm+l,n-1 -2xm,n 

wk(xm-l,n+l -xm+l,n-1 )2 +v'2 
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In [41], results of cornparison with different filtering techniques are 
reported. The rational operator outperfarrns other algorithrns in ali the 
presented cases and under different noise conditions. 

This basic operator constitutes the basis far a whole farnily of irnage 
processing algorithrns, as will be seen in the fallowing. 

1.2 Median-Rational Hybrid Filter - MRHF 
This algorithrns has been presented in [46]. In this paper the author tried 
to avoid the poor perfarrnances of the rational filter adding a prelirninary 
stage cornposed by several rnedian filters. It is well known that rnedian 
filters work very well when impulsive noise is superirnposed to the irnage. 
On the other hand, rational operators are very well suited far Gaussian 
noise. The cornbination of the two filtering techniques results to be very 
powerful with Gaussian-irnpulsive cornbined noise. 

The MRHF works on a 3x3 support rnask. It is cornposed by three 
input rnedian filters, <1>1, <1>2, <I>3• <I> 2 is always a center weighted rnedian 
filter acting on a plus-shaped rnask: 

Xm-1,n 

3 X Xm,n 

Xm+l,n 

This operator find the rnedian arnong the values in the rnask, re-
peating three tirnes the central terrn: 

<1>2 = med{xm-1,n, Xm,n-1, Xm,n, Xm,n, Xm,n, Xm-1,n+l, Xm+l,n} 
In this way, the operator outputs the actual central terrn in the 

rnask, unless it is the lowest or the highest value. 
The other two rnedian filters can be application-specified, i.e. they 

can be chosen so that the filtering capability of the global operator is 
optirnized. In the cases reported in [ 46], these two filters act on a plus-
shaped and on a cross-shaped rnask respectively: 
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The second stage of the filter is a rational operator having a struc-
ture similar to Eq.1.2: 

(1. 7) 

where the coefficients a= [a1 , a 2 , a 3] satisfy the condition 2:t=1 ai = 
O. In this particular case a= [1, -2, 1], so that the expression in Eq.1.2 
is obtained. Th values of h and k are taken from [41], andare 6.25 and 
0.01 respectively. 

The results reported in [46] show that the MRHF outperforms the 
median filters when impulsive noise is present and is superior to the 
rational filter in the case of Gaussian and contaminateci Gaussian. 

1.3 Vector Median Rational Hybrid Filter -
VMRHF 

The hy brid filter previously present ed has been extended in [ 4 7] to be 
able to operate on colour images. Traditional approaches salve the prob-
lem of multichannel filtering considering each channel separately. How-
ever, the correlation existing among the channels suggests that non-
separable algorithms would have better performances. 

In vector approaches, each pixel is an m-dimensional vector. In the 
case of colour images m= 3; the vector direction signifies their chro-
maticity, while the vector module is related to the brightness. 

Let f be a multichannel signal and Xi the i-th pixel in the image, 
so that f(xi) = f. is the value assumed by the function f in Xi. Te - ~ -
VMRHF is defined by the following expression: 

where Il · lb is the L2 norm and a = [a1 , a 2 , a 3], as in the previ-
ous case, are chosen as a = [1, -2, l]. It is important to notice that 
even if the numerator maintains the separable structure of a lowpass 
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filter, the weighting denomina tor depends on all the three image vector 
components, therefare the algorithm becomes non-separable. 

The functions <1>1,3 are vector median filters acting on a plus-shaped 
and on a cross-shaped mask respectively, while <1> 2 is a vector center 
weighted median filter with plus-shaped support mask. In [47], the VM-
RHF has been compared with the vector median filter and with the 
directional-distance filter, which are two widely known filter far multi-
channel signal analysis. The VMRHF shows outperfarming feature aver 
ali the range of noise used far the tests. 

1.4 Rational Interpolator 

The rational operators are very suitable to be used in interpolation prob-
lems, due to their nonlinearity which makes them very sensitive to details 
in the image. 

The key observation of the algorithm presented in [36] is that any 
real world image can be considered as obtained from a higher resolution 
image after lowpass filtering and decimation, the anti-aliasing lowpass 
filtering been accomplished explicitly or by the acquisition system. 

When an ideal edge is present, this filtering operation symmetrically 
or asymmetrically modified the value of adjacent pixels according to the 
position of the very edge in the high resolution image. After decimation, 
an analysis of the pixels values in the low resolution image gives sub-pixel 
infarmation on the position of the edge. Therefare, the interpolation 
itself can be more precise than in the linear interpolator case. 

Let consider first a 1-D interpola tor and suppose the supporting 
mask has length 4, that is, 4 pixels are considered far the reconstruction 
of the central value: [ab ed] ---+ x, with b < x < c. The linear interpola-
tor would calculate x as the mean of b and e: x = b;c. As in the case 
of the rational noise-smoothing filter, a weighting term can be included 
in the linear operator in arder to detect the presence of details. 

The 1-D operator can be expressed by the fallowing equations: 

X µb * (1 - µ)e (1.9) 
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µ= k(( a-b )2 +( c-d)2 )+2 (1.10) 

where,again, k controls the amount of nonlinearity introduced by 
the rational function. 

Since this operator is noonlinear, it is able to introduce frequencies 
between 7r /2 and 7r, which has been lost during the lowpass/decimation 
steps. 

The extension to the two-dimensional case is not as straightforward 
as it could appear. First of ali, the 1-D operator is applied twice, once 
in the vertical and once in the horizontal direction. After this step, the 
horizontal and vertical edges in the image are detected and partially 
reconstructed. In the following picture, the o represent original values, · 
represent unknown values, while EB are reconstructed values. The picture 
shows the pixels obtained after the 1-D operator has been applied in the 
vertical and horizontal directions. 

o o o o o EB o EB o EB o 
EB EB EB EB 

o o o o o EB o EB o EB o 
---+ EB EB EB EB 

o o o o o EB o EB o EB o 
EB EB EB EB 

o o o o o EB o EB o EB o 

For the evaluation of the missing pixels, two approaches can be 
used. The first requires a further application of the 1-D operator on 
both vertical and horizontal directions far each missing pixel. The final 
value is obtained as the average of the two results. This method presents 
the disadvantage to produce jagged diagonal borders, which is not very 
nice from a subjective point of view. 

A non-separable operator has been introduced to salve the problem 
in [40]. After the first phase has been terminated, a 3x3 mask centered 
on the missing pixel is considered: 
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The operator has the following expression: 

X= 

with 

Wac(a +e)+ Wbd(b + d) + We9(e + g) + Wjh(f + h) 
2( Wab + Wbd + Weg + WJh) 

Wac 1 
l+k(a-c) 2 

Wbd 1 
l+k(b-d) 2 

Weg 1 
l+k(e-g) 2 

Wjh 1 
l+k(f-h) 2 

(1.11) 

(1.12) 

(1.13) 

(1.14) 

(1.15) 

The results proposed in [40] show that this solution allows to obtain 
better results than the cubie operator. 

1.5 Artifact Removing Filter 

The last algorithm we present is the artifact removing rational operator 
used for MPEG2 coded images. In MPEG process, square pixels blocks 
are coded without considering its boundary. Therefore, a noisy blocking 
effect shows up in the reconstructed image. For instance, the decoded 
image appears as a puzzle of square blocks, even if they are not present 
in the original image. 

The artifact could be removed with a simple lowpass filter, however 
this causes a blur also of the details which should be preserved. 

In [35], a simple filtering algorithm is proposed, based on the results 
presented in [41]. The operator acts on a 3x3 mask and, referring to 1.1, 
has the following expression: 

+w Xm-1,n+xm+1,n-2Xm,n 
Ym,n = Xm,n k( )4 1 W Xm-1,n -Xmfl,n + 

+ Xm-1 n-1 +xm+l n±l -2Xm,n 
W wk(xm-1,n-1 -Xmtl,n±l ) 4 +1 

+w Xm-1,n±l +xm+l,n-1 -2Xm,n 
wk(xm-1,n±l -Xmfl,n-1 ) 4 +1 

12 

(1.16) 

(1.17) 
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The operator has to be applied twice: once to remove the vertical 
edges and once to remove the horizontal ones. In each case, the pixels 
lying dose to the edge and across the central pixel are not considered in 
the filtering 

The complexity of the operator can be reduced considering the 
square function instead of the 4-th power as in Eq .artifact. 

1.6 Conclusion 

In this chapter we briefl.y presented the rational operators and the de-
rived filters, which have been studied to be implemented. As can be 
seen form the equations describing each of the operators, they are quite 
similar and, therefore, they present similar problems far the implemen-
tation. However, their similarity is also their power, since with almost 
the same function several different operator can be obtained. 

This interesting feature has been exploited to design a reprogrammable 
filter, as will be further explained in Chapter 3. 
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Chapter 2 

Architect ures 

High-performance, special purpose computer systems are typically used 
to meet specific application requirements or to off-load computations 
that are especially taxing to general-purpose computers. As hardware 
cast and size continue to drop, special-purpose systems are more and 
more developed for areas like image or signal processing. 

Cost-effectiveness has always been a concern in designing special-
purpose systems; the cast should be low enough to justify their limited 
applicability. 

Fortunately , special-purpose design costs can be reduced using an 
appropriate architecture. Ifa structure can truly be decomposed into 
few types of simple substructures or building blocks, great saving can 
be achieved. 

Beside the design costs, a fundamental role is played by the speed 
of the circuit. In most of the image processing or signal application, the 
system should be able to perform millions of operations per second. One 
way to increase the speed is to reduce the size of transistors, but this 
requires a technological change, which is not always possible. Moreover, 
such changes are very expensive. The other useful technique available 
for performance increase is concurrency. The degree of concurrency, or 
operation parallelism, in a system is basically determined by the un-
derlying algorithm. Massive parallelism can be achieved is designed to 
introduce high degree of pipelining and multiprocessing. 
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Stage I Stage 2 Stage 3 Stage 4 

register register register register register 

Figure 2.1: A pipeline system. 

A pipeline circuit (see Fig.2.l)is a synchronous digital circuit con-
structed partitioning the combinational logie into stages and inserting 
a set of memory elements, generally called internal register or simply 
register, to provide temporary storage for the computed data between 
successive pipelined stages. This temporary storage is enabled and dis-
abled in a carefully controlled periodic manner, thereby synchronizing 
the data signals to prevent any corruption of data due to interference 
between successive waves of data travelling trough the pipeline. 

Performance optimization of such synchronous systems requires ac-
curate timing analysis of the design. The process is usualiy iterative and 
different optimization techniques are needed for different design levels. 

On the pipeline boundary, input and output synchronizers are needed 
to store the pipeline inputs and outputs, respectively. If the input and 
output synchronizers are distinct, we cali the pipeline an open pipeline. 
If the input and output registers are actualiy implemented by the same 
register, resulting in a pipeline with a ring topology, we cali the pipeline 
a closed pipeline. 

Two types of synchronizers, either edge-triggered fiip-fiops or level-
sensitive latches, are used in pipeline circuits. 

To achieve maximum performances in a pipeline system, all the 
pipeline stages must perform useful work all the time. In this ideal 
case the pipeline logie must be equally divided among the stages so that 
computations in ali stages finish at exactly the same time. However, 
due to practical constraints or improper design of the given pipeline, 
one stage may require more time to compute than the other stages . The 
performance will decrease, since standard clocking schemes are limited 
by the compute time of the slowest stage. 

Another factor limiting the performances is the I/ O bandwidth. 
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Usually, a special-purpose system is designed to operate at very high 
speed. Often its operating frequency is much higher than that of the 
attached host, where host means a computer, a memory, a real time de-
vice, etc .. Since the host supplies the input data, its bandwidth strongly 
in:fluences the performance of the special-purpose circuit. As an exam-
ple, suppose that the I/ O bandwidth is 10 millions byte per second; 
assuming the system needs to read 2 bytes to be able to perform its op-
eration, the maximum rate will be only 5 millions operations per second, 
no matter how fast the system can operate. 

A huge improvement can be achieved if multiple computations are 
performed per I/O access. The drawback of this approach is the need 
of memory elements for storing the data inside the system. Thus the. 
question is how to arrange a computation together with an appropriate 
memory structure so that computation time is balanced with I/O time. 

Two design techniques have been proposed to salve the above de-
scribed problems for synchronous systems, starting from the basic pipeline 
architecture: systolic architectures ([55]), and wave pipelining. In the 
last few years asynchronous design phase come to a new life, thanks to 
the efforts spent trying to avoid or limit the problems of synchronous 
systems. 

In the following we present a brief review of these three techniques. 

2.0.1 Systolic Architectures 

A systolic system consists of a set of interconnected cells, each capable of 
performing some simple operation. Because simple, regular communica-
tion and control structures have substantial advantages over complicated 
ones in design and implementation, cells in a systolic system are tipically 
interconnected to form a systolic array or a systolic tree. 

Information in a systolic system flows between cells in a pipelined 
fashion, and communication with the outside world occurs only at the 
boundary cells. The local-communication protocol exploited in this way 
allows a higher operating frequency, since long wires (i.e. huge capaci-
tances) are avoided. In a computation, if the tot al number of operations 
is larger than the total number of input and output elements, then the 
computation is compute-bound, otherwise it is I/0-bound. 
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The basic property of systolic systems is the multiple use of each in-
put data, therefore a high throughput can be achieved even with modest 
I/O bandwidths. To meet this criterion, global data communications, 
such broadcast or unbounded fan-in, or local data communication are 
used. The latter is usualiy preferable for modularity sake. In this case 
the input data travels through the array of celis in sequence, so that each 
celi can use it. The problem with global communication is the need for 
long wire, which increases power dissipation and/or decreases the global 
speed. 

The processing power of a systolic system comes from the concur-
rent use of ali its constituting celis. This could be done either pipelining 
the stages involved in the computation of each single result, or multi-
processing many results in paraliel or with a combination of both. See 
[55] for a description of various architectures. 

Examples of algorithms easily implementable with systolic arrays 
are the convolution of two sequences, polynomial multiplication [70](56], 
matrix-matrix multiplication, matrix-vector multiplication, matrix tri-
angularization, FFT computation, etc .. 

2.0.2 Wave-pipelining 

Although a perfectly balanced pipeline is hard or even impossible to 
design in practice, aggressive clocking techniques can be used to improve 
performances (see [62]). These techniques make an intensive use oflevel-
sensitive latches to improve the features of the pipeline system. 

A level-sensitive latch is a synchronizing device which is sensitive to 
the level of the dock signal. When its level is high, a positive latch is 
in its enabled state. This state aliows the data at the output to assume 
the value of the data at the input, providing a direct propagation path 
trough the latch. When the dock level is low, the positive level-sensitive 
latch is disabled and will hold its output value constant, regardless of 
changes to the data input. The negative level-sensitive latch has a reverse 
operation mode. 

The data value stored in the latch when it is disabled must be stable 
at the input for some time before and after the transition from the 
enabled state to the disabled state. The minimum input stable time 
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Figure 2.2: Level-sensitive latches. 

before the transition is calied setup, while the minimum stable time 
after the transition is calied hold. 

Circuits with level-sensitive latches can aliow the signals to flow 
through the latches unimpeded, aliowing the computation time to be 
"borrowed" from preceding pipeline stages. Borrowing can aliow a re-
duction in the cyde time of the dock, thereby increasing the circuit 
performance. 

Borrowing is not possible when flip-flops are used instead of latches. 
Synchronous circuits with edge triggered flip-flops require that ali flip-
flop input signals be fuliy stabilized before enabling the dock edge. The 
propagation into the next stage can only start after the dock edge. 

Since the dock minimum period is determined by the longest delay 
path, ali the paths having shorter length are characterized by some idle 
time, i.e. they are inactive far a fraction of the useful period. 

Although there are performance advantages far circuits with level-
sensitive latches, these circuits are difficult to analyze accurately, since 
the data can depart from a latch at any time during the active interval. 
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This flow-trough property generally leads to complex equations far the 
timing analysis of such circuits. These timings cannot be determined by 
analyzing only a single stage of the pipeline, but the parameters of ali 
prior stages are required. 

U sually overly conservative worst case assumptions about data ar-
ri val and departure times are used when analyzing a latch-controlled 
synchronous circuit. 

Research on latch-controlled synchronous circuits basically involves 
three areas: 

1. The timing verification problem, which determines whether the 
circuit can operate correctly with a prespecified dock schedule. 

2. The optimal docking problem, which determines the dock sched-
ule achieving the maximum performance of the circuit. 

3. The timing-drive optimization problem, which attempts to im-
prove some aspects of a design while maintaining or improving its 
performance. This problem covers a wide range of optimization 
techniques, induding: 

• retiming: repositioning the latches in the circuit to reduce the 
dock period; 

• logie resynthesis: restructuring the combinational logie of two 
ore more pipeline stages and then retiming; 

• transistor sizing:altering the size of transistors to reduce crit-
ica! delays; 

• part selection: selecting a set of already optimized circuits 
from a library to meet pre-specified performances; 

• gate reordering: reordering the gate input assignments to re-
duce path delays when gate inputs are logically symmetric 
but input to output delays vary; 

• placement and routing: changing the placement and routing 
of critica! interconnects. 

20 



An aggressive design technique used to improve the actual through-
put of a pipeline system is wave pipelining. 

In ordinary pipeline circuit with a single phase dock, an average of 
one data wave at a time resides in the combinational circuit between 
a pair of successive registers. When a new value is clocked into the 
input register of a stage, the value is allowed to propagate to the output 
register before the input register can accept a new value. 

In contrast, wave pipelining allows multiple data waves to propagate 
simultaneously through the combinational circuit between two consecu-
tive registers. This is achieved using a dock period that is less than the 
maximum propagation delay between registers. With wave pipelining, 
the inherent temporary storage capability provided by the capacitances 
in the devices and interconnections is exploited to stare the data wave 
values temporarily and thereby reduce the number of registers. 

The minimum cyde time of a wave-pipelined circuit is limited only 
by the difference between the maximum and minimum delays through 
the logie and by the basic device switching speed, not by the actual 
maximum delay of the circuit. 

In arder to obtain the highest possible wave-pipelining docking rate, 
all path delays from input to output registers must be equalized. 

On the other hand, there are some problems concerning the design 
of a wave-pipeline which are not present in an ordinary pipeline system. 
For instance, for an ordinary pipeline the dock frequency can be slowed 
down arbitrarily; however, once a circuit has been wave-pipelined, it 
operating speed is constrained to a narrow range of frequencies for spec-
ified degree of wave-pipelining. As this degree is increased for higher 
performances, the range of allowed docking speed becomes narrower. 
This condition imposes strict constraints on other system components 
interfacing the wave-pipeline system. Moreover, since the wave-pipeline 
is very sensitive to path delay variations, stricter regulations of environ-
mental and fabrication variations must be used. 

An other concern regarding wave-pipelines is the unavailability of an 
effective mechanism for stopping and starting them. Such mechanisms 
are needed to handle pipeline stalls and low-speed testing. 
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2.0.3 Asynchronous Architectures 

In the traditional synchronous docking scheme ali the system compo-
nents are synchronized to a global dock signal. As systems continue to 
grow in size and, most of ali, in complexity, the difficulty of coordinat-
ing the activity of ali its components becomes critical. At chip level, 
the main source of power dissipation often is represented by the dock 
buffers used to distribute the synchronizing signal to ali the sub-circuits. 
Moreover the complexity in the dock distributing net increases the prob-
ability of dock skews, with possible disfunctioning of the system. 

Asynchronous circuits provide a different approach. In an asyn-
chronous systems, events are restricted to a particular sequence, without 
concerning the time at which these events occur. For correct function-
ing, it is important that the correct order of events be maintained within 
the circuit. 

Among the possible asynchronous architectures, self-timed circuits 
have been quite weli studied because of their interesting features. In-
stead of letting the signals flow through the circuit whenever they are 
ab le ( unstructured asynchronous systems), self-timed circuits enforce a 
simple communication protocol between circuit elements. 

This communication protocol is often defined in terms of a pair of 
signals that require an action or acknowledge that the requested ac-
tion has been completed. One module, the sender, request an event to 
another module, the receiver. Once the receiver has completed the re-
quested operation, it send an acknowledge event back to the sender to 
complete the transaction (see Fig.2.3). 

A common asynchronous protocol is the bundle data protocol. It 
uses two-phase transition signaling for control, i.e. it uses transitions 
on signal wires to communicate the request and acknowledge events 
between circuit modules. Only the transitions are meaningful; however, 
a transition from low to high is the same as a transition from high to 
low and the particular state of each wire is not important. 

A bundled data path uses a single se of control wires to indicate the 
validity of a bundle of data wires. This requires that the data bundle 
and the control wires be constructed such that the value on the data 
bundle is stable at the receiver before the signal appears on the control 
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Figure 2.3: Asynchronous protocol. 

Wlfe. 

Control circuits for transition signalling may be built from the set 
of simple building blocks shown in Fig.2.4. The XOR gate providés 
the merge function for two transition signals, since a transition event 
on either the first input OR the second input will produce a transition 
on the output. For correct functioning the two inputs may not arrive 
so dose that the output transitions cannot be distinguished. Therefore 
they must be mutually exclusive. 

The Muller C-element provides the logical and function for transi-
tion events.It is usually represented with an AND gate with a C inside. 
This is not a simple combinational gate, but includes some internal 
states. When both inputs are at the same level, the output is also at 
that level, but a transition occurs only after both inputs have changed. 

The toggle element alternates incoming transitions between two in-
puts. The select module is similar to the toggle element, but instead 
of simply alternating, the output is chosen according to the level of a 
second input when the transition arrives. 
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Figure 2.4: Asynchronous system building blocks. 

The cali mod ule allows two self-timed mod ules to share the resources 
of a third module. 

The arbiter module is used to provide mutual exclusion between two 
unrelated systems. 

Reqln .-------- Req Out 

Data In Data Out 

Ackln AckOut 

Figure 2.5: Micropipeline structure. 

To complete the construction of a self-timed system, some storage 
elements are required. In particular, using the bundled protocol, a tran-
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sition controlled storage element has to be used. However, such modules 
are usually complex, slow or bulky, therefare this kind of architecture is 
mostly used with dynamic logie gates, which incorporates the memory 
element in the very structure of the gate. 

The two-phase bundled protocol offers a number of advantages in 
its simplicity and composability. In [71] an elegant methodology far 
constructing self-timed systems is described ( see Fig.2.5). 

It consists of three parts: a control network consisting of a C-element 
per stage, an event-controlled latch in each stage, some combinational 
logie between two successive stages, if needed. The combinational logie 
can signal the completion of its operations by itself or a delay can be 
used. In this latter case the time delay long enough to ensure a correct 
functioning far the worst case path. 

If no combinational logie is inserted, the micropipeline works as 
sim ple asynchronous FIFO. 

Suppose the state of the leftmost C-element is low. When a req-in 
transition occurs at its input, the element will produce a transition in 
the latch. The acknowledge from the latch produces a similar transition 
in the first C-element to the right. Meanwhile, the C-element in the 
first stage will not produce another request to the latch until there are 
transitions on both req-in ( signaling that there are more data to be 
processed) and Cd, Completion done, in the next stage, signaling that 
the next stage has finished its operations. 

In [61] a new asynchronous scheme based on the micropipeline struc-
ture is presented. It exploits the features of the Differential Cascode 
Voltage Switch Logie (DCVSL ). In this case the registers are included 
in the gate structure, therefare a very compact system can be realized. 

The asynchronous approach is very suitable far image processing, 
because it easily adapts to the input data frequency. In this way the 
operations are always executed at the maximum speed, allowing either 
a reduction in power consumptiofl, since the modules do not work in the 
idel time, or a resources sharing, if the same modules are used to pro-
cess data belonging to different streams. In [63],[64],[65],[68],[59] several 
implementation of asynchronous systems are proposed. [58] contains a 
good overview of the state of the art far asynchronous systems. The 
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main drawback of this approach is that the design procedures are quite 
complex, due to timing constraints and fault tolerance (see [66],[69]). 
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Chapter 3 

lmplementations 

In this chapter we propose and analize the implementation of several 
image processing algorithms. Two main approaches have been fallowed 
far these designs: 

• implementation of an ASIC (Application Specific Integrated Cir-
cuit) 

• implementation on an FPGA (Field Programmable Gate Array). 

The design philosophy underlying these approaches is very different 
as they respond to diff erent needs of the designer. 

The design of an ASIC allows a greater flexibility and freedom, since 
the designer can choose the technology, the architecture and circuit so-
lutions that better satisfy the constraints. Nevertheless this approach 
is very time-demanding and expensive and is more sensible to design 
mistakes and technology variations. 

On the other side the FPGA approach limits the possibilities of the 
designer, since they allow only fixed dimensions (i.e. fixed number of 
memory elements and combinational blocks ), usually they are not very 
suited far completely user specified structures, while they perfarms very 
well if the built-in operators are exploited. But FPGA offer the signif-
icant advantage that they are cheap and can be easily reprogrammed, 
therefare design errors can be corrected. 
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The choice of the particular solution obviously depends on the ap-
plications far which a circuit has been designed. In arder to investigate 
the effectiveness, robustness and flexibility of some of the algorithms we 
implemented both the approaches. 

3.1 A Reprogrammable Rational Operator 

The first two operators act on a 3x3 mask, as will be shown further on. 
The interpolator requires a 1-D window of length 4, therefore it intro-
duces a slight complication in the final structure of the reconfigurable 
filter. 

The first operator can be represented by the following expression 
(see Fig.3.1 a)): 

e+ w(a+i-2e) w(c+g-2e) 
wk(a-i)2+1 + wk(c-g)2+1 + 

w(b±h-2e) w(d+ J-2e) 
wk(b-h)2+-/2 + wk(d-1)2+-/2 

but it can be better rewritten as follows: 

e+ O'. a+i-2e + O'. c+g-2e + 
(a-i)2+;3 (c-g)2+;3 

b±h-2e d+f-2e 
O'.(b-h)2+;3l + O'.(d-J)2+;3l (3.1) 

with a = 1/k, f3 = 1/wk and {31 = v'2/wk. The parameter 
k should assume positive values and it is used to control the filter. If 
k = O then we obtain a linear filter, if k -t oo then the filter has no 
effects and en ~ e. 

The second algorithm is used to remove the artifacts introduced by 
the MPEG compression. In this case the image appears like a mosaic 
because the compressor-coder acts separately on one block at a time; if 
two adjacent blocks belong to areas with different luminance the effect of 
the compression is to enhance this difference and therefore a border line 
between the blocks will appear. Since the noise appears like evidently 
false borders along the horizontal and vertical directions, this operator 
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Figure 3.1: Masks for noise-smoothing filter ( a) ) and for artifacts 
removal ( b) ) 

has to be applied twice, once per direction. Each time, the neighbours 
along the operation direction of the mask's central pixel are removed, as 
in the example of Fig.3.1 b ). 

The function associated with this algorithm is: 

e+ a ati-2e + a ctg-2e + 
(a-i)2 ±/3 (c-g)2tp 

d±f-2e 
a (d-1)2±/3 (3.2) 

with a = 1/2k, f3 = 1/ wk. 
The last algorithm is a rational interpola tor. The structure of this 

operator is quite complex as is its application to the image. In fact 
it requires two steps in order to output ali the interpolated pixels. In 
Fig.3.2 the supporting mask for the interpolation is shown. The basic 
operator is monodimensional and is represented by the following function 
(see Fig.3.2 a) and b)): 

X µb + (1- µ)e (3.3) 
with 

k((b-a) 2 + (c-a)2)+1 (3.4) 
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Figure 3.2: Input masks for 1-D and 2-D interpolators. Case a) and b) 
are related to the 1-D operator, e) is the mask for the two-dimensional 
interpola tor. 

f3 k((b-d) 2 + (c-d)2)+1 

µ = 
a + f3 

(3.5) 

then we can rewrite the algorithm as follows: 

1 1 
X= --·b + --·C l+Q_ l+Q'. 

Q' (3 
(3.6) 

In the second step we use previously calculated samples to estimate the 
missing values (Fig.3.2). The expression of the operator is qui te different 
from that of the first step: 

X µai(a +i) + µc9 (c + g) + 
µdf ( d + f) + µbh ( b + h) 
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with 

1 
/3 1 a 

k(a - i)2 + 1 k(c-g)2+1 

1 8 1 
1 k(d - !)2 + 1 k(b-h)2+1 

and 

a 
µab a+ /3 + 1 + 8 

µcd a+/3+ì'+o 

1 8 (3.8) µef a+ /3 + 1 + 8 
µgh a+f3+ì'+o 

This choice leads us to avoid jagged diagonal border lines in the 
reconstructed image. 

3.1.1 Analysis of the involved arithmetic functions 

The keys for the design of this reconfigurable system are the introduction 
of even rough approximations in the evaluation of the rational functions 
and the exploitation of common structures inside the operators. 

The latter is easily explained considering the expressions 3.1, 3.2, 
3.4, 3.5. Ali the algorithms use a template of the form: 

xo + x1 - 2x2 y = ao------
(xo - x1)2 + a1 

(3.9) 

therefore ali of them require the foliowing basic arithmetic functions 
for the computation: 

1. adder / subtracter 

2. square function 

3. divider 

4. multiplier 
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Apart from the adder/subtracter these operators require a careful 
analysis of their implementation, because they are both time and area 
expansive in terms of involved resources. 

The realization of the exact rational function would require a huge 
amount of hardware due to the complexity of the single terms consti-
tuting the operator itself. This translates into a low speed or a long 
latency time for the system. Therefore it isnecessary to verify if the 
algorithm is robust regarding approximations in the calculation of the 
various coefficients. 

Tests aver several images allow us to conclude that under certain 
constraints it is not necessary to have an extremely good approximation; 
moreover, in many cases it is sufficient to use a few bits per function in 
arder to have an appreciable result, according to our driving criteria of 
small dimension and high speed. 

Divider 

Divisions and multiplications are traditionally the most expansive arith-
metic functions to deal with. The complexity of the algorithms for re-
alizing this operator is similar, as reported in many papers. But as we 
mentioned above, in the case of the rational filter, we can calculate the 
result of an operation with a certain approximation. 

In arder to simplify the implementation of the division we operate in 
two steps: first of all we calculate the inverse of the divisor and then we 
multiply it by the numera tor. Therefore we now analyse the calculation 
of the inverse and after that we propose our solution for a multiplier. 

In arder to have a good approximation aver the whole range of the 
inputs [0,255] we choose to represent the number in a floating point 
notation. Thus we have a normalised mantissa of the form 0.lxxxxxxx, 
where the symbol x indicates an unknown value in the range [O , 1], and 
an exponent. 

Since in the floating point notation, the first bit after the point 
(i.e. the MSB) is always 1, we can consider just 3 bits of the mantissa 
(d = {lxox1x2}) in arder to have an approximation of the function 1/x 
aver the range [1/2, 1), thus we obtain the following corresponce table 
for the divisor and its inverse: 
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Input Inverse 
0.1000 1.1111111 
0.1001 1.1100011 
0.1010 1.1001100 
0.1011 1.0111010 
0.1100 1.0101010 
0.1101 1.0011101 
0.1110 1.0010010 
0.1111 1.0001000 

Table 3.1: Bit-level correspondence between input d and inverse function 
1 y = d" 

If we represent the result with 8 bits, d-1 = y = {yoY1Y2Y3Y4Y5Y6Y7 }, 
with y0 MSB, the Boolean functions correspondent to Tab.3.1 are 1 : 

Yo = 1 

Y1 = x o /\ ( ?f 1 V x 2) 

Y2 = x2 /\ (xo V xi) 
y3 = (xo /\ ?i1 /\ x2) V (xo /\ x1 /\ x2) V (xo /\ ?i1 /\ x2) V (xo /\ x1 /\ x2) 

Y4 = (x1 /\ x2) V (xo /\ x1) V (xo /\ x2) 
Ys = X1 /\ ( Xo V X-2) 

Y6 = (xo /\ x2) V (xo /\ x2) V (x1 V x2) 
Y1 = x1 /\ (xo V x2) 

Implementing in this way the inverse calculation we can achieve a 
maximum percentage errar of 12% (Fig.3.3) with a complexity of about 
20 N AND equivalent gates. 

If we use a O. 7 µm technology the speed of this block is more then 
400 MHz. Similar values are possible using four bits instead of three, 
but for our purposes this is not necessary. 

1 We consider /\ and V as the logica! and and or function respectively. 
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Figure 3.3: Comparison between the real and the approximate 1/x func-
tion. Curve of the percentage errar 

Sq uare function 

In the rational function the role of the squared difference is to perceive 
details in the signal; therefare we can consider just an estimate of this 
difference allowing us to decide whether we encountered a detail or not. 
As far the in verter, we consider the input in the floating point notation. 
In our system we do not use the square function far other purposes than 
this calculation, then the input of this block is in the range [0,255]. Since 
the range of the numbers is limited, we need just 4 bits far the exponent, 
plus 1 far its sign. 

As far the division, if we represent x = {lx0x1x2} and the result 
with 8 bits, x2 = y = {yoY1Y2Y3Y4YSY6Y7 }, with Yo MSB, we obtain 
Tab.3.2 and the correspondent Boolean functions: 

Yo = 1 

Yl = X 1 /\ (X o V X 2) 
Y2 = x2 /\ ( xo V X-1) 

Y3 = (xo /\ X-1) V (x1 /\ X-2) V (x1 /\ x2) 
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Input Square 
0.1000 0.10001111 
0.1001 0.10110011 
0.1010 0.11011011 
0.1011 0.10000011 
0.1100 0.10011011 
0.1101 0.10110101 
0.1110 0.11010001 
0.1111 0.11101111 

Table 3.2: Bit-level correnpondence between input x and square function 
y = x2. 

Y4 = (xo !\ x2) V (x1 !\ x2) V (xo !\ x1 !\ x2) 

Ys = (xo !\ x2) V (xo !\ x1 !\ x2) 

Y6 = (x1 !\ x2) V (x1 !\ x2) V (x1 !\ x2) 

Y1=1 

ctrl = xo !\ (x1 V x2) 

The last bit ctrl is used to correct the exponent far the input con-
figurations [1000], [1001] and [1010]. 

As shown in Fig.3.4 in this case we also achieve a rnaxirnurn percent-
age errar of 123; the nurnber of gates per block is about 25, cornprising 
the signal ctrl far the update of the exponent. The speed of the irnple-
rnented function is rnore than 400 MHz, as far the inverse function. 

Approximated sum 

We can see in the equations 3.1, 3.2 and 3.4 that far each algorithrn we 
rnust cornpute a surn of this type: 

(3.10) 

35 



e: o 
~ x 1 o• Corrparison between real and approximate square function 
u.. 
~6 

~ 
rJ) 

*4 
E ·;;: 
~2 
~ 
-g 
roo1.--~===-~~-'-~~---'-~~--'~~~...LI 

m e: 
50 100 150 200 250 

Input Value 

50 100 150 200 250 

Figure 3.4: Comparison between the real and the approximate square 
function. Curve of the percentage errar 

where the parameter {3 avoids a O valued sum and is used as a threshold 
far the nonlinear contribution of the squared difference. As mentioned 
above, this squared difference gives us an estimate of the features of the 
image and therefare we can approximate it. Moreover it is necessary 
to have just a few bits in arder to calculate the inverse of the sum in 
eq.3.10 using the mentioned divider. From these considerations we may 
decide to simplify also eq.3.10. 

More specifically we can check if the squared difference is greater 
than the parameter f3 or not. If the check is positive, i.e. (x - y) 2 > {3, 
then we can consider (x-y) 2 only, otherwise we take {3. This comparison 
becomes criticai if the terms are comparable; in this case tests indicate 
that the result was not very satisfying. 

A further step is to calculate the sum with 4 bits far each operand; 
in this way we reduce the costs of the comparison and those of the sum 
at the same time. 

In Fig.3.5 we can see the curves relative to the theoretical and to the 
approximate function reported in eq.(3.12) and the distribution of the 
percentage errar. This curve shows that the maximum errar corresponds 
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Figure 3.5: Comparison between the result obtained with the theoretical 
function (x-y1)2 +r3 and the one obtained with the approximated function. 

to comparable values of the squared difference and the parameter, as we 
said above. In ali the other cases the errar is weli controlied: about 983 
of the results give an errar below 15 3. 

If we consider the simplifications in the square function and in the 
addition and the quantisation of the parameter (3 these results are very 
good. 

Multiplier 

In this implementation of a reconfigurable system we include two types 
of multipliers: one is a radix-4 multiplier and the other is of the shift-
and-add type. The reason far this choice will be explained in the next 
section. Let us see now the features of these blocks. 

Radix-4 Multiplier 

The implementation of a conventional binary multiplier requires n x 
m fuli-adders, where n and m are the number of bits of the operands. 
Moreover we must wait until ali the bits of the results are calculated 
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before using them, because the final carry-chain extends along ali the 
positions of the output. 

In arder to avoid this we can use particular arithmetics, which ex-
ploit the features of redundant notation [72]. Another advantage of this 
kind of arithmetics is that Most Significant Bit (MSB)-first operators 
can be realized [73]. 

The counterpart is that they require a conversion block from con-
ventional binary to signed digit notation and vice-versa. 

The possibility to realize a MSB-first multiplier allows us to deter-
mine a priori the number of bits in the output and thus the approxima-
tion we want to use. 

/'""""""'-'-+-~-"-+-.....,.,,,r-"-+-____,,.,....._w"--'i_',,,..,.., --- b1,R4 
t . -'-, : '';----, : 

aii k=aiai~ 

bi,R4= bi 1bi2bi3 

Pi,R4= Pi 1Pili3 

: :--· : :.c--1 

/ ,..,...'"'-t-~~w;-: ....,.\.....,,-'~,~+-:-~_,."".._:/,......,~~T_~"_.,...", -:------- b2,R4 
t ,J-/t: '';--'-/t: '';--'-, : '';----, : : :--1 : ~-· : :--· i :--1 

wi ,,/~;;-- /,~T ,,/~;-- ,,/~;--
t ;-'-/t .--L/t ;-'-/t ;-'-/t .--'-, 

ltJ ltJ ltJ ltJ ltJ 
• • • • • 

with bi i and pi i 
coded in radix 4 

Figure 3.6: Structure of a radix-4 multiplier 

In Fig.3.6 a simplified structure of a radix-4 multiplier can be seen. 
This particular picture refers to the case of a multiplication of a 10 bit 
number a= {aoa1a2a3a4asa6a1asa9} by a6 bit number b = {bob1b2b3b4b5} 
but with only 3 radix-4 digit in the output ( equivalent to 6 binary digit ). 

The dashed cells are omitted because we do not need them to cal-
culate the output. 

Input b is converted to the radix-4 binary number br4; each digit 
can assume one of the value O, ±1 , ±2. 

38 



Input a is not converted to radix-4 notation, but it is extended to 
the LSB end with a O and to the other extreme replicating twice the sign 
bit a0 . After this extension the input is partitioned into 6 overlapping 
slices: ( ... , (aj-1ajaj+l), (aj+laj+2aj+3), ... ). 

If the current digit of the input br4 is O or ±1 the two leftmost bits 
of each slice are used to calculate the partial product. If the digit of br4 
is ±2 then we use the two rightmost bits of the slice, performing a left 
shift (multiplication by 2) as required by the second input. 

Each cell has as output two terms: the local sum w and a transfer 
bit t, i.e. the carry to the next position. The term w has a radix-4 
notation too, while t is a conventional binary bit. Moreover each cell 
transfers to the correspondent cell in the next stage the input slice of a. 

The final cells in the figure indicate a radix-4 adder stage, which 
performs the final sum in arder to produce the output digit Pi· 

Since we use a small number of bits, both at the input and at the 
output, we do not appeal to particular conversion algorithms neither 
for the binary to radix-4 number conversion nor for the apposite from 
radix-4 to binary. Both the operations are accomplished by simple stages 
which sum in an opportune way the incoming digits. 

The total latency time of this block, including the conversion stages 
is 8 dock cycles. 

Shift-and-add Multiplier 

As reported in [105], rational functions exhibit the interesting fea-
ture of errar autocorrection between numerator and denominator. This 
feature has been exploited for the previous implementations of the in-
verse and square function. Even though the rational operator is intrin-
sically robust, there are particular applications where approximations 
must fullfill specific constraints. The rational interpolator offers a good 
example of such behavior. 

U sually the goal of interpolation is to find a value x given the ex-
tremes a and b, in such a way that the interpolated image can be con-
sidered a "good" reconstruction of the original one. With "good" we 
mean that the interpolator must satisfy both analytical constraint, like 
edge and detail preserving, as well as subjective constraint, for exam-
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Figure 3. 7: Structure of a shift-and-add multiplier 

ple keeping the background texture uniform, etc.. In particular, con-
sidering Fig.3.2 a), the new value x must be included in the range 
[min{b,c},max{b,c}]. If particular attention is not given to the ap-
proximations introduced in the rational operator, this condition is not 
fullfilled and the result is that the background appears jagged or corru-
gateci when it should not be. This does not mean that approximations 
can not be used, however. In fact the interpolator could be realized in 
such a way that the coefficient µ in eq.3.4 can assume only a restricted 
number of values, while preserving the previous condition. 

As can be seen in Fig.3. 7 the multiplier is composed by one right 
shifter, one adder and one delay element. For each value of the coef-
ficients the result can be calculated as a sum of two terms, obtained 
dividing by power of 2 (i.e. shifting to the right) the input value. 

For example, suppose that we want to multiply a number a by ~· 
The coefficient can be written as 1 - ~; thus a shift of the first channel 
by two positions and its subtraction from the input is sufficient. 

The advantages of this kind of structure are that it is very easy to 
implement and it has a very low latency time compared to a conventional 
multiplier. In fact it can be realized with three blocks: two shifters in 
parallel and one adder. But since the inputs to the adder have more 
than 8 bits, this block must be split into two sub-blocks and therefore 3 
dock cycles are needed to perform the multiplication. 
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The counterpart of this structure is that it can handle only a limited 
number of coefficients. 

U sing lookup tables 

The realization of the noise-smoothing edge preserving filter and that of 
the deblocking filter are really effective and easy to do. 

However some considerations concerning the interpolation problem 
must be made . 

As mentioned above, ali the simplifications work well under certain 
constraints. Far the interpolator (refer to eq.3.3 and Fig.3.2 a)), the 
coefficients µ and ( 1 - µ) must satisfy the obvious condition: 

µ+(1-µ)=1 (3.11) 

which allows the value of the calculated sample x to be in the range 
b ~ X ~C. 

But if approximated functions are used in arder to obtain these 
coefficients, they do not satisfy this condition anymore. The result is an 
annoying texture effect in the image, due to the approximations in the 
values, which are out of the admitted range. 

On the other hand, it is impossible to have a full-bit precision struc-
ture far the interpolator only. We must exploit the robustness of the 
algorithm to approximations in other ways. 

A simple but effective tool used to calculate functions is a lookup 
table (L UT): it is fast far reasonable dimensions and can incorporate ali 
the approximations we want on the function. 

The addresses far the table are obtained from the block which com-
putes terms of the type 

1 
(3.12) (x - y)2 + /3 

From eq.3.6 we can see that the required function is 

1 
(3.13) 

1+ ~ 
O/ 

where both a and /3 are as in eq.(3.12). This function is rough 
quantised to simplify its evaluation; in Tab.3.3 we report the considered 
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o 000 
1/8 001 
1/4 011 
1/2 010 or 

101 
3/4 100 
7/8 110 
1 111 

Table 3.3: Quantised values for the interpolator µ coefficient. 

values and their associated codes. Values for 1-µ are obatined negating 
the output bits. 

Referring to Fig.3. 7, the x0 x1x2 bits determine if the input a has to 
be shifted in channel-2 or not, whether both channels are used for the 
final sum and whether the channel-2 addend has to be inverted or not: 

shift by 3 positions 
shift by 2 positions 
shift by 1 position 
no shift required 

add/ subtract = select chanl = xo 

selectchan2 = (xoEBx1)V(xoEBx2) 
For this implementation we choose to realize the L UT with a com-

binatoria! circuitry for two main reasons: 

• the values to be stored in the table are just 7, thus it would be a 
waste to use a ROM or a RAM; 

• it is possible to realize a very compact circuitry, the speed of which 
is much higher than that of a conventional memory. 
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The realized L UT for the 1-D interpolator needs about 30 gates 
and has a speed greater than 500 MHz if implemented with a O. 7 µm 
technology. 

The L UT for the two-dimensional algorithm requires a few more 
blocks in order to condition the input values of the form in eq.(3.12) 
and this makes the latency time increase. 

In this case the function is quantised to the values: 

1 1 1 3 o - - - - 1 
'8 '4 '2 '4' 

The dimension of the table is almost twice that of the 1-D operator, but 
the speed is just slightly less. 

U sing the lookup table is not restrictive for our purposes, but it 
gives us more flexibility for other algorithms which can be implemented 
in this way. 

3.1.2 lmplementation of the system 

In Fig.3.8 we present the overall structure of the reconfigurable system. 
The input blocks indicated as PLF are Programmable Linear Filters. 

They should realize a linear operator of the form: 

Yn = W1 X a + W2 X b + W3 X e (3.14) 

a,b and e are samples in the :filter mask. Wi are programmable 
coefficients, which can assume the following quantised values: 

1 1 3 1 3 7 3 7 
0,±8,±4,±8,±2,±4, ±8,±l,±2,±4,±2 (3.15) 

The product Wi X x is calculated with a shift-and-add multiplier. 
Depending on the selected algorithm the outputs of the PLFs enter 
either in the radix-4 or in the shift-and-add multiplier, where they are 
multiplied by the coefficients provided by the core section; after that 
the various contributions are summed together with a two-stage adder. 
Finally a multiplier is used to eventually scale the :final output for other 
purposes. 
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X multiplier I Block function 

+ 8-bit adder ~ multiplexer 

PLF Programmable 
~ !ristate-buffer Linear Filter 

Figure 3.8: Overall structure of the filter 

The main fiow is subdivided into two channels in order to have the 
possibility to implement, for example, two 1-D filters instead of one 2-
D. To this end three-state buffers make it possible to select the output 
channels. 

The structure of the core of the system is more complicated, because 
we must consider ali the possible paths among the blocks in order to 
realize a specified function. As can be seen from Fig.3.9, the input data 
are sent to the first stage, where the squared differences are computed. 
Depending on the algorithm the result is summed with the parameter 
(3, like in eq.(3.1,3 .2) or with another squared difference (eq.(3.4)). 

Thereafter a path to an inverter or to an adder can be chosen: in the 
first case we compute a term like in eq.(3.12), which can be used directly 
for the noise-smoothing filter after a multiplication by the parameter a, 
like in eq.3.1,3.2. 

If we want to implement either the 1-D or the 2-D approximated 
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+ 8-bitadder X multiplier 

« shift for nonnalization µ look-up table 
for discretization 

l_ divider ~ multiplexer/demultiplexer 

a2 square function I block function 

Figure 3.9: Structure of the filter's core. 

interpolator we can send the output of the inverter to the lookup table 
conditioning block, which prepares the addresses for the table itself. 
Otherwise, if we want to compute the interpolator coefficients in the 
correct way, we can use an extended adder in order to have the sum at 
the denominator, as in eq.3.5 and 3.8. 

This term multiplies each of the addenda in order to calculate the 
final coefficients . 

In the case of the deblocking filter the parameter k is calculated 
outside the system and then sent as parameter . 

We designed the whole system as an extensive bit-level pipelined 
architecture [55], which allows us to achieve a throughput of one new 
calculated sample per dock cyde. 

Each function is constituted by a combinatorial circuitry and by 
a memory stage. Since in such a structure the minimum dock period 
depends on the execution time of the slowest block, it is necessary to 

45 



design each function in order to have a delay time as similar as possible 
from one block the each other. 

Therefore the choice of the reference time is very critical, because 
if it is to small, a high number of memory cells will be required; on the 
other hand a too large delay time does not allow a su:fficiently high dock 
frequency. We take as reference delay time the delay of an 8-bit adder. 

Since the system has few blocks and the paths among them are 
not numerous, we designed the reconfiguring circuitry as a simple shift 
register. Some multiplexers drive the signals to one path or another 
according to the value stored in a dedicated memory cell. 

An input FIFO stores the incoming samples in order to preserve 
them for the next calculation and reduce the number of input signals. 
In fact, when an image is scanned for filtering, at each step only three 
new samples enter the mask, while the others will simply change their 
position. 

3.1.3 Results 

In order to test the system we have created a simulator in C code, which 
performs bit per bit all the functionality of each block. We then applied 
the simulator to some images for the various algorithms. 

In Fig.3.10 the images related to the noise-smoothing algorithm are 
shown. The original image was corrupted with Gaussian noise; the re-
constructed image is obtained after only one passage of the filter ( the 
filter parameters are the same as reported in [ 41]). 

Fig.3.11 is related to the interpolation algorithm. The original image 
was first filtered with a low-pass filter and than decimated by a factor 
of 2. 

Fig.3.12 refers to the deblocking algorithm. The image was coded 
with JPEG at 0.3 bpp, as reported in [34]. In this particular case the 
result must be considered very good, because the improvement apported 
to the image by the theoretical algorithm is just 0.3822 dB with respect 
to the decoded image. Moreover, sin ce we use for the calculation the 
square function instead of the fourth power, we must trigger slightly the 
parameters of the filter. 
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b) 

d) 

Figure 3.10: Noise-smoothing Filter: a) original image, b) corrupted 
image, c) image filtered with our system, d) image filtered with the 
theoretical algorithm 

In Tab.3.4 the values of the PSNR and of the MSE for each algorithm 
and each image are reported. 

For each algorithm the correspondent latency time in the system is 
indicated: as can be seen from the values, the three algorithms require 
almost the same time. This is due to a balance between the time required 
for the calculation of the nonlinear function and that required for a 
multiplication. 

As we mentioned above the radix-4 multiplier requires 8 dock cydes 
in arder to perform the operation; the shift-and-add multiplier needs just 
3 dock cydes . The 5 cydes of difference balance the higher time used 
to calculate the nonlinear function in the various cases. 
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b) 

d) 

Figure 3.11: Interpolator: a) original image, b) filtered/decimated im-
age, c) image reconstructed by our system, d) image reconstructed with 
theoretical operator. 

The 2-D interpolator needs slightly more time than the 1-D operator 
due to the more complex circuitry far the lookup table. 

3.1.4 Physical features 

In Fig.3.13 we can see a layout of the whole system. We designed this 
structure with the Cadence EDA tool using a 0.7 µm CMOS standard 
cells technology. With those parameters, the number of gates of the 
whole chip is about 12.000, almost equally distributed between the core 
section and the upper section. 

The size of the core of the chip is about 4.3 X 4.6 mm2, which grows 
up to 7 x 5.1 mm2 if we consider the pads tao. 
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a) b) 

o) d) 

Figure 3.12: Blocking artifacts removing Filter: a) original image, 
b )decoded image, e) image filtered with our system, d) image filtered 
with the theoretical algorithm 

As we mentioned above this architecture has been designed to achieve 
at least a dock frequency of 200 Mhz. Higher frequencies can be achieved 
by splitting the various blocks into two parts, at the expense of greater 
dimensions. 
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I Hardware I Theoretical I 
Noise- PSNR 20.2975 20.3226 

Smoothing MSE 607.2893 603.6926 
Filter latency 30 -

Interpola tor PSNR 34.2484 32.7312 
MSE 24.4481 34.6709 

latency 31 (lD) -

34 (2D) -

Deblocking PSNR 30.0939 30.2752 
Filter MSE 63.6337 61.0318 

latency 30 -

Table 3.4: Comparison between theoretical and implemented rational 
operators. 

3.2 Median-Rational Hybrid Filter 

The second operator we implemented is a hybrid :filter. As we said in 
the first chapter, rational operators perform very well for Gaussian noise, 
but their performances decrease when impulsive or long-tailed Gaussian 
noises are present. 

In [24, 25] a hybrid median-rational :filter, MRHF, has been pro-
posed. It combines the good performances of the median :filters for 
impulsive noise with the ability of the rational operators to deal with 
Gaussian noise. 

The MRHF has been further modi:fied in [] to operate on colour 
images too. 

Since the structure of this operator is very simple, we decided to try 
to implement it on an FPGA. 

The general form of the MRHF is the following: 

(3.16) 

50 



where the coefficients a= [1, -2, lf satisfy the condition: L:Y=1 ai =O. 
h and k are some positive constants used to control the nonlinear effect, 
as in [41]. Phii are median operators acting on user-specified masks. 

The structure used for the MHRF is shown in Fig.3.14. In this case 
the sub-functions <I>1 and <I>3 are two bidirectional vector median filters 
acting respectively on a plus-shaped, PMF, and on a cross-shaped, CMF, 
mask. The term <I> 2 is obtained from a Center Weighted Median Filter, 
CWMF, acting on a plus mask as shown in the following: 

3.2.1 The Median Filters 

The implementation of a median filter requires several comparisons among 
its inputs. In the specific case, the base mask is of length 5, therefore at 
least 9 comparisons are necessary to completely sort the data. 

Since the system had to be implemented on a FPGA, we derived the 
structure of these sub-filters from a Xilinx application note. It is based 
on the fact that the sign bit in a normal subtraction can be used to 
determine which of the inputs is the greatest. Since the input data are 
ali positive, the sign bit of the subtraction corresponds to the carry bit 
at the most significant position negated. Therefore it is not necessary to 
actually perform the subtraction, since the very carry chain is needed. 

This approach is very suitable for implementation on Xilinx FPGA, 
since they have a built-in optimized carry-chain ( see Fig.3.16). U sing 
this block stili leaves the designer with the possibility to use the other 
internal Lookup Tables in order to perform other logie operations on the 
same values used for the median. 

Given two 8-bit numbers a and b, the application note supposes the 
availability of a block able to output both the maximum and the mini-
mum between the two numbers. This operation is easily accomplished 
using the output carry of the subtraction, as previously mentioned, as 
select bit of an 8-bit 2-to-1 multiplexer (see Fig.3.15). 

In Fig.3.17,3.18 the architectures of the 3 sub-filters are shown. For 
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the sake of clearness we show the two structures of the PMF and CWMF 
as separate. 

In the design phase we supposed that 3 input data are available at 
each dock cycle. This is compatible with an input line memory able to 
store two lines of the incoming image at a time. As the new data arrive, 
they replace the old ones, which are no longer useful. In Fig.3.19 we 
reported a simple example. When the new data is available, the filter 
mask is shifted to the right and processed. All the system works in a 
pipeline architecture, therefore memory elements are required for each 
block. 

The CWMF can exploit part of the structure of the PMF, sin ce they 
act on the same mask, apart from the central value. If we sort the 7 pixels 
of the CWMF's mask, there are only two possible configurations for 
which the central term is not also the median, i.e. when it is respectively 
the minimum or the maximum value in the mask. 

In the PMF algorithm, the second step yields the maximum M4 and 
the minimum m4 of the four already received pixels ( a1 , a3, as and a1 
in Fig.3.17). If we delay the central pixel a4 until this step has been 
computed, it is only necessary to compare it with M4 and m4 to know 
if it is the median or not. With this simple modification, the hardware 
overhead with respect to the simple PMF implementation is only 1 delay 
element, 2 max-min blocks and a multiplexer. 

The architetcture of the CMF is slightly more complex, due to the 
timing of the input data. Moreover it is not possible to share part of 
the structure with the PMF or CWMF. 

In the count of used resources, the input memory elements stor-
ing the data in the mask are shared with the whole structure, since it 
represents the actual input block of the system. 

The total number of Configurable Logie Blocks (CLB) used for the 
implementation of these three sub-filters is 207, with an achievable max-
imum speed of 50 MHz. 
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3.2.2 The Rational Function 

The rational operator has the standard expression found in the previous 
section for the noise-removing and artifacts-removing operators: 

(3.17) 

with a = 1/k, f3 = 1/wk and w and k as in [41]. 
As a first approach we decided to use a residue number system 

(RNS) in arder to perform the calculation of both numerator and de-
nominator of the rational operator, because it allows a high parallelism 
in the operations. A residue number system, though, usually implies 
redundancy and therefore it needs more hardware. Moreover adders 
and multipliers in RNS are non-standard structures which require an 
ad hoc hardware to be implemented. On the other hand FPGAs sup-
ply built-in operators optimized for the standard binary system, like 
adders/subtractors and comparators; exploiting these blocks led us to 
obtain a faster and smaller circuitry. 

The features of a system depend very much on the architecture cho-
sen for the implementation. In image processing the amount of calcula-
tions to be performed in the time unit is very high even if the image size 
is small. The system should be able to read and to output data at high 
rate. To this purpose we decided to implement our rational operator 
with a pipelined structure, as the median sub-filters. The main draw-
back of this choice is the large amount of memory elements required at 
each step. Moreover the FPGA has a relatively small number of built-in 
memory elements. Therefore the system has to be designed carefully in 
arder to minimize the latency time, or better the number of stages in 
the pipeline. 

As can be seen from eq.3.17 the more demanding arithmetic oper-
ations are the square function and the division. In this case we cannot 
adopt the floating point representation for the input data, as for the 
reprogrammable filter, since it would require more hardware resources. 
Therefore another approach had to be found to minimize the number of 
operations. 
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The main problem introduced by the square function is the increase 
in the word width, i.e. in the number of bits in the result, whereas 
in the RNS all the operations are evaluated with a constant number of 
bits.In our work the operator is fixed; thus we can exploit our knowledge 
about the parameters appearing in the function in arder to reduce its 
complexity. In the denominator in eq.3.17 two parameters are used. In 
particular we can rewrite eq.3.17 as follows: 

Following the example in [41] these two parameters have been chosen 
as follows: k = 6.25, h = 0.01. If we approximate h with a simple sum 
of powers of 2 the number of bits required by this operation can be 
reduced. For instance if h = 24 + 25 the range of the term to be squared 
is limited to 5 bits instead of 8. Moreover the square function can be 
implemented with a simple shift-and-add multiplier with a precision of 
11 bits in the result. 

Simulation runs over several images showed that the loss of precision 
introduced with this approximation is very small, while the evaluation 
of the denominator has been simplified to 6 additions. 

In this design the role of the division is the most critical, since this 
operation is highly time and size consuming. 

The choice of the actual implementation of this operation strongly 
depends on the constraints on the design and on the precision required 
by the rational operator and the application. In fact not all the rational 
operators allow a course approximation in the results if we want them 
to work effectively, like, as we said, the interpolator. 

We developed two different algorithms for the division. The first one 
is an iterative algorithm derived from [67] which can be implemented 
both in RNS and in standard binary. This algorithm allows us to obtain 
a precision in the results of about 13 after 4 iterations. Further tests on 
images showed that 3 iterations are enough to obtain a good result and 
this allows a good reduction in terms of size. N evertheless this algorithm 
requires few combinational blocks or lookup tables for the selection of 
the quotient and variable shifts as the new dividend is obtained using 
the standard formula Yn = Yn-1 - qn-l X x, where qn-1 is the partial 
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quotient at iteration n - 1. Moreover the latency time would be greatly 
increased due to the need of several iterations. 

The second algorithm is very simple and is based on successive scal-
ings of both numera tor and denomina tor. Given two numbers n and d, 
the divisi on y = n / d can be represented as follows: 

en n 
- '!!:_ - ~ - (en-ed) __.!._ - s(en-ed) n d-1 Y- - -S - s s d Sed d8 ds 

where s is a scaling factor, n8 and d8 are respectively the scaled numer-
a tor and the scaled denomina tor and ex is a number such that sex X x s 

is the largest number less than x. 
In this case we can choose s = 16: in this way each scaling can be 

performed by simply rejecting the 4 less significant bits and the rounding 
can be easily accomplished summing 1 or O depending on the 4 bits 
rejected. 

Since the numerator and the denominator are represented with 10 
and 11 bits respectively, after at most 2 scalings by 16 the range is re-
duced to [0,16], taking into account the rounding effect. A small lookup 
table supplies the correspondent inverse of the denominator d;1 . Since 
the maximum number of scaling can be 2, the difference en - ed can 
assume values in the interval [-2,2] only, reducing the complexity of the 
shift. 

As the results in the following section show the first algorithm out-
performs the second one and allows us to obtain even better results than 
the theoretical algorithm. The second algorithm, though, is very com-
pact and introduces a latency in the system which is less than 1/4 of 
the latency of the former. Moreover the required hardware can be easily 
and effectively implemented exploiting the features of the FPGA. 

In Fig.3.20 the block diagram of the resulting circuitry for the ra-
tional function is shown. We implemented the system on a medium size 
FPGA containing 400 CLB. 

As can be seen from eq.3.17 the numerator is a very simple linear 
function; it requires 2 8-bit adder /su btractors and one 9 bit adder. As 
aforementioned, the design tools for FPGAs allow exploitation of some 
of the features of these chips. As a comparison with the RNS system, an 
8 bit subtractor in standard binary requires 6 CLBs and can be operateci 
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at about 58 MHz; on the other hand a 5 bit adder far the modulo 17 
addition requires 7 CLBs and its operating frequency is about 56 MHz. 
This simple example well justifies the choice of the binary system due 
to the simplicity of the rational operator. 

The denominator is slightly more demanding in terms of hardware 
because of scaling and multiplication. The number of CLBs required far 
the denominator is 2.5 times that far the numerator and comprises the 
flip-flops far the pipeline. 

The division itself requires as much hardware as that used far both 
numerator and denominator, even if the implemented algorithm is rel-
atively simple. The main timing constraints derive from this block, 
mainly due to the arbitration logie used to choose the appropriate re-
sults instead of the traditional shift register. This is done because we 
do not know a priori how many shifts we need at each step; since the 
number of shifts is relatively small, a simple logie can directly output 
the result in one dock cyde. 

The latency time of the system is 8 dock cydes: 4 are introduced 
in the evaluation of the denomina tor, 3 in the evaluation of the division 
and 1 more to obtain the final sum. 

The total number of CLBs used far the rational function is 191, 
about 4 73 of the tot al number at our disposal; the number of flip-
flop is 182 and almost 1/3 is used to stare <I> 2 during the evaluation of 
the rational function. The maximum achievable frequency is 41 MHz, 
therefare this system can be effectively used far real time application 
with images of 768x625 pixels at a frame rate of 50Hz. 

In Fig. 3.21 the layout of the rational operator on the FPGA is 
reported. 

3.2.3 Experimental Results 

The implemented system has been tested using images corrupted with 
i.i.d. noise having the fallowing probability distribution: 

V= (1 - À)N(O, an) + ÀN(O, a;) (3.18) 

Three values of À and several different values far the SNR have been cho-
sen: À = 0.1 (very impulsive noise), À = 0.2 (mixed Gaussian-impulsive 
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noise) and À = 1 (purely Gaussian noise), with SNR= 3dB, 6dB, 9dB 
and 15 dB. 

As an example, Figs.3.22( a)-( e) are respectively the original clean 
image, the noisy image with À = 0.1, SN R = 3dB, the image filtered 
by theoretical MRHF, the output of the implemented MRHF system 
with the high precision algorithm far division and the output of the 
implemented MRHF with the low precision algorithm far division. It 
has to be noticed that the implemented median filters do not introduce 
any errar, since their output is always exact. It can be clearly seen that 
the images in Figs. 3.22(c) and 3.22(d) are very dose to each other, 
and both show a good noise attenuation and present sharper edges and 
smoother fiat areas, while Fig.3.22( e) presents a worse quality. 

In Fig.3.23 we present the comparisons of results obtained far some 
images. Far completeness sake we reported both the results obtained 
with the iterative (Hardware (1)) and with the simplified (Hardware 
(2)) algorithm far the division. All the data have been normalized to the 
maximum valued obtained. In all the cases the implemented structure 
with the iterative algorithm gives even better results than the theoret-
ical one, with a average absolute relative errar of about 3.53 far MSE 
and 2.13 far MAE. This can be explained in two ways basically. The 
first concerns the coefficients h and k in the denomina tor. Their values 
have been chosen fallowing the referenced paper [41], but they are not a 
result of an optimization pracess involving the MRHF. The intraduced 
appraximation modifies these values, therefare it is possible that they 
are closer to optimum values than the chosen ones. If we modify h and 
k with the values obtained with the appraximation the results obtained 
in the theoretical case are better indeed, but they are stili worse than 
those obtained with the implemented system. 
The second explanation concerns the raunding errars intraduced in the 
evaluation of the denominator. These errars have the effect of reducing 
the actual value of the denomina tor. Therefare it does not affect the 
numerator so strongly as in the theoretical algorithm. The overall effect 
is a low-pass filtering which slightly impraves the results. 
The results obtained with mixed noise show that in this case the sim-
plified algorithm usually outperfarms the theoretical operator. 
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3.3 Conclusion 

In this chapter we presented two implemetations of rational filters. 
The proposed architectures clearly show that these kind of operators 

are very suitable for image processing as well as for simple but effective 
realizations. 

Two approaches have been adopted for these implementations: the 
first is an ASIC design, allowing great :flexibility and high operating 
speed, while keeping a small die size. The second approach is based 
on FPGA design. In this case an easily reconfigurable cheap product 
can been obtained at the expense of the overall speed. In any case the 
system is able to operate up to 50 MHz, which is enough for HDTV 
applications, as well as video conference or similar applications. 
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Figure 3.13: Layout of the implemented system 
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Figure 3.14: Structure of MRHF using two bidirectional median sub-
filters . 
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Figure 3.15: Structure of subfilter's building block. 
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Figure 3.16: Structure Xilinx CLB 's carry chain. 
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a M=max {a,b} 

b~m=min{a,b } G Delay unit 

Figure 3.17: Structure of the PMF and CWMF sub-filters. 

a , M=max{a,b} 
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b~m=min{a,b} 
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Figure 3.18: Structure of the CMF sub-filter. 
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Figure 3.19: Input line memory. 
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Figure 3.20: Block diagram of the implementation of the rational func-
tion .. 
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Figure 3.21: Layout on FPGA of the MRHF'rational operator. 
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Figure 3.22: Qualitative comparison between implemented and theoret-
ical filter (See text ). 
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Comparisons ot results tor MSE and MAE 
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Figure 3.23: Comparisons between implemented and theoretical filter 
(See text ). 
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Chapter 4 

Macromodelling 
Techniques for Power 
Estimation 

Introduction 

With the spreading use and need for portable devices the power dis-
sipation of the electronic circuits has become a critical concern and a 
fundamental issue in circuit design. Modem microprocessors can exceed 
50 Watts in power consumption, celiular phones and laptops need to 
dissipate very few power, since the available batteries have limited life, 
and smart power or power-conscious systems are becoming more and 
more important for every day applications. 

Beside practical considerations macromodelling plays a relevant role 
in the so calied inteliectual property issue. U sualiy companies supplying 
building blocks ( e.g. DSP or µC cores) for other applications would 
like to keep secret the technology beyond their products. At the same 
time the user should be able to obtain ali the information he needs 
for the blocks he uses in order to optimise the design. In this context 
macromodelling could solve the problem, giving ali the information to 
the user without showing how the system actualiy works. 

The availability of tools for fast power estimation would aliow the 
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designer to explore several configurations for the system and to find the 
trade off among area, speed and power. To this end it is important 
that the estimation phase takes place at the highest level in the design 
process. 

High level of description means that the system is characterised by 
its functionality or by the functionality of its components. The inner 
structure of the circuitry is usually unknown because it is the result of 
the following optimisation and synthesis phase. It is well understood 
that at this level circuit simulation could be very fast, therefore many 
different configurations can be analyzed within very short time. However 
at this level the knowledge about the circuit is poor and consequently 
the results of simulations will be inaccurate. 

On the other side an accurate description of the circuit ( e.g. at 
transistor level) would lead to very good estimates for its features, but 
at the price of long lasting simulations. 

Several techniques have been proposed in the past few years working 
both at high and low level of description, but the difficulty of represent-
ing and taking into account all the phenomena responsible for power 
consumption leaves an open space for research. 

In the following we present a brief overview of the major techniques 
used for power estimation and our own new recently proposed technique. 
We'll show that our method is very powerful and can be used in a wide 
variety of applications. 

4.1 Circuit Description Levels 

As we said above a circuit can be described at several levels. In ar-
der to understand further analysis of proposed estimation algorithms 
we shortly summarize the used descriptions, their differences and the 
assumptions they require about the circuit. 

In Fig.4.1 the description levels for a simple full-adder circuit are 
shown. 
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Figure 4.1: Description levels far digital circuits. 

4.1.1 Register Transfer Level - RTL 

The RT-Level is meant to be the highest description level far digital cir-
cuits. At this level the system is described as a set of macro-operators, 
like adders, multipliers, memories, registers, and so on. Far each of these 
blocks several possible implementations are possible as well as different 
circuit solution ( e.g. Domino logie, standard CMOS). Therefare the 
knowledge about the system is minimal and restricted to its functional-
ity. 

N evertheless this is the most interesting level far power estimation 
and power-estimation-based synthesis. In fact the system can be easily 
and quickly manipulated at this level, allowing the choice of the best 
composition of the inner blocks. 

In this case the synthesis process is usually based on a library of 
predefined blocks. Each of them has fixed features like speed, area and 
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power dissipated [130]. Each time a new block is needed a separate char-
acterization phase is accomplished. The goal of the modelling technique 
is to build a model accurate enough to give good results, but simple so 
that the simulations can be run quickly. 

The inteliectual property issue belongs to this class of problems, 
since the supplier wants just to give a black box from which the user 
can extract the interesting features. 

4.1.2 Gate Level 

At this level the circuit is described as a set of interconnected logie gates 
and memories or, equivalently, with a set of Boolean functions. 

The behaviour the system is strictly dependent on the technology 
used to implement the gates. The silicon foundry supplies the techno-
logical library containing ali the information about the available gates. 
Therefore a simulator can take into account ali the parameters like delay 
and dissipated power. 

The evaluation of Boolean functions can be executed quickly and it 
also gives accurate information about the outputs of the system. Nev-
ertheless the execution time increases with the complexity of the gate 
model. Thus a lot of efforts have been spent trying to simplify these 
models while keeping as much information as possible. The main target 
of simplification is the delay model of the gate. 

The :first and simplest way to avoid this problem is to suppose that 
each gate outputs its result instantaneously. it is the so calied zero-delay 
model. The simulation consists of the evaluation of the logie functions 
and of the propagation of the results through the system. 

Obviously this model cannot be used for sequential circuit and it 
doesn't consider spurious phenomena at the output like glitches. 

A more accurate model assigns a unit time delay to each gate. This 
is calied the unit-delay model. It aliows the simulation of sequential 
circuit but again glitches at the output of the gate are not considered. 
it is to be noticed that the simulatio n is more complex with respect to 
the case of zero-delay model, because the transition time of the outputs 
varies with the logie depth of the circuitry. 
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Finally the general-delay considers different delays far different gates, 
therefare it is possible to simulate undesirable e:ffects like glitches. 

4.1.3 Transistor Level 

The transistor level is considered the lowest level of description. Each 
gate is represented with the corresponding transistor structure and far 
each component (e.g. resistor, MOS, BJT, capacitar) a detailed model 
is given. The simulation is accomplished with tools like Spice and the 
completion time increases with the size of the circuit. On the other side 
it is possible to obtain a very deep knowledge about the behaviour of 
the system. 

The study of the circuits at this level is fundamental to understand 
what are the factors influencing the power dissipation. In fact a lot of 
work has been done about this topic. 

In the fallowing paragraph we present a short description of the 
most important terms taking part in logie circuit power dissipation. 

4.2 Factors Determining Power Dissipation 

A distinctive feature of static CMOS circuits is that the power dissipa-
tion is mainly caused by the input signal switching, i.e. by the dynamic 
behaviour of the circuit. Power is consumed by charging the load capac-
itances at the output node of the gate and it is dissipated when these 
capacifances are discharged. 

If we suppose to have a digital circuit composed by n logie gates 
we can roughly approximate the dynamically dissipated power with the 
following expression: 

( 4.1) 

In this expression f represents the frequency, Vnn is the power sup-
ply voltage, CLi is the load capacitance of the i-th gate and T/i its transi-
tion density. The later term expresses the number of output's transitions 
from O to 1 and from 1 to O in the time unit. 
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Figure 4.2: Short circuit current in CMOS circuit. 

Figure 4.3: Parasitic capacitances in a 3-input NAND. 

Eq.4.1 is often used to estimate the power dissipated in a circuit, 
but it doesn't take into account several other very important factors 
strictly related one to each other. 
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4.2.1 Parasitic Capacitances 

The term CLi represents in first approximation the fanout of the gate. 
In fact this value can vary a lot with the structure of the gate itself. A 
more accurate model for CLi should consider the parasitic capacitances 
of the inner transisto rs. In Fig.4.3 the configuration of a 3-input NAND 
gate is shown. As we can see from this picture, there are particular con-
figurations of the inputs for which the total load capacitance is different 
from CL. As an example, lets suppose we have as input the vector 
a=O, h=l, c=l. Transistor NA is off, while NB and Ne are on. There-
fore the current flowing from MA should charge not only CL but also 
the parasitic capacitances CNA and CNB and the actual load becomes 
CL+ CNA+ CNB· 

4.2.2 Short Circuit Current 

Another determinant factor influencing the power dissipation is the so 
called short circuit current. The short circuit current occurs when there 
is a direct path from power supply to ground [117]. 

In Fig.4.2 the behaviour of a simple CMOS inverter is presented. 
We suppose that the power supply voltage satisfies the condition Vnn > 
Vr N + I Vr p I· In the ideal case it never occurs that there is a path from 
power supply to ground, because the PMOS and the NMOS are never 
on at the same time. This means that the input signal changes its state 
instantaneously. 

In the real conditions there is a time interval, the transition time, 
when both the transistors conduct, therefore a current flows through the 
circuit. The width of the transition time depends on the slope of the 
input signal, which is strictly related to the load of the gate. 

4.2.3 Hazard Generation and Propagation 

In eq.4.1 we introduced the transition density 'T/ for the output signal of 
a gate. It is obvious that a thorough analysis of the circuit 's behaviour 
is necessary in arder to ha ve a good estimate for this parameter. 

The evaluation of the Boolean function describing the gate supplies 
a good baseline for this estimate. However it is not enough by itself due 
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Figure 4.4: Glitch generation due to different delays at the inputs. 

to the generation of hazards in the circuit increasing the actual value of 
the transition density. The power diss ipated due to hazard generation 
and propagation is almost the 30% of the total power dissipated by the 
circuit. 

Hazards are generated when two or more input signals switch be-
tween configurations producing the same gate output value but causing 
a temporary change to its complementary value. 

In Fig.4.4 we present the case of a 2-input NAND gate. As we can 
see from its truth table the configurations (0,1) and (1,0) yield the same 
output value 1. 

Lets suppose the signal a switches from O to 1 at time ti, while b 
switches from 1 to O at t 2, with t 2 > t1. For the sake of simplicity we 
suppose the transition time ~ is the same for both signals and that no 
delay is introduce d by the gate. Before t 1 and after t2 + ~ the output 
value is 1 as from truth table. In the time interval from t1 + ~ and t2 
however the output switches from 1 to O, because the (1,1) configuration 
is present at the input. Therefore a gl itch is generated, whose width 
depends on the delay between the two input signals. 

The analysis of the hazard propagation is quite difficult, because 
the real behaviour of the transistors should be considered (116]. 
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The gate presents a sensitivity to the input time misalignment and 
can be charachterized by a low pass behaviour with respect to the 
glitches propagation [131]. The main reason far this is that the transis-
tors require a certain amount of time to switch from the o:ff to the on 
condition. If the delay between the inputs is small enough the output 
will never change, because the transistors have no time to switch. 

Thus it is not said that a hazard generateci at the input of a circuit 
will be fully propagated until the output. 

4.2.4 Leakage and Static Power Consumption 

Beside the short circuit current two other current factors should be con-
sidered, but which can be ignored because they represent just marginal 
effects with respect to the dynamic and short circuit currents. 

The first term is the leakage current. It consists of two components: 
leakage currents through reverse-biased diodes at the transistor drains 
and sources and subthreshold leakage through the channel when the 
transistor should be cutoff. This term is technology-dependent and is 
larger far processes with low threshold voltage. Once the process far the 
fabrication is chosen the leakage power consumption cannot be changed. 
However far a well-designed circuit it represents less than 13 of the 
switchin g power consumption. 

The second factor is the static power consumption due to steady 
state operation. This term depends on the choice of the logie style far 
the logie cells, therefare it can be completely omitted far CMOS circuits. 

4.2.5 Input Statistics 

The parameters a:ffecting power dissipation introduced in the previous 
sections depend on the structure of the circuit and on the physical be-
haviour of its components. 

The statistica! properties of the input signals play a fundamental 
role in power dissipation. The parameter affected by these features is 
the transition density. 

If the input signals have high probability to switch their state then 
the transition density of a gate will consequently change depending on 
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its funetionality. 
A signal ean be eharacterised with four probability funetions: 

• Poo probability of keeping the logie level at O 

• Po1 probability of transition from O to 1 

• Pn probability of keeping the logie level at 1 

• P10 probability of transition from 1 to O 

These four probabilities ean be redueed to two statie probabilities 

• Po Poo + P10 probability of being at the O level 

• P1 Pn + P01 probability of being at the 1 level 

a) 

p~= 0.5 p~= 0.5 

e 

Figure 4.5: Propagation of input's probabilities in a eombinational eir-
euit. 

The probability of an output signal for a generie gate ean be easily 
obtained using its truth table. As an example lets eonsider a 2-input 
NAND gate and suppose that the two inputs have the same probabil-
ity P1 = 0.5. The probability of the output to be 1 is given by the 
expression: 

a b+ a b+ a b Poi = Po ·Po P1 ·Po Po · P1 
3 
-
4 
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The calculation results only slightly more complex if we want to 
consider the transition probability of the gates. Lets suppose that far 
both the input signals it holds: Poo = Pn = ~ and Poi = Pio - ~· 

Then the probability Poi far the output is given by: 

a b+a b+a b Poi = Pn ·Pio Pio· Pn Pio· Pio 

and the probability Pio is: 

a b+a b+a b Pio = Poi · Poi Pn · Poi Poi · Pn 

2 
9 

2 
9 

The resulting transition probability is Ptr = Poi+ Pio = ~' which 
is less than the transition probability of the input signals. 

This evaluation procedure far T/ is very attractive, because it is very 
simple and can be accomplished quickly. However the dependence of 
the transition density on the input statistics is far more complex than 
the simple evaluation of a Boolean functi on basically due to correlation. 
The correlation among inputs can be both spatial and temporal and can 
affect the circuit behaviour at several levels. 

In sequential circuits the state variables are strongly temporarily 
correlateci and this makes power estimation hard to perfarm. 

But even in combinational circuits the correlation can have a deep 
impact on power consumption. In Fig.4.5 b) a simple circuit composed 
by faur 2-input NAND gates is shown. The gate G2 receives as inputs 
the signal a and the output li o f Gi. Since li = a /\ b they are strongly 
correlateci. The same happens far gates G2 and G3. Therefare we can-
not simply propagate the input probabilities using the NAND Boolean 
function, because it leads to erroneous results. 

At higher level input probabilities can be propagateci through macro-
blocks, like adders and multipliers. In this case we consider the infar-
mation at the word level, i.e. we consider the statistic parameters of the 
input words. 

The assumption usually made in the simplest case is that the inputs 
are uncorrelated and unifarmly distributed. However studies made on 
DSP architectures far image processing show that the output bits of 
such blocks can be brought into relation with the w ord statistics. 
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Figure 4.6: Dependance of bit statistics from the word length. 

In Fig.4.6 a typical plot for bit transition probability is reported 
with respect to the word length. 

As we can see the output word can be split in three sections corre-
sponding to different correlation between the bit-level and the word-level 
statistics. From the LSB to a certain position the bits have a transition 
probability of ! , which is i ndependent on the word statistics. The MSB 's 
behaviour strongly depends on word statistics, while in the middle the 
correlation gradually increases towards the MSB's. 

This observation led to the dual bit type and similar models for 
describing the behaviour of a circuit for power estimation [139]. 

lFrom the previous analysis it clearly results that there are a lot of 
factors to be considered for power estimation. The method proposed in 
literature attempt to obtain the best results making some assumptions 
on the circuit and on its inputs so that the estimation can be simplified. 
In the following we briefly review the most used techniques, trying to 
point out their faults and benefits. 

We focus our attention on gate-level and RTL techniques, since they 
are the most studied. The transistor level approach is mainly used 
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to study the phenomena involved in power dissipation even because it 
would require too many resources both in time and hardware to perform 
power estimation. 

4.3 Gate Level Techniques 

Before describing the most common algorithms introduced for power 
estimation, lets clarify the meaning of two fundamental parameters: the 
spatial and temporal correlations, since, as we said, they play a relevant 
role in the determination of the accuracy of the proposed algorithms. 

By temporal correlation we mean the dependence between the cur-
rent signal value and its previous values, while by spatial correlation 
we mean the dependence due to reconvergent fanout regions. By input 
data dependence we mean the dependence of the input signal due to 
their generation source. 

In the previous paragraph we introduced some concepts concern-
ing the transition density at a gate node and the probability of the 
gate inputs. In fact the average number of transitions at the circuit 
nodes can express the average power consumption of the circuit. There-
fore a variety of power estimation methods have been developed mainly 
trying to obtain a good estimate for these transition densities. Exist-
ing approaches to power estimation can be divided into two categories: 
simulation-based methods and probabilistic methods. 

4.3.1 Simulation-based Methods 

Simulation-based methods can model very accurately the spatial and 
temporal correlations present at the input and internal signals [132]. 
However they suffer from the significant drawback that they require a 
trace that accurately matches the operating conditions of the system. 
When the objective is to characterize a module that can be used in a 
variety of conditions, simulation-based methods may fail to yield the 
required precision. 

When a trace reflecting the spatial and temporal input correlations 
is available, the actual switching capacitance can be computed in a trivial 
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way by simulating the circuit and directly computing the expression: 

where Tk represents the total number of transitions at node k. U sing 
simulation, this computation is straightforward since the waveforms at 
each node can be obtained from the input waveforms. However, it may 
be too time-consuming if the trace is very long. 

Methods have been proposed to speed up this computation, with-
out incurring in a significant loss of precision [121]. One such possibility 
is the random sampling [121, 143], where only a subset of the transi-
tions present in the trace is used. More sophisticated methods include 
sequence compaction and synthesis [124, 123]. Trace approaches aim 
at accurately reproducing the input correlations with traces that are 
much smaller than the initial one. Even though the problems of in-
put compaction or the determination of the input sequence yielding the 
maximum dissipated power have assumed increasing importance, they 
represent a whole independent research branch and therefore will not be 
considered in the following. 

4.3.2 Probabilistic Methods 

Probabilistic methods do not require the existence of a trace and can 
be used to characterize circuits in a manner which is independent on 
the inputs presented [144]. However, the most efficient approaches pre-
sented up to date allow only for very simplified models of temporal and 
spatial correlations and, therefore, they limit the accuracy of the esti-
mates. Other more precise approaches are computationally inefficient 
but they perform better since they use an exact model of the circuit 
characteristics. To extend the range of applicability of these methods 
without increasing too much the computational load an approximated 
model can be used. 

The simplest approach is based on the assumption that the primary 
inputs are uncorrelated in time and space. The user may specify a 
probability P1 that a given bit is at 1, which under the used independence 
assumptions, gives the probability of that bit transition as 2P1 (1 - P1). 
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This modelling is crude and even an exact computation of P1 will yield 
results very far from the actual value of dissipateci power, as evaluated 
in the presence of spatial and temporal correlations. 

The probabilistic approaches usually exploit the simplicity of the 
Boolean function to propagate and evaluate the transition probabilities 
at each node of the system. However, as we mentioned in the previous 
section, phenomena like glitches and reconvergent paths don't allow the 
simple evaluation of these functions to obtain an accurate result, but 
they require a more complex model of the gate to be incorporateci in the 
function evaluation. In particular the above methods can be classified 
according to assumed gate delay model in the following categories: 

• the zero-delay model, where only functional transitions are taken 
into account: 

• the real-gate delay model, where both functional and spurious tran-
sitions are considered [145]. 

One method used to evaluate temporal correlations under the gen-
eral delay model is the polynomial simulation, PS [146]. The switching 
activity of a signal is represented by four probability polynomials cor-
responding to the signal staying low (O --""* O) or high (1 --""* 1 ), a rising 
transition (O --""* 1) or a falling transition (1 --""* O). These probability 
polynomials are denoted p~0 , p;1 , p~1 , p;0 respectively. 

The complexity of the polynomials may be dramatically reduced if 
the variables are substituted by their probability values. But this leads 
to an exact solution only if there is no spatial correlation between the 
variables, i.e. in a tree network. In the p resence of reconvergent paths, 
an exact computation of the switching activities requires to express each 
local polynomial group of an internal node at instant t as a function of 
the primary input nodes and this can be very time-consuming. The 
PS method proposes to limit the depth in terms of logie levels, when 
computing the activity, considering the spatial correlation: a parameter 
l controls the compromise between speed and accuracy. This is based 
on the idea that spatial correlation between internal signals is more 
important when reconvergent paths meet within a few logie levels. In 
the PS method, the variable substitution is applied only to the variables 
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which are not in a reconvergent path, of if reconvergent path meet after l 
logie levels. The active variables which converge before l levels are kept. 

Far a large l, the PS variable substitution approach may keep some 
small errors in presence of multiple reconvergences. However only single 
reconvergences are detected by the PS algorithm. 

It processes one gate at a time, scanning from the primary inputs 
to the primary outputs of the circuit. Far each gate gi an ordered list of 
the possible transition times of its inputs is first obtained. Then possible 
transitions at the outputs of the gate are derived, taking into account 
transport delays from each input to the gate outputs. 

The key operation of the PS algorithm is the local gate computa-
tion. The probability polynomial at the gate output depends on the 
gate Boolean Function and the probability polynomial of each gate in-
put. This leads to a series of polynomial additions and multiplications, 
whose total number depends on the local Boolean Function handling. 
Furthermore the complexity of the polynomial operations depends on 
the input polynomial size, which is a function of the number of active 
variables considered. 

The number of different techniques proposed to be used far power 
estimation is very high. Since our own developed method is an RTL 
method, we just give a super:ficial and brief description of them. 

Other than the P S method most of the used techniques rely on the 
features of the Binary Decision Diagrams, in a variety of modi:fications, 
in arder to split the circuit in such a way that reconvergent paths and 
spurious transitions can be reconducted to Boolean function evaluations 
[126, 134, 138, 140]. Obviously this generalization leads to an increase of 
complexity, but in any case usually less than considering complex gate 
models. 

Other interesting techniques exploits concepts from information the-
ory, like the entropy, relating them to the behaviour of the circuit 
[142, 141]. These techniques try to completely avoid the information 
about the connectivity of the gates using only the probabilistic features 
of the inputs. Far this property they can be placed halfway between pure 
gate-level techniques and RTL methods. However the methods proposed 
up until now don't allow a very good accuracy of the results. 
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4.3.3 Sequential Circuits 

Power and switching activity estimation for sequential circuits is signifi-
cantly more difficult than combinational circuits, because the probability 
of the circuits being in any of its possible states has to be computed. In 
the general case a sequential circuit can be split in two parts, one in-
cluding the combinational circuits ( for both next state logie and output 
logie) and the other constituted by the memory elements [137). There-
fore the inputs of the circuit can be thought as composed by the primary 
inputs of the system and by the present state variables. The next state 
of the circuit is uniquely determined by the next state logie starting 
form this input pair. Therefore the correlation between primary input 
and state variables is very high. 

To compute the average switching activity we require the transition 
probabilities for the primary input and the static probabilities for the 
present state [115). These later quantities are in turn correlated to 
each other, the correlation depending on the connectivity of the State 
Transition Graph of the circuit. The solution of the related equation 
in arder to evaluate the static probabilities could be very expensive. 
Therefore the correlation among the state variables is ignored and their 
probabilities are usually computed solving the equations for the next 
state logie. 

4.4 RT-Level Techniques 

High level power estimation is a key task in current design flows and 
most of them target RTL estimation. High-level techniques can be split 
in two main categories: top-down and bottom-up approaches. 

In the top-down approach a circuit is described only as a set of 
Boolean functions, without any knowledge about the number of gates or 
nodes or about the internal structure. Information about the circuit 's 
activity is used to optimally decompose these functions and minimize 
power dissipation [122). These techniques are useful to carry on the 
design of completely new blocks. 

In contrast bottom-up approaches are very suitable when the de-
sign involves the reuse of previously designed blocks, whose low-level 
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architecture is therefore well known. In this case we can talk about 
hard macro, i.e. each block is considered as a self consistent functional 
unit with known inner structure. Since these techniques exploit the 
knowledge of the circuit low-level architecture they can usually achieve 
a better accuracy than the top-down algorithms. 

At the RT level the modelling of spatial and tempora! correlations at 
the module inputs is of critical importance. Ideally at this abstraction 
level one would compute word-level statistics from functional simula-
tions and use them on library-stored models of power consumption. Far 
an accurate estimate, this model must take into account both the corre-
lations between the bits in a word and the correlation in time between 
words. 

Even if the details of the specific implementation of a module are 
unknown, for the sake of efficiency a model that abstracts away part of 
the information for the module should be used. The most commonly 
used approach to determine the coefficients of the RTL power models is 
to simulate the module using random inputs and to adjust the model 
using linear regression. This procedure has several disadvantages: 

• the model may be biased due to the input pattern dependence 
problem associated with simulation-based techniques: 

• The model is independent of the topology of the circuit and may 
become inaccurate if the module input probabilities are not dose 
to uniform: spatial and temporal correlations of the module inputs 
are not taken into account. 

Focusing on hard-macros (macros for which a low-level description 
is available), two classes of characterization-based power models can be 
considered: linear regression and lookup tables. 

4.4.1 Regression-based Models 

Normally regression-based macro-models utilize as parameter the switch-
ing information gathered at the unit's boundaries. In principle the more 
detailed the considered switching information, the higher the accuracy 
of the model and the longer the model construction time. Keeping in 
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mind this intuitive trade-off we can consider two regression based models 
[147]: 

• IOSW, a multi-parameter model that represents power consump-
tion as a linear function of the bit-wise input-output activity, 

• IOTR, a three parameter model that represents power consump-
tion as a linear function of average input-output statistics. 

Both models consists of a vector of fitting coefficients e=( ca, c1, ... , cn) 
to be multiplied by the actual values of the n independent variables to 
obtain the corresponding power estimate. 

Far IOSW the independent variables are the transition flags of each 
input and output bit. Hence n = nin + n 0 ut· IOTR, instead, uses 
only n = 3 independent variables, representing the average input signal 
probability, Pin, the average input transition probability, Din, and the 
average output transition probability, Dout· Both models are charac-
terised by finding the least-square solution of the following over-defined 
system of linear equations: 

X·c = P 

where X is a N X ( n + 1) matrix of values taken by the independent 
variables during the low-level simulation (N represent the training step ), 
P is a vector of corresponding power values and C is the vector of fitting 
coefficients. Due to statistical nature ofleast-squares fitting, the number 
of training experiments has to be much higher than the number of fitting 
coefficients. A suggested value N = 20 X n has been found in literature. 

Once the coefficients e has been optimised the evaluation phase is 
accomplished by running a simulation, gathering the statistic features of 
the system's inputs constituting the model's inputs, and then evaluating 
the model associated function. In the simple case of IOTR, this function 
is: 
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4.4.2 Table-based Models 

The table-based models are usually based on three-dimensional tables. 
Each entry in the table represents the average power consumption of 
the unit far given workload conditions. The indexes of the table are the 
previously mentioned variables Pin, Din, Dout· 

The characterization phase of the table consists of perfarming sev-
eral low-level power simulations with input streams representing differ-
ent workload conditions. Far each stream the actual values of Pin, Din, Dout 
are computed and used to address the lookup table entry, where the cor-
responding value of P has been stored. 

The space of workload statistics has to be discretized to trade off 
characterization time far accuracy. 

The evaluation phase is straightfarward: during RTL/behavioural 
simulation the input-output statistics far the macro (Pin, Din, Dout) are 
collected and used to perform a table lookup. The returned power es-
timate is the power value stored in the entry whose coordinates are the 
closest to the actual value. 

4.4.3 Sequential Circuits 

As far gate-level techniques the design of accurate power macro-models 
far sequential RTL modules has been usually considered a difficult prob-
lem due to the dependence on internal states. 

All high level power models far combinational macros rely on the 
assumption that the power consumption of a CMOS circuit is mainly 
related to its input activity. This assumption does not hold any longer 
far sequential macros, where the power consumption corresponding to a 
given input transition may depend on arbitrarily long previous history, 
i.e. the internal states of the circuit. State dependence is the main 
issue that has to be addressed when building a power macro model far 
a sequential circuit. On the other hand, the effect of the initial state 
on the average power consumption of a sequential macro decreases when 
the number of input patterns gets larger. This observation suggests that, 
as long as average power consumption is the target, state dependence 
could be neglected. Most of the recent macro-modelling techniques have 
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been developed for combinational circuits but they have been found 
very suitable for sequential circuits also, especially if the circuit size and 
number of inputs are large. In this case performing the characterization 
phase of the model over very long training sequences the state variables 
of the circuit can be thought as being stationary and their influence is 
in average neglectable. 

4.4.4 Examples 

A typical example of table-based technique is presented in [119]. In this 
paper a 3 variables model is used, the variables being Fin, Din, Dout· In 
order to avoid confusion we define as input vector the set of N inputs 
of the circuit. We also define as input stream a sequence of M input 
vectors. 

For the characterization phase first n equispaced values both for Fin 
and Din are selected. For each of these n2 pairs m different input streams 
consisting each of k input vectors are generateci. The only constraint 
on the input streams is that the average probabilities and transition 
densities are equal to the fixed (Fin, Din) pair. After the system has 
been simulateci over an input stream the average dissipateci power and 
the average output transition Dout are collected and stored. In this way 
the complete characterization of the table requires k X m X n2 simulations, 
while the table size is m x n2 • In order to obtain a more accurate 
result during the evaluation phase the authors introduced a two-step 
interpolation algorithm. Given the input couple (Pi~' Din), the nearest 
neighbours are found. For each of the neighbours a list of m values of 
D out and Pest is explored and the two pairs ( D~ut, P:st) and ( D~ut, P!st) 
nearest to the measured values (D~ut' P;ut) are used to evaluate the 
linear interpolation between P:st and P!st: 

After this first step four linear interpolateci values ( one for each 
neighbour pair (Ptn, Din)) are obtained. The second step involves a 
bilinear interpolation algorithm in order to find the final value. 
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The paper does not report any table with comparative results over 
benchmark circuits. Relative percentage errors ranging from 6.84% to 
8.01 % are said to be obtained. Moreover the method has not been 
applied to sequential circuits. 

A more interesting paper is [118]. In this paper two techniques are 
presented. The first is an enhanced table-based algorithm, while the 
second is an analytical method. 

The enhanced table-based technique relies on the extension of the 
number of model's input variables to four in order to improve the ac-
curacy. Beside the canonica! Pin, Din, Dout variable a fourth parameter 
taking into account the spatial correlation is considered. For instance 
the variable SCin is defined as follows: 

SCin = Prob{ Xi/\ Xj = 1} 

where Xi and Xj are the sequences corresponding to input i and j of the 
system. Practically it is obtained performing the bit-wise and operation 
between the i-th and the j-th sequences. Obviously the spatial correla-
tion of two random variables is not defined in this way, but this variable 
approximate it the better the longer the inputs number. 

The second proposed method tries to avoid the need of a large mem-
ory to store the measured results and create the table. The measured 
values of the four variables are temporarily stored during characteriza-
tion phase. Once the system has been simulated over ali the input pat-
terns, a user-specified function is fitted to the collected data by mean of 
a least-square algorithm: after this step the collected data are no longer 
retained. The method would strictly resemble the regression techniques 
if we choose as function a first order polynomial. The results reported 
in the paper show that this choice is not very good, with average er-
ror comparable with previous table-based methods and with very high 
maximum errors. In order to improve the accuracy the authors chose a 
complete second order polynomial in the four variables, with the option 
to use a cubie polynomial in the critical cases. 

In the following tables we report the results proposed in the paper 
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Circuit E% Max E E% Max E 

c432 5.56 -27.8 3.46 25.75 
c499 5.96 46.3 12.03 48.5 
c880 6.7 50.6 6.4 53.88 
c1355 6.19 33.56 13.06 53.98 
c1908 3.85 31.17 4.66 30.39 -
c2670 7.8 37.53 6.09 46.16 
c3540 7.5 44.19 4.66 40.26 
c5315 3.48 29.03 3.53 32.63 
c6288 9.6 43.15 9.68 54.03 
c7552 8.95 -45.79 8.23 46.32 

Table 4.1: Comparison between the results obtained with the 4D table 
and with the quadratic polynomial on combinational benchmark circuits. 

for the combinational circuits1 . The errar E is the absolute relative errar: 

E = IPavg - Pesi X 100 
Pavg 

where Pavg is the actual value of the dissipated power and Pesi is the 
model's estimate. The reported parameters are the maximum absolute 
relative errar and mean absolute relative errar. 

This algorithm has been also tested on sequential ISCAS89 bench-
mark circuits. In the following table the results are reported: 

Even if for the combinational circuits the results are more or less the 
same as those obtained with the table-based approach, this technique 
allow a big memory saving. Moreover the results praof that it is very 
suitable for sequential circuits too. 

4.4.5 Remarks 

Both regression-based and table-based appraaches can be also called 
census macro-modelling techniques, since at every simulation or training 

1 For a more detailed description of the benchmark circuits see the following section. 
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Circuit Avg E Max E Std. dev 
s349 7.66 46.31 7.85 
s344 6.48 38.95 7.59 
s400 2.65 29.95 2.68 
s713 1.65 9.23 1.53 
s832 1.39 13.15 1.54 
s526 6.2 42.95 7.57 
s1494 5.0 34.1 5.09 
s1488 3.65 33.51 3.27 
s1423 5.29 19.99 4.54 
s386 1.49 16.98 1.59 
s382 2.56 29.52 3.7 
s420 0.94 4.49 0.68 
s641 1.71 8.69 1.22 
s1196 0.3 3.22 0.43 
s510 0.11 0.58 0.1 
s953 0.21 2.12 0.29 
s298 2.56 9.97 2.09 
s1238 0.58 16.5 2.0 
s444 2.57 9.99 2.55 
s820 1.58 9.6 1.63 
s838 0.98 4.04 0.87 
s5378 1.11 5.22 0.77 
s9234 2.9 21.2 2.56 

Table 4.2: Results obtained with the quadratic polynomial for ISCAS89 
sequential circuits. 

step the activity information has to be collected. There are two problems 
related to census macro-modelling: 

• Input data statistics must be collected for every cycle. The statis-
tics gathering overhead is large and hence it slows down the RTL 
simulation. As an example, for a 16 X 16 bits multiplier the RTL 
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simulation requires only one instruction, while statistics gathering 
requires tens or hundreds of cycles. This shows that census macro-
modelling is very costly, especially when the input vector sequence 
is long. 

• Power macro-models are developed by using a training set of input 
vectors. The training set satisfies certain assumptions such as 
being pseudo-random data, speech data, image data, etc .. Hence 
the macro-model is biased, meaning that it produces very good 
results for the class of data behaving similarly to the training set, 
otherwise it performs poorly. 

Several techniques have been introduced to reduce the aforemen-
tioned problems. Two of them are the sampler macro-modelling and the 
adaptive macro-modelling [127]. The former uses a simple random sam-
pling technique to reduce the number of cycles during which the data 
statistics are collected, without significant loss of accuracy. The latter 
relies on regression analysis combined with gate-level simulation on a 
small number of cycles to correct the static macro-model estimate and 
therefore the model can be thought as self-adjusting. 

4.5 The Proposed Method 

4.5.1 Motivation 

LFrom the previous sections it appears that a lot of efforts have been 
spent trying to achieve good results in power estimation without re-
quiring huge computation resources. Focusing our attention on RTL 
techniques, even though the results obtained with some methods could 
be considered accurate enough, the methods themselves suffer from two 
main defects: 

1. most of them do not consider correlations at the primary inputs, 
or if they do, they use simplified models; 

2. until now ali the presented methods require to run simulations even 
in the evaluation time. This especially penalizes these techniques, 
because simulations slow down the design process. 
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The goal of our technique is to achieve a better accuracy including 
in the model more features extracted from the primary inputs and, most 
of ali, totally avoid the need of simulations during the evaluation phase. 

4.5.2 Input Metrics 

One of the most challenging aspects in the construction of an equation-
based macromodel is the choice of the model's input parameters, or 
metrics. To help obtain good estimates, these metrics should capture 
the features that are primarily responsible fora system's dissipation and 
output statistics. This section describes and motivates the metrics of our 
macromodel. 

Similar to the approaches in [119, 118), our model uses the aver-
age input probability Pin and the average input transition density Din· 
Given an input stream: 

X= ((x11, X12, ... ' X1M), (x2i, X22, ... ' X2M), ... ' (xN1, XN2, ... ' XNM)) 
these metrics are defined as: 

E~1 E~1 Xij 

MN 
E~1dj 

M 

( 4.2) 

(4.3) 

where M is the number of primary inputs to the circuit, N is the num-
ber of input vectors in the stream, and dj is the transition density of 
the jth input bit. The transition density dj is defined as the number of 
o~ 1 and 1 ~o transitions per time unit for bit j. Pin corresponds to an 
average probability only if the O's and 1 's at each input are uniformily 
distributed. N evertheless, this metric captures the input features effec-
tively even if the input distribution is not uniform. 

Input correlation plays a significant role in power dissipation, espe-
cially when the circuit is part of a wide datapath. We have therefore 
decided to incorporate input correlation into the metrics of our model. 
Specifically, we use two correlation metrics Sin and Tin to capture spatial 
and temporal correlations, respectively, of the inputs. 

The spatial correlation metric Sin is defi.ned as the average of the bit-
wise XNOR between ali possible channel streams Xi = [xii, X2i, ... , XNi] 
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and Xj = [x1j, X2j, ... , XNj] in the stream x: 

L~l L~l L~l Xij E9 Xik 

N X MX (M -1) 

XNOR Function 
0.4~~~~~~--,-~-~--,--.--.1) 

o~~~~~~~~-~~~~ 

o 10 15 20 25 30 35 40 45 50 
Number of lnputs 

ANO Function 

E ]1r1 .• ~.nra. < 
. . . . 
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Number of lnputs 

Figure 4.7: Comparison between AND and XNOR functions. 

This choice was motivateci by the fallowing observation. The metric 
SCin in [118] was defined as the average of the bit-wise AND between ali 
pairs of input channel streams Xj and Xk. According to this definition, 
two channel streams x j and x k will be highly correlateci only if they 
comprise matching l's in the two streams. Therefare, the AND operator 
will miss correlateci channel streams that comprise matching O's. Our 
choice of XNOR captures correlations of both l's and O's, however. 

In Fig.4. 7 a comparison between the XNOR and AND operators is 
shown. The curves represent the mean absolute errar of the operator's 
estimate with respect to the actual value of the mean correlation coeffi-
cient far the input stream. The x axis reports the number M of primary 
inputs of the system. As we can see the curves are practically identica!, 
which means that they are perfectly equivalent as correlation estimators. 
As the number of input increases the mean errar also increases, until far 
M ~ 8 the curves reach a steady value. After this point the errar can 
almost be considered as systematic. For each sample in the curve the 
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relative confidence interval is plotted. The confidence interval is taken 
at 3a. We can see that far a low number of inputs the confidence interval 
is more or less the same far both the operators. But as the number of 
inputs increases the confidence interval (i.e. the standard deviation) of 
the XNOR becomes three times lower than far the AND estimates. This 
means that especialiy far large number of primary inputs our operator 
is more precise. 

The temporal correlation metric Tin captures input features that 
are missed by Sin. Given a channel stream of length N, we take the 
convolution of a window of length L from the stream. Each term in the 
convolution represents the number of times that two signals are both 
simultaneously high. Each term indicates how weli the chosen subset is 
reproduced in the sequence, and therefare it provides an estimate of the 
signal temporal correlation. The main issue in the definition of Tin is the 
choice of L, sin ce a value that is either too large or too smali may result 
in missing correlation infarmation. In [123] the authors use a similar 
window technique to estimate the temporal correlation of input streams 
with arbitrary distributions. Their study shows that a suitable value far 
L is 10. The final value of Tin is the average aver ali the inputs of the 
convolution means: 

"\'"'M "\'"'N-L+l( . ·) 
LJj=l LJL-1 WJ@ XJ 

Tin = N x M 

w here w j is a window of length L in the channel stream x j. 
An important feature of our model is that it does not rely on Dout, 

thus avoiding any time-consuming simulations during the estimation 
phase. Dout provides valuable infarmation about a circuit's dissipation 
and has been included in ali previous macromodels. Tests made on the 
ISCAS-85 benchmark circuits show that in most cases the two quantities 
are related extremely weli. Even though our macromodel does not use 
Dout, it stili achieves remarkable accuracy, superior to that of previous 
macromodels. 

4.5.3 Macromodel Characterization and Evaluation 
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Figure 4.8: Power dissipation of C1908 with respect to the four input 
metrics of our macromodel. 

To avoid the large memory requirements of a large look-up table, our 
macromodel uses a nonlinear function 

( 4.4) 

to estimate the average dissipated power. For the sake of efficiency in 
the estimation phase, we opted for the use of simple functions. 

Figure 4.8 gives the dissipation of the ISCAS-85 circuit C1908 and 
provides evidence supporting a low-order polynomial dependency of P Davg 
on the four input metrics of our macromodel. For example, the depen-
dence on Pin appears to be quadratic, while that with respect to Din 
seems almost linear. We therefore used a 3rd degree complete polyno-
mial as a template function for our model. Such a function requires the 
calculation of 35 coefficients. A similar function can be used to estimate 
the output statistics Pout, Dout, Sout, and Tout of each block. 

The characterization phase of our model is quite straightforward. 
Given a circuit, we first specify a value for the metri es Pin and Sin 
in the range [0.1, 0.9]. A sequence of inputs streams is subsequently 
generated using a random number generator. Unless the circuit has very 
few inputs, it is very difficult to control all four metrics simultaneously. 
We can nevertheless generate a sufficiently high number of streams to 
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ensure that results are coliected far a reasonable subset of values far Din 
and Tin· To that effect, in our empirical evaluation we used 650 streams, 
each consisting of 200 input vectors. 

If the input patterns are wisely chosen, it is possible to cover most 
of the range of ali the variables. Therefare the model can be consid-
ered to a large extent independent from variations of the input statis-
tics, i.e. almost unbiased. This feature is very interesting, because it 
means that this model can be used aver a wide range of applications, 
where input statistics can be completely different, without requiring a 
re-characterization to adjust the coefficients. 

The next step in the characterization phase of our model is to obtain 
the circuit's dissipation on each input vector. These values can be com-
puted using any available power estimation approach. Reference values 
far power dissipation were obtained using the switch-level simulator SLS 
[107]. The SLS simulator has three working levels: 

1. purely logie simulation based on network topology and transistor 
types, without considering the actual circuit parameters; 

2. logie simulation based on actual circuit parameters, like transistor 
dimensions, interconnection resistances and capacitances, which 
determine the logie state of the system; 

3. logie and timing simulation based on actual parameters as in the 
preceding level, but delays are also evaluated. 

In particular we built our own library including ali the gates used 
in the benchmark circuits. Far each of these gates, a transistor level 
description was used with transistor models obtained from the AMS 
faundry. Therefare, the SLS simulator working at level 3 took into 
account very thorough timings far the gates. 

We also used the Spice simulators to test our method with a fam-
ily of ripple-carry adders. The goal of these tests was to demonstrate 
that a good accuracy can be achieved even if in case of real data. The 
problem associated with real data is that unknown or not considered 
effects can affect the dissipated power. Therefare the data can show un-
predictable or very complex behaviour than data obtained from higher 
level simulators. 
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A very interesting feature of our macro-modelling techniques is that 
it can be effectively used with a wide variety of simulators, depending 
on the accuracy we want in the estimates. 

In [118], characterization was perfarmed using Monte Carlo simula-
tion with general delay models, thus resulting in very accurate reference 
values. During the estimation phase, however, zero-delay simulation 
was used far the sake of efficiency. Thus, the estimation potential of the 
model was compromised, since the input data were not accurate enough. 

Once the reference values have been obtained, a standard nonlinear 
fitting algorithm can be used to compute the coefficients of the model. 
The total time required far the characterization of each model from 
the ISCAS-85 circuits is less than 2 minutes, including simulation and 
coefficient computation. 

The evaluation of the model is really simple and has the advantage 
that it does not need to perfarm any simulations during estimation. 
Once the statistics of the primary inputs are extracted they are fed into 
the model template function, which outputs the power estimate. 

The same template function with the same approach used far power 
characterization can be exploited to obtain models far the output met-
rics Pout, Dout, Sout, Tout· If the system is described as a cascade of macro 
blocks, the infarmation regarding the input metrics can be propagated 
throughout the system involving only simple function evaluation. Far 
the design of highly-complex systems with several different pre-defined 
blocks, our technique can provide fast and accurate estimates, thus en-
abling designers to explore different block arrangements in real time. 

Alternative macromodelling techniques that require even zero-delay 
simulation during estimation are prohibitively time-demanding, because 
they must perfarm a complete simulation each time a block is moved. 

4.5.4 Results 

This section presents results from the application of our macromodel to 
several ISCAS-85 and ISCAS-89 benchmark circuits and to a family of 
ripple-carry adders. ISCAS benchmark circuits [106] are a set of com-
binational and sequential circuits with a wide range of primary inputs 
and number of gates. They are used to compare results obtained in cir-
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Circuit G PI PO Max E Avg E a( E) 

C432 160 36 7 28.7% 3.0% 8.6 
C880 383 60 26 10.0% 1.5% 1.8 
C1355 546 41 32 19.5% 1.3% 2.5 
C1908 880 33 25 12.0% 1.5% 2.3 
C3540 1669 50 22 9.2% 1.5% 2.1 
C5315 2307 178 123 5.5% 0.9% 0.6 

Table 4.3: Accuracy of power estimates. 

cuits optimisation, retiming and power estimation, allowing to test the 
various models under different conditions. 

The evaluation phase has been run aver 500 different input streams, 
each consisting of 200 input vectors. Far each of the 500 cases the values 
of power and absolute relative errar have been recorded. The errar has 
been calculated with the following expression: 

f = IPavg - Pest X lOO 
Pavg 

It has to be noticed that the characterization and evaluation pro-
cesses has been performed exploiting the built-in functions of MATLAB. 
Therefore all the algorithms are well established and commonly used in 
applications like system optimisation, image processing, etc.. Apart 
from the building of the digitai library necessary to work with SLS, the 
efforts required to the user to successfully apply our method are quite a 
few. 

Table 4.3 gives the accuracy of the power estimates obtained with 
our model for severa! ISCAS-85 circuits. The first two columns give 
the names of the circuits and their corresponding gate counts. Columns 
three and four give the number of primary inputs and primary outputs, 
respectively. The last three columns give the maximum, average, and 
standard deviation of the absolute relative errar E. 

All estimates were obtained from the template function within a 
few seconds. Apart from C432, the maximum errar was no more than 

98 



Circuit Metri e Max E Avg E o-( é) 
C432 Pout 29.4% 3.0% 11.0 

Sout 6.6% 1.3% 1.2 
Dout 38.7% 3.9% 13.8 
Tout 27.1% 3.5% 9.4 

C880 Pout 4.6% 7.8% 0.4 
Sout 2.3% 0.4% 0.1 
Dout 14.0% 2.2% 3.7 
Tout 12.7% 1.7% 2.5 

C1355 Pout 6.8% 0.5% 0.5 
Sout 1.1% 0.2% o.o 
Dout 5.0% 0.7% 0.5 
Tout 5.3% 0.5% 0.3 

C1908 Pout 4.7% 0.9% 0.7 
Sout 1.9% 0.5% 0.1 
Dout 10.1% 1.7% 2.3 
Tout 9.1% 1.5% 1.6 

C3540 Pout 5.4% 1.3% 1.1 
Sout 2.2% 0.4% 0.1 
Dout 19.7% 2.8% 5.9 
Tout 9.0% 1.9% 2.5 

C5315 Pout 4.2% 0.6% 0.2 
Sout 1.0% 0.2% o.o 
Dout 9.7% 1.7% 2.3 
Tout 5.3% 1.2% 1.0 

Table 4.4: Accuracy of output statistics. 

19.5%, while the average error was always less or equal 3%. 
For the ISCAS-85 circuits given in Table 4.3, the equation-based 

approach presented in [118] appears to be less accurate than ours. In 
that paper, average and worst-case errors were in the ranges 3.5%-13% 
and 25%-53%, respectively. A direct comparison of the two approaches' 
accuracy based solely on the published results is impossible, however, 
because the zero-delay estimates in [118] are compared with reference 
values obtained using general delay models. 

Table 4.4 gives the accuracy of our model for the output characteris-
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Circuit PI PO Max é Avg é o-( é) 

1 bit 3 2 15.5% 3.1% 6.6 
2 bit 5 3 14.7% 2.9% 7.0 
4 bit 9 5 19.8% 5.1% 10.3 

Table 4.5: Accuracy of adder power estimates with respect to Spice. 

tics of the circuits in our test suite. These results mirror those obtained 
far power dissipation, showing that our technique could be used effec-
tively to achieve fast and accurate results in the early stages of system 
design. 

In addition to the benchmark circuits, we applied our model to 
simple ripple-carry adder circuits whose dissipation was estimateci sep-
arately using Spice. Our simulations were perfarmed using the same 
criteria far the input vectors as with the benchmark circuits. Our model 
was applied on three circuits: a 1-bit adder, a 2-bit adder, and a 4-bit 
adder. 

To encompass parameterization, a fifth metric n must be included 
to the function of our model, which identifies the number of replicas (or 
number of input bits) in the circuit: 

(4.5) 

Table 4.5 gives the accuracy of our macromodel with respect to 
Spice estimates. The estimates are not as accurate as in the case of SLS 
estimation. They are nevertheless quite dose to Spice and were obtained 
within a few seconds. Worst-case absolute relative errar never exceeded 
203. Average absolute relative errar was at most 5.13. The circuits 
used in this experiment were particularly glitchy, because XOR gates had 
been replaced with their NAND equivalent. Further improvements could 
be achieved by modifying the template function. 

Table 4.6 gives the accuracy of the power estimates obtained with 
our model far several ISCAS-89 circuits. The first two columns give 
the names of the circuits and their corresponding gate counts. Columns 
three and faur give the number of primary inputs and primary outputs, 
respectively. The fifth column reports the number of registers in the cir-
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Circuit G PI PO Latch Max f Avg é o-( f) 
S208 104 10 1 8 6.2% 1.0% 0.7 
S298 119 3 6 14 10.6% 1.3% 1.4 
S344 160 9 11 15 8.7% 1.5% 1.6 
S349 161 9 11 15 14.7% 3.2% 4.9 
S382 158 3 6 21 3.5% 0.6% 0.3 
S386 159 7 7 6 9.3% 1.7% 3.3 
S400 162 3 6 21 4.0% 0.7% 0.3 
S420 218 18 1 16 3.4% 0.6% 0.2 
S444 181 3 6 21 5.3% 0.7% 0.4 
S510 211 19 7 6 11.8% 2.3% 3.9 
S526 193 3 6 21 4.3% 0.8% 0.4 
S526n 194 3 6 21 3.6% 0.8% 0.4 
S641 379 35 24 19 1.9% 0.5% 0.1 
S713 393 35 23 19 2.1% 0.5% 0.2 
S820 289 18 19 5 11.3% 2.8% 4.8 
S832 446 18 19 5 11.1% 2.5% 3.8 
S838 288 34 1 32 1.7% 0.4% 0.1 
S953 395 16 23 29 5.4% 1.7% 1.5 
S1196 529 14 14 18 6.1% 1.1% 0.8 
S1238 508 14 14 18 5.3% 1.1% 0.7 
S1423 657 17 5 74 5.2% 1.3% 1.0 
S1488 653 8 19 6 13.8% 5.2% 3.7 
S1494 647 8 19 6 11.3% 4.6% 3.5 
S5378 2279 35 49 179 2.7% 0.7% 0.3 
S9234 5597 36 39 211 9.7% 3.0% 4.8 

Table 4.6: Accuracy of power estimates. 

cuit. The last three columns give the maximum, average, and standard 
deviation of the absolute relative errar E for the estimates obtained with 
our macromodel. 

The maximum errar was no more than 14.7%. Moreover, for most 
of the circuits, the average errar was less than 3.2%, while for S1488 
and S1494 it was around 5%. For each circuit, averages were computed 
over 500 data points. For each point, data were collected by applying a 
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unifarmly-distributed randomly-generated input stream of length 200. 

4.6 Conclusion 

In this chapter we presented a review of the most common techniques 
applied far power estimation and at the end we introduced out own 
proposed macro-modelling technique. 

This technique can be easily used far both combinational and se-
quential circuits characterization. It yields very accurate estimates with 
average errors ranging from 33 far combinational circuits to 53 far 
sequential circuits. Tests made with zero-delay models as well as simu-
lations at transistor level demostrated that this accuracy can be easily 
achieved even far almost real cases or far very simple models. This 
feature can be exploit when, far example, only rough estimate or very 
accurate results are required. In the former case the use of high level 
simulators allows a quick characterization phase, while in the latter case 
estimates very dose to the real measures can be calculated. 

The model has faur input variables extracted from the input se-
quence. This variables take into account transition density, probability 
and correlations of the inputs in arder to improve the accuracy of the 
results. A voiding the use of any output metrics allows the technique to 
be used without the need of simulations during the evaluation phase, 
thus speeding up the process of power estimation. 

A further enhancement of the method consists of the models far 
the output metrics. For this purpose the same template function used 
far power modelling is utilized. This extension allows the designer to 
easily propagate the metrics of the system's primary input throughout its 
component blocks. Therefare several structures can be quickly evaluated 
in arder to satisfy the design constraints. 

Even if the results are very good far almost ali the circuits there are 
a lot of possible improvements to evaluate and problems to be solved. 
First of ali an automatic template selection would allow even better per-
farmances and savings in computational resources, since far certain sys-
tem lower degree polynomials can be selected, while far more complex 
structures other high arder terms can be included. Without limiting 
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the model to polynomial templates, the application of more complex 
techniques for system recognition as well as data fitting constitute an 
interesting field of investigation. Moreover a deeper analysis involving 
the choice of the input patterns would extend the range of applicability 
of the models. A major problem concerns the propagation of output 
metrics through a cascade of macro-blocks. In fact it has to be stud-
ied how to merge the information coming from different blocks and how 
reconvergent paths among macro-blocks can infiuence the overall per-
formances. 

Further improvements will include software modelization, which is 
of primarily importance in systems where DSPs or µC are used. In fact, 
in these cases the underlying hardware structure is fixed, with specified 
performances regarding both speed and power consumption. Creating a 
model for each instruction or block of instruction, not only an estimate of 
the power cast of running programs is easily obtainable, but the software 
itself can be re-engineerized in arder to optimise this cast. 
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