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Abstract- In this paper we presenttwo new approaches
basedon geneticalgorithms (GA) to reducepower con-
sumption by communication busesin an embeddedsys-
tem. The first approachmakesit possibleto obtain the
truth table of an encoder that minimizes switching ac-
tivity on a bus, whereasthe secondoutputs the netlist
of the encoderusing the lowestpossiblenumber of logic
gates. Both approachesare static, in the sensethat the
encodersare generatedad hoc for specifictraffic. This
is not, however, a limiting hypothesisif the application
scenario considered is that of embeddedsystems. An
embeddedsystem,in fact, executesthe sameapplication
thr oughout its lifetime and so it is possibleto have de-
tailed knowledgeof the trace of the patterns transmit-
ted on a bus following execution of a specific applica-
tion. The approachesarecomparedwith the mosteffec-
tive onesalreadypresentedin literatur e,on both multi-
plexedand separatebuses.The resultsobtaineddemon-
strate the validity of the approaches,which on average
save up to 50% of the transitions normally required, as
well as their practical applicability , even in an on-chip
envir onment.

1 Intr oduction

The designof modernelectronicsystemsrequirescertain
constraintsto be met: theserefer not only to performance
but alsoandabove all to the amountof power consumed.
Power consumptionproblemsarenot only relevant in the
designof mobile battery-runsystems. Even in fixed sys-
temsrunningonelectricalenergy, powerconsumptionhasa
greatimpacton costs(due,for example,to theuseof cool-
ing systemsor expensivepackages).Power-efficientdesign
meansreducingpower consumptionin all partsof thesys-
tem,actingat all levelsof the designflow to meettheper-
formanceandquality of service(QoS)constraints.The lit-
eratureis full of proposalsin this sense:from power-aware
high-level languagecompilersto dynamicpower manage-
ment policies, from power-orientedmemorymanagement
techniquesto busencoding.In this papertheattentionwill
focuson theproblemsinvolvedin busencoding.

A significantamountof thepowerdissipatedin asystem
is known to be dueto off-chip communication,for exam-
ple betweenthe microprocessorandthe externalmemory.
In the last few yearsthe spreadof systemsintegratedon a
singlechip, or systems-on-a-chip(SoC),andtheuseof in-
creasinglyadvancedtechnology, hasshiftedtheproblemof
powerconsumptiononcommunicationbusesto theon-chip
level aswell — for example,in systemsinterconnectingthe
coresof a SoC.The ratio betweenwire andgatecapacity

has,in fact,gonefrom 3, in old technologies,to 100in more
recentones[1] andis continuingto grow, asforeseenin [2].
For this reason,approachesaiming to reducepower con-
sumption,which up to quite recentlyconcentratedon the
computinglogic, arenow tendingto focusmoreandmore
on thecommunicationsystem.

As the power dissipatedby bus drivers is proportional
to theproductof theaveragenumberof transitionsandthe
capacityof thelinesof thebus,it maybeagoodideato en-
codethe informationtransitingon a communicationbusso
asto minimize the switchingactivity. Several approaches
have beenproposedandcanbe classifiedaccordingto the
typeof busto which theencodingschemesareapplied(ad-
dress/data/controlbus),theclassof architecturesconsidered
(general-purpose,special-purpose),the complexity of the
encoder, which determineswhetherit is applicableon-chip
and/oroff-chip, etc..

In this paperwe proposetwo bus encodingtechniques
basedon geneticalgorithms(GA). Both canbe appliedto
embeddedsystems,i.e. onesin which it is possibleto know
in advancethe traceof the patternstransmittedon a com-
municationbus following executionof a specificapplica-
tion. The first techniquegeneratesa truth tablefor an en-
coderwhich minimizesswitching activity on a bus. The
second,on theotherhand,operatesdirectly on thescheme
of theencoder, modifying theconnectionsandtypeof logic
gatesusedsoasto obtaina structurethatwill minimizethe
numberof outgoingtransmissionsandat thesametime the
numberof logic gatesused.

Theresultsobtainedon a setof benchmarksconfirmthe
validity of theapproaches:thesaving in termsof transitions
is greaterthanthatobtainedby themostefficienttechniques
sofarproposedin theliterature.

Therestof thepaperis organizedasfollows. In Section2
we discussthe variousbus encodingschemesproposedin
the literature. In Section4 we presentour GA-basedpro-
posalfor thegenerationof anoptimalencoderthatwill min-
imize switchingactivity. In Section5 we presenttheresult
obtainedandcomparethemwith othertechniquesproposed
in the literature.Finally, in Section6 we draw our conclu-
sionsanddiscusspossiblefuturedevelopments.

2 Previous Work

Switchingactivity in a communicationbuscanbereduced
by suitableencodingthe binary patternsbefore they are
transmitted. Bus encodingstrategies can be groupedinto
two categories:staticanddynamic.

Statictechniquesarebasedon a priori knowledgeof the
streamof patternsthatwill travel on thebusto generatean



ad hoc encoderwhich will minimize the switching activ-
ity for that stream.Obviously, thesetechniquesarehighly
application-dependent,in the sensethat their applicability
is limited to casesin which it is possibleto havedetailedin-
formationaboutthetraffic on thebuses.They aretherefore
suitablefor applicationin embeddedsystems,asthe latter
executea specificapplicationthroughouttheir lifetime and
soit it possibleto characterizethetraffic on thebuseswith
a highdegreeof accuracy.

The best-known static techniquesproposedin the lit-
eratureinclude the Beach solution proposedby Benini et
al. [3], who analyzethe correlationbetweenblocksof bits
in consecutivepatternsto find anencodingstrategy thatwill
reducetransitionactivity on a bus. In [4] thesameauthors
presentan algorithm which usesstatisticalinformation at
theword level to generateanencodingtablethatminimizes
transitionactivity. The approachproposedby Henkel et
al. [5] is basedon theobservationthat,dueto theeffectsof
couplingcapacity(which is of greatrelevancein moread-
vancedtechnologies),themostinternallinesof abushavea
greatercapacity. For this reason,theencodingstrategy ana-
lyzesthereferencetraceto find a staticpermutationof bits
thatwill reducetheactivity onthelineswith thegreatestca-
pacity. That is, thebits featuringgreaterswitchingactivity
areallocatedon the outer lines of the bus (i.e. thosewith
lesscapacity),while thebitswith lessswitchingactivity are
allocatedto theinnermost(greatercapacity)lines.

Dynamic techniquesare not basedon advanceknowl-
edgeof thestreamof patternsthatwill travel onthebus,but
encodethe currentpatternon the basisof the patternsent
at thepreviousinstant.For this reason,advanceknowledge
of thestreamof patternsis not required:encodingdecisions
aremadeonthesolebasisof pasthistory. StanandBurleson
proposedthebus-invert technique[6] for databuseswhose
patternsaretypically distributedin a randomfashion.The
approachconsistsof invertingawordto betransferredif the
Hammingdistancebetweenit andtheword previouslysent
is greaterthanthesizeof thebusdividedby two; otherwise,
no encodingis appliedto the word. In this way the maxi-
mumnumberof linesthatswitchwill belimited to half the
sizeof the bus. Of course,an additionalsignalingline is
neededto signalthetypeof encodingapplied(inversionor
no encoding).

Most of thebus encodingstrategiesproposedin the lit-
eraturewereenvisagedfor addressbuses.They all exploit
thestrongtimecorrelationbetweenonepatternandthenext
thatis typically observedin anaddressstream.Thestreams
onanaddressbusare,in fact,typically burstsof in-sequence
addressesinterruptedby wordsthat startanothersequence
or repeatone that hasjust concluded(for exampledue to
takenbranchesor jumps). Thehigh frequency of consecu-
tiveaddresses,for instance,canbeexploitedby usingGray
ratherthannaturalbinaryencoding[7]. In thiswaythenum-
berof transitionsfor consecutivepatternswill belimited to
1. If additionalsignalinglines are introduced,even better
resultscanbeobtainedby usingT0 encoding[8] or oneof
theseveralvariationsonit [9]. Thebasicideais to freezethe
bus if the addressto be sentis consecutive to the onesent

previously (the receiver will generatethe addresslocally).
Theseapproachesarelesseffective whenappliedto a mul-
tiplexed instructionand dataaddressbus (becausein this
casethe percentageof in-sequenceaddressesdecreases).
Working-Zoneencoding[10], asproposedby Mussolletal.,
solves this problemby observingthat programsgenerally
favor a few workingzonesof theiraddressspaceateachin-
stant.In thiscasethemethodidentifiesthesezonesanduses
thebusto transferonly theoffsetof referenceswith respect
to thepreviousreferenceto thesamezone,togetherwith a
referenceidentifying thezone.

3 Formulation of the Problem

Let usconsidera binaryalphabetto composewordswith a
fixedlengthof � bits. Let

�������
betheuniverseof discourse

for wordsof � bits (i.e. the setof words it is possibleto
form with � bits). Thecardinalityof

� �����
is therefore	�
 .

An encoderassociateseachword in
� �����

with oneand
only oneword in

� �����
in sucha way that thereis only one

outputcodingfor eachinput, thusmakingthedecoderable
to decodetheword univocally. In formal terms,anencoder�

is an injective and surjective (and thereforeinvertible)
function

�� �������������������
, i.e. suchthat the following

conditionis met:��������� � ����� ����� �"! �$# �&%'� �$# �(%
(1)

We will call the inverseof
�

decoderandindicateit with�*)�+
.

As no redundancy is beingconsidered,it is easyto cal-
culatethat 	 �$, differentencodersarepossible.Oncetheref-
erencestreamhasbeenfixed, the ensuingnumberof tran-
sitionson the bus dependson the encoderused. The aim
is thereforeto find the optimal encoderthat will minimize
the numberof transitionson a bus for a specificreference
stream.Of course,asthespaceof possibleencodersgrows
in sizewith the factorialof thesizeof thebus,exploration
basedon anexhaustive techniquewould beunfeasible.

4 Our Proposal

In this sectionwe will presenttwo approachesfor generat-
ing an encoderthat will minimize switching activity on a
communicationbus. Both arestatic, in the sensethat the
encoderis generatedad hocon anaddressstreamtaken as
input.

In Section3 it waspointedout thatdesigninganencoder
thatwill minimizeswitchingactivity onabuscanbeseenas
aproblemof optimizationanddealtwith usingdesignspace
explorationtechniques.The designspace,which includes
all the encodersthat could possiblebe realized,grows in
a factorial fashionalong with the numberof words to be
encoded,which in turngrowsexponentiallywith thesizeof
thebus.

In general,whenthespaceof configurationsis too large
to beexploredexhaustively, onesolutionis to useevolution-
ary techniques.Geneticalgorithmshave beenusedin sev-
eralVLSI designfields[11]: in problemsrelatingto layout
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Figure1: Encoderdesignflow.

suchaspartitioning[12], placement[13] androuting [14];
in designproblemsincluding power estimation[15], tech-
nology mapping[16] and netlist partitioning [17] and in
reliable chip testing through efficient test vector genera-
tion [18]. All theseproblemsareuntreatablein the sense
thatnopolynomialtimealgorithmcanguaranteeanoptimal
solutionand they actuallybelongto the NP-completeand
NP-hardcategories.

4.1 GEG: GeneticEncoder Generator

Figure 1 shows the designflow calledGEG (GeneticEn-
coderGenerator).

The startingpoint is the specificapplicationbeingexe-
cuted(e.g. simulated),to obtaina memoryreferencetrace
file which will be the addressstreamusedto generatethe
encoder. In orderto facilitategenerationof theencoder, the
streamis compressed,as will be explainedin the follow-
ing subsections.Initially a populationof encodersis initial-
izedwith randomencodersandevaluatedonthecompressed
stream. Eachencoderin the populationhasan associated
fitnessvaluewhich representsa measureof its capacityto
reducethenumberof transitionson thebus. Encoderswith
higher fitnessvaluesare thereforethosewhich determine
a lower numberof transitionson the bus whenstimulated
with the compressedstream. The classicalgeneticopera-
tors,suitablyredefinedfor this specificcontext, areapplied
to thepopulationandthecycle is repeateduntil astopcrite-
rion is met.At theendof theprocess,theindividualwith the
highestfitnessvalueis extractedfrom thepopulation.This
individualwill betheoptimalencoderbeingsought.As will
be seenlater on, the encoderis expressedin the form of a
truth table.Thelaststepin theflow is thereforelogicalsyn-
thesisof theoptimalencoder, whichcanbedoneusingany
automaticlogical synthesistool. To obtain the encoderit
will, of course,besufficient to exchangetheencoderinput
andoutputcolumnsandperformthesynthesis.

4.1.1Compressionof the ReferenceStream

Thememoryreferencetracefile producedfollowing execu-
tion of anapplicationtypically compriseshundredsof mil-
lionsof references.It is thereforeadvisableto compressthe
streamsoasto obtaina streamwith anupperboundon the
numberof patterns.If - is the initial streamand -$. is the
compressedone,theoptimalencoderobtainedusing -$. has
to be the sameas the one that would have beenobtained
if we hadused - as the input to the encoderdesignflow.
The compressionis thereforelosslessfor encodergenera-
tion purposes.

Ratherthan compression,the techniqueusedis based
on a different representationof the referencestream. Let
us considera bus with a width of � . A referencestream
is a sequenceof patterns. Eachpatternis an addressof� bits. A compressedstreamis also a sequenceof pat-
terns.A genericpatternis a 3-tuple /1032 � 054 ��6 27498 with : �<;  = �3>?� 	 �A@3@A@B� 	 � � > and :DC ; thatspecifiesthenumberof oc-
currences

6 274 whenthereferences032 ad 0E4 areconsecutive
in - . Themeaningof thecondition :FC ; canbeexplained
by observingthat, for our purposes,it is only necessaryto
know what the consecutive addressesareandnot their or-
der. If inverted,in fact, the numberof transitionsdoesnot
change.Using this transformation,the maximumnumber
of patternsin -�. wil be:G # � %  >�H 	 HJIKH�LMHN@A@3@9H # 	 � � >O%  	 ��P # 	 �Q� >O%	
whatever thenumberof patternsin - .

For example, if -  SR > 	 �TIU�A> 	 �A> 	 �WVX�WYX�A> 	 �ZVX�WY[�WV9\ the
compressedstreamwill be madeup of the following four
patterns-�.  �R / IU�A> 	 � 	�8 � / VX�EY[�ZI 8 � / V]�A> 	 � 	�8 � / Y[�3> 	 �3> 8 \
4.1.2GA-basedBus Encoding

The approachwe proposeusesgeneticalgorithmsas the
optimizationtool. Application of GAs to an optimization
problemrequiresdefinitionof thefollowing threeattributes:
thechromosome,thefitnessfunction,thegeneticoperators.

Thechromosomeis a representationof theformatof the
solutionto theproblembeinginvestigated.In our caseit is
arepresentationof anencoder. Therepresentationwechose
consistsof encodingthe truth tableof an encoder. In this
way thechromosomewill bemadeup of asmany genesas
therearerows in thetruth tableof anencoder. Thegenein
position : representsencodingof theword : . That is, for an
encoderof � bits,wewill have 	 � genes.The : -th genewill
representencodingof thebinarywordthatencodes: with �
bits.

For reasonsthatwill beexplainedwhenwedealwith the
definitionof thegeneticoperators,thechromosomewasen-
richedwith further information. The chromosomecanbe
representedasa tablewith 	 � rows and2 columns. Each
row correspondsto a gene.Oncethegenericrow : is fixed,
thefirst columnrepresentstheencodingof : , while thesec-
ondgivesthepositionof thegenewhoseencodingis : (Fig-
ure2).

The fitnessfunctionmeasuresthe fitnessof an individ-
ual memberof the population. In our casethe individual
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Figure2: Representationof thechromosome.

is representedby anencoder, sothefitnessfunctionassigns
eachencodera numericalvaluethat measuresits capacity
to reduceswitchingactivity on a bus. Naturally, thefitness
functionwill dependnotonly ontheencoderbut alsoonthe
referencestreamtheencoderis stimulatedby.

If ^ indicatesthe chromosomethat mapsthe encoder
(as in Figure2) and -$. the compressedreferencestream,
thenumberof transitionson thebuscausedby -$. whenno
encodingschemeis applied(binaryencoding)is:

_ �a`Tb # - . %  rows��cXdT�e 2�f +Sg # - . R : �A>A\h� - . R : � 	 \i% P - . R : �TIj\
where g is the Hammingdistancefunction. The number
of transitionson thebusdueto -$. whenit is filteredby the
encoder̂ is: _ �ab # ^ � - . %  

rows��cXdZ�e 2�f + g # ^ R - . R : �3>5\<�A>A\h� ^ R - . R : � 	 \<�A>5\i% P - . R : �TIk\
It shouldbe notedthat matrix notationhasbeenusedfor
accessto the elementsin ^ and -�. . That is, for example,-$. R : �h;?\ hasbeenusedto indicatethe

;
-th field of the : -th

patternin the stream -�. . Therefore,consideringthe : -th
pattern,-$. R : �A>A\ and -$. R : � 	 \ arethepairof successiverefer-
encesand -$. R : �TIj\ is thenumberof occurrencesof this pair.

In short,thefitnessfunctionis definedasfollows:l&# ^ � - . %  _ �a`Tb # -$. % �m_ �ab # ^ � -$. %_ �a`Zb # - . % (2)

that is,
l&# ^ � -$. % returnsthe numberof transitionssaved

whentheencoder̂ is usedfor thecompressedstream-$. .
Thefitnessfunctiondefinedby Equation(2) is appliedto

eachindividual in thepopulation(i.e. to eachencoder).The
aimof theGA is thusto makethepopulationevolvesoasto
obtainindividualswith increasinglyhigherfitnessvalues.

The encodersareorderedby decreasingfitnessvalues.
Theindividualwith thehighestfitnessvaluewill alwaysbe
insertedinto the new population(elitism). The encoders
makingup thepopulationareselectedwith aprobabilitydi-
rectlyproportionalto theirfitnessvalue.With auser-defined
probability the geneticoperatorsare applied to them and
they are insertedinto the new population. This selection
processis repeateduntil thenew populationreachesthesize
establishedby theuser.

Thegeneticoperatorswereappropriatelyredefinedsoas
to guaranteethat applicationto an encoder(in the caseof
mutationandpermutation)or apairof encoders(in thecase
of cross-over)alwaysgivesriseto anencoder.

Beforediscussingthegeneticoperatorsin greaterdetail,
it is necessaryto definea supportfunctionthatwe will call
Update(...), whichupdatesthecodingof awordwhile
maintainingconsistency at theendof thedecodingphase.
Update(EncDec E, int row, int new_enc)
begin
rconflict = E[new_enc].dec;

// update encoding column
E[rconflict].enc = E[row].enc;
E[row].enc = new_enc;

// update decoding column
E[E[rconflict].enc].dec = rconflict;
E[E[row].enc].dec = row;

end

Mutation Mutation is a unary operatorthat is applied
with acertainprobability(whichwewill callmutationprob-
ability) to anencoder. Applicationof themutationoperator
to anencoderconsistsof varyingthecodingof aword with
aprobabilityequalto themutationprobability.
Mutate(EncDec E, double probability)
begin
for (i=0 to E.size()) do

if (Event(probability) then
new_enc = randomInt(0, E.size()-1);
Update(E, i, new_enc);

end if
end for

end

where the function Event(p) returnstrue with a
probabilityof p, andthefunctionrandomInt(m, M) re-
turnsa randomintegerrangingbetweenm andM.

Cross-over Cross-over is abinaryoperatorthatis applied
to two elementsof thepopulationwith a certainprobability
thatwewill call cross-overprobability. Giventwo encoders^ + and ^on , andhaving chosentwo randomindexes : and

;
where :op ; , thecodingof thewords : � : Hq>?�3@A@3@��h; � >?�<;
is exchangedbetween̂ + and ^on .
xOver(double prob, EncDec E1, EncDec E2)
begin
if (Event(prob)) then

i = randomInt(0, E1.size()-1);
j = randomInt(0, E1.size()-1);
if (i > j) then
Swap(i, j);

end if
for (r=i to j) do

aux = E1[r].enc;
Update(E1, r, E2[r].enc);
Update(E2, r, aux);

end for
end if

end
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4.2 GNEG: GeneticNetlist EncoderGenerator

ThesecondtechniqueproposedusesGAsto directlyobtain
the schemeof the encoder. The first problemto solve is
encoding(i.e. the representation)of the solutionsaschro-
mosomalstringsthat the GA canevolve. The representa-
tion we choseis a 2D matrix in which eachelementis a
gate(thereare5 typesof gates:AND, NOT, OR,XOR and
WIRE) thatreceivesits two inputsfrom any gatein thepre-
viouscolumns,asshown in Figure3. A chromosomalstring
encodesthe matrix shown in Figure3 by using triplets in
whichthefirst two elementsreferto eachof theinputsused,
andthethird is thecorrespondinggate.

The aim is to generatelogic circuits that are encoders
(i.e. that meetthe condition(1)), which will minimize the
numberof outputtransitionsfor afixedamountof inputtraf-
fic, andmaximizethe numberof WIREs (or, equivalently,
usethe lowestpossiblenumberof logic gates).Let r bea
logic circuit with aninput of

6
bits andanoutputof

6
bits.

Let usindicateas r #1s %  ut theoutput t of r whenanin-
put

s
is present.Let usalsoindicateas v # r % thenumberof

pairsof input wordsthatgeneratethesameoutput:v # r %  xw7y #1s + � s n % js + � s n$z r #is + %  r #is n %E{ w
Of course,if r is an encoder, v # r %  =

. We definethe
fitnessfunctionasfollows:l&# r %  }| 	?~ � v # r % ��� v # r %'� =	?~ H�� # r %�H � # r %��j�Z�]�A�Z�F�����
where

� # r % is thefractionof transitionssavedby usingthe
encoderr ascomparedwith theamountrequiredwhenno
codingis used,and � # r % is thenumberof wiresin thecir-
cuit r . In otherwords,we cansaythatour fitnessfunction
worksin two stages.In thefirst stagethesearchspaceis ex-
ploredto find theencoder. In thesecond,thefitnessfunction
is modifiedandeachvalid designis evaluatedaccordingto
thenumberof gatesit containsandtheoutputtransitionsre-
quired: thefewer thegatesandoutputtransitions,themore
positive theevaluation.

5 Experiments

In thissectionwewill presenttheresultsobtainedby apply-
ing ourapproaches,comparingthemwith themosteffective
approachesproposedin theliterature.

The applicationscenarioreferredto is encodingof the
addressestransmittedon a 32-bit bus and generatedby a
processorduring executionof a specificapplication. Two
casesareconsidered:(i) the bus is multiplexed, (ii) it is a
dedicatedbus.In theformercasetheaddressestravelling on
thebusreferto bothfetchinginstructionsandaccessesgen-
eratedby load/storeinstructions.In the lattercase,thebus
consideredis dedicatedaddressbusfor fetchinginstructions
(e.g.theaddressbusbetweenaprocessorandaninstruction
cache).

The32-bitbusis partitionedwith clusterscontainingthe
samenumberof bits andtheapproachwasappliedto each
clusterseparately. It is, in fact, computationallyunfeasi-
ble to apply the approachto the whole bus, given that the
datastructureusedwould requiretablesof 	j� n rows to be
handled. The casesstudiedreferredto clustersof 4 and
8 bits. No particularcriterion was followed in grouping
thelines into clusters— they weregroupedsequentiallyin
a cluster. With � clusters,for example,eachwill include�  I 	��j� lines. The : -th clusterwill contain the lines: P � � : P � H�>?�A@3@A@�� : P � H � � >

. A differentway of
clusteringthe lines of the bus (e.g. allocatinglines with a
higher correlationto the samecluster)may well enhance
theperformanceof theapproachandwill beinvestigatedin
subsequentanalyses.

We consideredthe samereferencetracesas are used
in [3], generatedfollowing the executionof specificappli-
cationsin thefield of imageprocessing,automotivecontrol,
DSPetc..Morespecifically,dashb implementsacardash-
boardcontroller,dct is adiscretecosinetransform,fft is
a fastFourier transformandmat mul a matrix multiplica-
tion.

In all the experimentsthat will be discussedin the fol-
lowing subsections,we considereda populationof 10 in-
dividuals,a mutationprobability of 50%,anda cross-over
probability of 25% for GEG. For GNEGwe considereda
populationof 100 individuals, a cross-over probability of
90%,a mutationprobabilityof 1%, anda 3x5 gatematrix.
Theseparametersweresetfollowing anexhaustiveseriesof
simulations.

5.1 Addr essBus (fetch + load/store)

In this subsectionwe will commenton theresultsobtained
when encodingis applied to a multiplexed addressbus
(i.e. oneon which addressesgeneratedby both fetch and
load/storeinstructionsaretravelling).

Table1 summarizesthe resultsobtained.The first col-
umn(bench) identifiesthe benchmark.Thesecond(trans)
gives the total numberof transitionson the bus when no
encodingschemeis applied. The remainingcolumns(in
groupsof two) give the numberof transitionsfor eachap-
proach(trans) andthepercentsaving in transitionsascom-
paredwith thecasein whichnoencodingschemeis applied
(saving). GEG8andGEG4representthe sameimplemen-
tation of the approachGEG applied to partitionedbuses
of 4 and 8 bits respectively. GNEG4 representthe same
implementationof the approachGNEG applied to parti-
tionedbusesof 4 bits.Beach is theapproachproposedin [3].



bench trans GEG8 GEG4 GNEG4 Beach Others
trans saving trans saving trans saving trans saving trans saving

dashb 619680 317622 48.74% 435516 29.71% 420353 32.17% 443115 28.40% 486200 21.50%
dct 48916 28651 41.40% 33179 32.17% 28301 42.14% 31472 35.60% 39327 19.60%
fft 138526 67468 51.30% 85405 38.30% 78525 43.31% 85653 38.10% 100127 27.70%
mat mul 105950 50552 52.30% 60446 42.90% 62360 41.14% 60654 42.70% 77384 26.90%

Averagesaving 48.44% 35.77% 39.69% 36.20% 23.93%

Table1: Transitionssaving for theaddressmultiplexedbus.

d d’ d
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Figure4: Block diagramof theGEG+T0encoder.

Others indicatesthe bestresult obtainedby the encoding
schemesGray [7], T0 [8], Bus-invert [6], T0+Bus-invert,
DualT0andDualT0+Bus-invert [9]. As canbeseen,GEG4
andGNEG4 areonaverageequivalentto Beach. Increasing
thesizeof theclustersto 8 bitsincreasesthesaving by about
13%asit is possibleto exploit thetemporalcorrelationbe-
tweenthereferencesmorefully.

5.2 Addr essBus (fetch only)

Whenthe addressbus is not multiplexedthe percentageof
addressesin sequenceincreasesconsiderably. Table2 gives
theresultsobtainedonanaddressbuscarryingreferencesto
fetchoperationsalone.

In this caseT0 achieves much bettersavings than the
otherapproachesby exploiting the high percentageof ad-
dressesin sequencewhich do not determineany transitions
onthebus.GEG8maintainsits efficiency with averagesav-
ings of over 40%. The efficiency of T0 canbe further en-
hancedby usinga hybridapproachGEG8+T0.

Figure4 shows a schemeof how this canbe achieved.
The pattern to be transmittedis encodedwith both T0
and GEG. If it is in sequencewith the previous one, the
T0encodingis transmitted;otherwisetheGEGencodingis
transmitted.EventhoughGEG+T0is extremelyefficientat
reducingtheamountof powerdissipatedon thebus,in cal-
culatingthesaving accounthasto betakenof theoverhead
dueto powerconsumptionby theencoding/decodinglogic.
In GEG+T0, in fact, this contribution is certainly greater
than that of both T0 and GEG, as it containsthem both,
andbothareactive at thesametime. Anotherpoint against
GEG+T0 is that in inheritsfrom T0 the useof a signaling
line thatis not presentin GEG.

5.3 Overal Power Analysis

Table3 givesthearea,delayandpowercharacteristicsof the
encodersanddecodersgeneratedby GEG for 8-bit clusters
andthebenchmarksdescribedpreviously. Theresultswere
obtainedusingSynopsysDesignCompiler for the synthe-

bench Area( ����� ) Delay(ns) Power(mW)
Enc Dec Enc Dec Enc Dec

GEG
dashb 25456 25477 1.93 1.89 0.39 0.51
dct 25989 24985 1.90 1.97 0.28 0.39
fft 25325 25804 1.79 2.00 0.35 0.51

mat mul 21733 21729 1.87 1.96 0.24 0.46

GNEG
dashb 671 803 0.50 0.61 0.74 0.98
dct 626 672 0.53 0.63 0.82 0.97
fft 569 605 0.60 0.69 0.61 0.90

mat mul 498 564 0.48 0.55 0.81 0.93

Table3: Area, delayandpower characteristicsof the en-
codersanddecoders.

sis,andSynopsysDesignPower for the power estimation.
Thecircuitsweremappedontoa

= @�>3�?���
,
>?@ ���

gate-library
from ST Microelectronics.The clock wassetto a conser-
vative frequency of 100 MHz (i.e. a periodof 10 ns) for
GEGand300MHz(i.e. a periodof 3.3 ns)for GNEG. The
averagedelayintroducedby theencoder/decoderis, in fact,
shorterthan4 nsfor GEGandshorterthan1.3nsfor GNEG
andso lessthan40%of theclock cycle is dedicatedto en-
codinganddecodinginformation.

An encodingschemeis advantageouswhen the power
saved on the bus (due to lessactivity) is greaterthan the
powerconsumedby theencodinganddecodingblocks.The
powerconsumedby thebuscangenerallybeexpressedas:�(�  >

	 � n�E� � l r��
where

� �E� is thesupplyvoltage,
�

is theswitchingactivity
(i.e. theratiobetweenthetotalnumberof transitionson the
busandthenumberof patternstransmitted),

l
is theclock

frequency and r�� is thecapacityof abusline (assumingthat
all thelineshavethesamecapacity).Theoverallpercentage
of power savedwhenanencodingschemeis used,ascom-
paredwith whenno encodingis used,canbecalculatedas
follows: �&���E�  > =?= P � �a`Zb ��� �ab� �a`Zb
where

� �a`Zb is thepowerconsumedwhennoencodingstrat-
egy is used(whichthereforecorrespondsto

�(�
) and

� �ab is
thepowerconsumedwhenanencodingstrategy is used(i.e.
thesumof thepowerconsumedby theencoder

�� 
, thede-

coder
��¡

andthebus
� �

). Solvingtheinequality
�����E� C =



bench in-seq trans GEG8 GNEG4 Gray T0 GEG8+T0
trans saving trans saving trans saving trans saving trans saving

dashb 55.88% 111258 65694 40.96% 72528 34.81% 70588 36.55% 41731 62.49% 30182 72.87%
dct 60.31% 11675 6639 43.13% 7072 39.43% 6885 41.02% 2851 75.58% 1851 84.14%
fft 59.92% 25017 14486 42.09% 15743 37.07% 15969 36.16% 7021 71.93% 5063 79.76%
mat mul 63.63% 26814 13802 46.08% 16212 39.54% 17095 36.24% 7850 70.72% 4345 83.79%

Averagesavings 43.06% 37.71% 37.49% 70.18% 80.14%

Table2: Transitionssaving for fetchonly addressbus.

¢&£
(pF)

dashb dct fft mat mul Average

GEG 1.57 2.07 1.51 1.57 1.68
GNEG 0.75 1.34 0.78 0.85 0.93

Table4: The minimum capacitya bus line hasto have for
theapproachto beeffective.

asa functionof r�� , we find theminimumbusline capacity
with which thereis apositivenetsaving in power:

r � C 	 # ��  H � ¡K%� n�E� l&# � �a`Zb � � �ab % (3)

Table4 summarizestheminimumcapacityabusline hasto
have for the approachto be effective for eachbenchmark.
It is not a largevalueevenfor anon-chipbus line. In fact,
a wire of about1 cm in a

= @ 	 V¤��� is 5 pF. We canthere-
fore concludethat the techniquesproposedcaneffectively
beusedevenwith on-chipbuses.

6 Conclusions

In this paperwe have presentedtwo GA-basedstrategies
for designingan encoderthat will minimize switchingac-
tivity on a bus. The first, called GEG (GeneticEncoder
Generator),draws up a truth tablefor theencoderthatwill
minimize switching activity on the communicationbuses
in an embeddedsystem. The second,called GNEG (Ge-
netic Netilist EncoderGenerator),evolvesa populationof
encoderswith the dual aim of obtaining the least com-
plex structure(i.e. comprisingas few gatesas possible)
andminimizing switchingactivity. Theresultsobtainedon
a set of specificapplicationsfor embeddedsystemshave
demonstratedthe superiorityof our approaches,with sav-
ingsof around50%on multiplexedaddressbuses(instruc-
tions/data)andcloseto 45% on instructionaddressbuses.
In thelattercasetheT0scheme[8] performsbetterthanthe
approachesproposedhere,with averagesavingsof 70%.A
mixedtechniqueGEG+T0 (in which a GEGandT0 works
concurrently)furtherenhancestheefficiency of T0, achiev-
ing averagesavingsof 80%. Finally, the low level of com-
plexity of theencoderanddecoderobtainedmakeit possible
to usethemevenin anon-chipenvironment.
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