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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 encoderthat 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, executeghe sameapplication

throughout its lifetime and soit is possibleto have de-
tailed knowledge of the trace of the patterns transmit-

ted on a bus following execution of a specific applica-
tion. The approachesare comparedwith the mosteffec-
tive onesalready presentedin literatur e, on both multi-

plexedand separatebuses.The resultsobtained demon-
strate the validity of the approacheswhich on average
save up to 50% of the transitions normally required, as
well astheir practical applicability, evenin an on-chip
ervironment.

1 Intr oduction

The designof modernelectronicsystemsrequirescertain
constraintgo be met: theserefer not only to performance
but alsoand above all to the amountof power consumed.
Paver consumptionproblemsare not only relevantin the
designof mobile battery-runsystems. Evenin fixed sys-
temsrunningon electricalenegy, powerconsumptiorhasa
greatimpacton costs(due,for example,to the useof cool-
ing systemr expensve packages)Pawver-efficientdesign
meangreducingpower consumptiorin all partsof the sys-
tem, actingat all levels of the designflow to meetthe per
formanceandquality of service(QoS)constraints.The lit-
eraturels full of proposalsn this sensefrom powveraware
high-level languagecompilersto dynamicpower manage-
ment policies, from power-orientedmemory management
techniguego busencoding.In this paperthe attentionwill
focusonthe problemsnvolvedin busencoding.

A significantamountof thepower dissipatedn a system
is known to be dueto off-chip communicationfor exam-
ple betweenthe microprocessoandthe external memory
In the lastfew yearsthe spreadof systemsntegratedon a
singlechip, or systems-on-a-chifSoC),andthe useof in-
creasinglyadvancedechnologyhasshiftedthe problemof
power consumptioron communicatiorbuseso the on-chip
level aswell — for example,in systemsnterconnectinghe
coresof a SoC. The ratio betweenwire and gatecapacity
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has,in fact,gonefrom 3, in old technologiesto 100in more
recentoneg[1] andis continuingto grow, asforeseerin [2].
For this reason,approachesiming to reducepower con-
sumption,which up to quite recentlyconcentratedn the
computinglogic, arenow tendingto focusmoreandmore
onthecommunicatiorsystem.

As the power dissipatedby bus driversis proportional
to the productof the averagenumberof transitionsandthe
capacityof thelinesof thebus,it maybea goodideato en-
codethe informationtransitingon a communicatiorbus so
asto minimize the switchingactiity. Several approaches
have beenproposedand canbe classifiedaccordingto the
type of busto which the encodingschemesreapplied(ad-
dress/data/contrdus),theclassof architecturesonsidered
(general-purposespecial-purpose)the compleity of the
encoderwhich determinesvhetherit is applicableon-chip
and/oroff-chip, etc..

In this paperwe proposetwo bus encodingtechniques
basedon geneticalgorithms(GA). Both canbe appliedto
embeddedystemsi.e. onesin whichit is possibleto know
in adwvancethe traceof the patternstransmittedon a com-
municationbus following executionof a specificapplica-
tion. The first techniquegenerates truth tablefor an en-
coderwhich minimizes switching activity on a bus. The
secondpn the otherhand,operateglirectly on the scheme
of theencodermodifying the connectionsndtype of logic
gatesusedsoasto obtaina structurethatwill minimizethe
numberof outgoingtransmissiongndat the sametime the
numberof logic gatesused.

Theresultsobtainedon a setof benchmarkgonfirmthe
validity of theapproacheghesaving in termsof transitions
is greatetthanthatobtainedby themostefficienttechniques
sofar proposedn theliterature.

Therestof thepapetis organizedasfollows. In Section?
we discussthe variousbus encodingschemegroposedn
the literature. In Section4 we presentour GA-basedpro-
posalfor thegeneratiorof anoptimalencodethatwill min-
imize switchingactiity. In Section5 we presentheresult
obtainedandcomparehemwith othertechniquegproposed
in the literature. Finally, in Section6 we draw our conclu-
sionsanddiscusossiblefuture developments.

2 Previous Work

Switchingactivity in a communicatiorbus canbe reduced
by suitable encodingthe binary patternsbefore they are
transmitted. Bus encodingstratgjies can be groupedinto
two categories:staticanddynamic
Statictechniquesrebasedn a priori knowledgeof the
streamof patternghatwill travel onthebusto generatean



ad hoc encoderwhich will minimize the switching acti-

ity for that stream. Obviously, thesetechniquesare highly

application-dependenin the sensethat their applicability
is limited to casesn whichit is possibleto have detailedin-

formationaboutthetraffic onthebuses.They aretherefore
suitablefor applicationin embeddedystemsasthe latter
executea specificapplicationthroughouttheir lifetime and
soit it possibleto characterizeéhetraffic on the buseswith

ahighdegreeof accurag.

The best-knevn static techniquesproposedin the lit-
eratureinclude the Bead solution proposedby Benini et
al. [3], who analyzethe correlationbetweenblocks of bits
in consecutie patterngo find anencodingstratey thatwill
reducetransitionactivity on abus. In [4] the sameauthors
presentan algorithm which usesstatisticalinformation at
theword level to generatenencodingtablethatminimizes
transition actvity. The approachproposedby Henkel et
al. [5] is basednthe obsenationthat,dueto the effectsof
couplingcapacity(which is of greatrelevancein moread-
vancedechnologies)themostinternallinesof abushave a
greatercapacity For thisreasontheencodingstratgy ana-
lyzesthereferencdraceto find a staticpermutatiorof bits
thatwill reducetheactivity onthelineswith thegreatesta-
pacity Thatis, the bits featuringgreaterswitchingactiity
areallocatedon the outerlines of the bus (i.e. thosewith
lesscapacity) while thebits with lessswitchingactivity are
allocatedo theinnermost(greatercapacity)lines.

Dynamic techniquesare not basedon advanceknowl-
edgeof thestreanof patternghatwill travel onthebus,but
encodethe currentpatternon the basisof the patternsent
atthe previousinstant.For this reasonadvanceknowledge
of thestreamof patternds notrequired:encodingdecisions
aremadeonthesolebasisof pasthistory. StanandBurleson
proposedhe bus-inverttechnique6] for databuseswhose
patternsaretypically distributedin a randomfashion. The
approacttonsistof invertingawordto betransferredf the
Hammingdistancebetweent andthe word previously sent
is greatetthanthe sizeof thebusdividedby two; otherwise,
no encodingis appliedto the word. In this way the maxi-
mum numberof linesthatswitchwill belimited to half the
size of the bus. Of course,an additionalsignalingline is
neededo signalthetype of encodingapplied(inversionor
no encoding).

Most of the bus encodingstratgjiesproposedn the lit-
eraturewere ervisagedfor addressuses. They all exploit
thestrongtime correlationbetweeronepatternandthe next
thatis typically obsenedin anaddresstream.The streams
onanaddres$usare,in fact,typically burstsof in-sequence
addressemterruptedby wordsthat startanothersequence
or repeatonethat hasjust concluded(for exampledueto
taken branchesor jumps). The high frequeng of consecu-
tive addressedpr instancecanbe exploited by usingGray
ratherthannaturalbinaryencodind7]. In thiswaythenum-
ber of transitionsfor consecutie patternawill belimited to
1. If additionalsignalinglines areintroduced,even better
resultscanbe obtainedby using TO encoding[8] or oneof
theseveralvariationsonit [9]. Thebasicideaisto freezethe
busif the addresdo be sentis consecutie to the one sent

previously (the receiver will generatehe addresdocally).
Theseapproachesarelesseffective whenappliedto a mul-
tiplexed instructionand dataaddressbhus (becausén this
casethe percentageof in-sequenceaddresseslecreases).
Working-Zoneencodind10], asproposedy Mussolletal.,
solvesthis problemby observingthat programsgenerally
favor afew working zonesof their addresspaceat eachin-
stant.In this case¢hemethoddentifiesthesezonesanduses
thebusto transferonly the offsetof referencesvith respect
to the previousreferenceo the samezone,togetherwith a
referencadentifying thezone.

3 Formulation of the Problem

Let usconsidera binary alphabeto composevordswith a
fixedlengthof w bits. Let U(*) betheuniverseof discourse
for wordsof w bits (i.e. the setof wordsit is possibleto
form with w bits). Thecardinalityof U(®) is therefore2" .

An encoderassociategsachword in U(®) with oneand
only oneword in U(®) in sucha way thatthereis only one
outputcodingfor eachinput, thusmakingthe decoderable
to decodetheword univocally. In formalterms,anencoder
£ is an injective and surjective (and thereforeinvertible)
function€ : U™ — U™, j.e. suchthatthe following
conditionis met:

1)

We will call the inverseof £ decoderandindicateit with
&L

As no redundany is beingconsideredit is easyto cal-
culatethat2®! differentencodersrepossible Oncetheref-
erencestreamhasbeenfixed, the ensuingnumberof tran-
sitions on 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 asthe spaceof possibleencodergrows
in sizewith the factorial of the size of the bus, exploration
basedn anexhaustve techniquevould be unfeasible.

Va,B e U™, a# B = E(a) # £(B)

4 Our Proposal

In this sectionwe will presentwo approachefor generat-
ing an encoderthat will minimize switching activity on a
communicationbus. Both are static, in the sensethat the
encoderis generatecd hoc on an addresstreamtaken as
input.

In Section3 it waspointedout thatdesigninganencoder
thatwill minimizeswitchingactivity onabuscanbeseeras
aproblemof optimizationanddealtwith usingdesignspace
explorationtechnigues.The designspace which includes
all the encoderghat could possiblebe realized,grows in
a factorial fashionalong with the numberof wordsto be
encodedwhichin turn grows exponentiallywith the sizeof
thebus.

In generalwhenthe spaceof configurationss too large
to beexploredexhaustvely, onesolutionis to useevolution-
ary techniques.Geneticalgorithmshave beenusedin sev-
eral VLSI designfields[11]: in problemsrelatingto layout



memory
reference
trace

Population

Initialize Fitness
Evaluator
Sort fitness & apply
genetic operators

Yes
(true table) GA
Best encoder
Logic synthesizer (nelist)

Figurel: Encoderdesignflow.

No

suchaspartitioning[12], placemen{13] androuting[14];

in designproblemsincluding power estimation[15], tech-
nology mapping[16] and netlist partitioning [17] andin

reliable chip testing through efficient test vector genera-
tion [18]. All theseproblemsare untreatablen the sense
thatno polynomialtime algorithmcanguaranteanoptimal
solutionandthey actually belongto the NP-completeand
NP-hardcategories.

4.1 GEG: GeneticEncoder Generator

Figure 1 shows the designflow called GEG (GeneticEn-
coderGenerator).

The startingpoint is the specificapplicationbeing exe-
cuted(e.g. simulated),to obtaina memoryreferencerace
file which will bethe addressstreamusedto generatehe
encoderIn orderto facilitategeneratiorof theencoderthe
streamis compressedaswill be explainedin the follow-
ing subsectionsinitially a populationof encoderss initial-
izedwith randomencodersindevaluatecdbnthecompressed
stream. Eachencoderin the populationhasan associated
fithessvaluewhich represents measureof its capacityto
reducethe numberof transitionson the bus. Encoderswith
higher fitnessvaluesare thereforethosewhich determine
a lower numberof transitionson the bus when stimulated
with the compressedtream. The classicalgeneticopera-
tors, suitablyredefinedor this specificcontet, areapplied
to the populationandthecycleis repeatedintil astopcrite-
rionis met. At theendof theprocesstheindividual with the
highestfithessvalueis extractedfrom the population. This
individualwill betheoptimalencodebeingsought.As will
be seenlater on, the encodeiis expressedn the form of a
truthtable. Thelaststepin theflow is therefordogical syn-
thesisof theoptimalencoder, which canbe doneusingary
automaticlogical synthesistool. To obtainthe encoderit
will, of course be sufficient to exchangethe encodetinput
andoutputcolumnsandperformthe synthesis.

4.1.1Compressionof the ReferenceStream

Thememoryreferencdracefile producedollowing execu-
tion of anapplicationtypically compriseshundred=f mil-
lions of referenceslt is thereforeadvisableo compresshe
streamso asto obtaina streamwith anupperboundon the
numberof patterns.If S is theinitial streamandS* is the
compressedne,theoptimalencodepobtainedusingS* has
to be the sameasthe one that would have beenobtained
if we hadusedS asthe input to the encoderdesignflow.
The compressiorns thereforelosslessfor encodergenera-
tion purposes.

Ratherthan compressionthe techniqueusedis based
on a differentrepresentatiorof the referencestream. Let
us considera bus with a width of w. A referencestream
is a sequenceof patterns. Eachpatternis an addressof
w bits. A compressedtreamis also a sequenceof pat-
terns.A genericpatternis a 3-tuple(r;, r;, ny;) with 4, j =
0,1,2,...,2%—1andi > j thatspecifiegthenumberof oc-
currencesy;; whenthereferences; adr; areconsecutie
in S. Themeaningof the conditioni > j canbeexplained
by observingthat, for our purposesit is only necessaryo
know whatthe consecutie addresseare and not their or-
der If inverted,in fact, the numberof transitionsdoesnot
change. Using this transformationthe maximumnumber
of patterngn S* wil be:

2w 2% —1
Lw)=1+2+3+4+...+(2"-1) = %
whateverthenumberof patternsn S.

For example,if S = [12,3,12,12,5,7,12,5,7,5] the
compressedtreamwill be madeup of the following four
patternsS* = [(3,12,2), (5,7, 3), (5,12, 2),(7,12,1)]

4.1.2GA-basedBus Encoding

The approachwe proposeusesgeneticalgorithmsas the
optimizationtool. Application of GAs to an optimization
problemrequiregdefinitionof thefollowing threeattributes:
thechromosomethefitnessfunction,the geneticoperators.

The chromosomés a representationf theformatof the
solutionto the problembeinginvestigatedIn our caseit is
arepresentationf anencoderTherepresentatiowe chose
consistsof encodingthe truth table of an encoder In this
way the chromosomaewill be madeup of asmary genesas
therearerows in thetruth tableof anencoder The genein
positions representencodingof theword i. Thatis, for an
encodenf w bits,wewill have2* genes.Thei-th genewill
represenencodingof thebinarywordthatencodes with w
bits.

For reasonshatwill beexplainedwhenwe dealwith the
definitionof thegeneticoperatorsthe chromosomevasen-
richedwith further information. The chromosomecan be
representeds a table with 2 rows and2 columns. Each
row correspond$o a gene.Oncethe genericrow i is fixed,
thefirst columnrepresentthe encodingof ¢, while the sec-
ondgivesthe positionof thegenewhoseencodings i (Fig-
ure?2).

The fithessfunction measureshe fithessof an individ-
ual memberof the population. In our casethe individual
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Figure2: Representationf thechromosome.

is representetdy anencodersothefitnessfunctionassigns
eachencodera numericalvalue that measurests capacity
to reduceswitchingactiity on a bus. Naturally, thefitness
functionwill depencdhotonly ontheencodebut alsoonthe

referencestreanmthe encodeiis stimulatedby.

If E indicatesthe chromosomehat mapsthe encoder
(asin Figure2) and S* the compressedeferencestream,
the numberof transitionson the bus causedy S* whenno
encodingschemads applied(binaryencoding)s:

rows(S™)
> H(S™[i,1],8%[i,2]) x S*[i,3]

i=1

Twoe(s*) =

where H is the Hammingdistancefunction. The number
of transitionson the busdueto S* whenit is filtered by the
encodel¥ is:

Twe(E,S*) =
rows(S™)
> H(E[S*[i,1],1], E[S*[i, 2],1]) x S*[i,3]

i=1

It shouldbe notedthat matrix notationhasbeenusedfor

accesdo the elementsn E and S*. Thatis, for example,

S*[i, j] hasbeenusedto indicatethe j-th field of the i-th

patternin the streamS*. Therefore,consideringthe i-th

pattern,S*[i, 1] and.S*[i, 2] arethepair of successie refer

encesandS*[i, 3] is thenumberof occurrencesf this pair.
In short,thefitnessfunctionis definedasfollows:

Twoe(S*) - Twe(E7 S*)
Twoe(S*)

f(B,8") = )
thatis, f(E,S*) returnsthe numberof transitionssaved
whentheencodet is usedfor the compressedtreamS™.

Thefitnessfunctiondefinedby Equation(2) is appliedto
eachindividualin thepopulation(i.e. to eachencoder).The
aim of theGA is thusto make the populationevolve soasto
obtainindividualswith increasinglyhigherfitnessvalues.

The encodersare orderedby decreasinditnessvalues.
Theindividual with the highestfithessvaluewill alwaysbe
insertedinto the new population(elitism). The encoders
makingup thepopulationareselectedvith a probability di-
rectly proportionatko theirfitnessvalue. With auserdefined
probability the geneticoperatorsare appliedto them and
they areinsertedinto the new population. This selection
processs repeatedintil thenew populatiorreacheshesize
establishedby the user

Thegeneticoperatoravereappropriatelyedefinedsoas
to guarantedhat applicationto an encoder(in the caseof
mutationandpermutation)or a pair of encodergin thecase
of cross-wer) alwaysgivesriseto anencoder

Beforediscussinghe geneticoperatorsn greaterdetail,
it is necessaryo definea supportfunctionthatwe will call
Updat e( . . . ), which updateshecodingof aword while
maintainingconsisteng attheendof thedecodingohase.

Updat e(EncDec E, int row, int new_enc)
begi n
rconflict = E[ new_ enc]. dec;

/1 update encodi ng col um
E[rconflict].enc = E[row] . enc;
E[row] . enc = new_enc;

/1 update decodi ng col um

E[E[rconflict].enc].dec = rconflict;
E[ E[row] . enc].dec = row,
end
Mutation Mutation is a unary operatorthat is applied

with acertainprobability (whichwewill call mutationprob-
ability) to anencoderApplication of the mutationoperator
to anencoderconsistof varyingthe codingof aword with
aprobabilityequalto the mutationprobability.
Mut at e( EncDec E, doubl e probability)
begin

for (i=0 to E.size()) do

if (Event(probability) then

new_enc = random nt (0, E.size()-1);
Update(E, i, new_enc);
end if
end for

end

where the function Event (p) returnstrue with a
probabilityof p, andthefunctionr andom nt (m M re-
turnsarandomintegerrangingbetweermandM

Cross-ower Cross-@eris abinaryoperatotthatis applied
to two elementsof the populationwith a certainprobability
thatwewill call cross-aerprobability. Giventwo encoders
E; and E,, andhaving choserntwo randomindexesi and;j
wherei < j, thecodingof thewordsi, i +1,...,5 — 1,j
is exchangedetweenE; andFEs.
xOver (doubl e prob, EncDec E1,
begin
if (Event(prob)) then

i = random nt (0, El.size()-1);

j = randomi nt(0, El.size()-1);

EncDec E2)

if (i >j) then
Swap(i, j);

end if

for (r=i to j) do
aux = E1[r]. enc;
Update(E1l, r, E2[r].enc);
Update(E2, r, aux);

end for

end if

end
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4.2 GNEG: GeneticNetlist Encoder Generator

The secondechniqueproposedisesGAsto directly obtain
the schemeof the encoder The first problemto solve is
encoding(i.e. the representationdf the solutionsaschro-
mosomalstringsthatthe GA canevolve. The representa-
tion we choseis a 2D matrix in which eachelementis a
gate(thereare5 typesof gates:AND, NOT, OR, XOR and
WIRE) thatrecevesits two inputsfrom ary gatein thepre-
viouscolumnsasshovnin Figure3. A chromosomastring
encodeghe matrix shavn in Figure 3 by usingtripletsin
whichthefirsttwo elementgeferto eachof theinputsused,
andthethird is the correspondingjate.

The aim is to generatdogic circuits that are encoders
(i.e. thatmeetthe condition (1)), which will minimize the
numberof outputtransitiondor afixedamounif inputtraf-
fic, and maximizethe numberof WIRES (or, equivalently,
usethe lowestpossiblenumberof logic gates).Let C' bea
logic circuit with aninput of n. bits andan outputof n bits.
Let usindicateasC(z) = y theoutputy of C whenanin-
putz is presentLet usalsoindicateasO(C') thenumberof
pairsof input wordsthatgenerateéhe sameoutput:

O(C) = {(z1,22) : 1 # 22 A C(z1) = C(z2) }|

Of course,if C is anencoderO(C) = 0. We definethe
fitnessfunctionasfollows:

£O) ={ 2" — 0(C)

2" + s(C) + w(C)

wheres(C) is thefraction of transitionssaved by usingthe
encoderC' ascomparedwvith the amountrequiredwhenno
codingis used,andw(C) is the numberof wiresin thecir-
cuit C. In otherwords,we cansaythatour fithessfunction
worksin two stagesin thefirst stagethe searctspaces ex-
ploredto find theencoderin thesecondthefitnessfunction
is modifiedandeachvalid designis evaluatedaccordingto
thenumberof gatest containsandtheoutputtransitionsre-
quired: thefewer the gatesandoutputtransitionsthe more
positive the evaluation.

if O(C) £ 0

otherwise

5 Experiments

In this sectionwe will presentheresultsobtainedby apply-
ing our approaches;omparinghemwith the mosteffective
approacheproposedn theliterature.

The applicationscenarioreferredto is encodingof the
addressegransmittedon a 32-bit bus and generatedy a
processoduring executionof a specificapplication. Two
casesare considered:(i) the busis multiplexed, (ii) it is a
dedicatedus. In theformercasetheaddressesavelling on
thebusreferto bothfetchinginstructionsandaccessegen-
eratedby load/storeinstructions.In the latter case the bus
considereds dedicatecaddressusfor fetchinginstructions
(e.g.theaddresdusbetweera processoandaninstruction
cache).

The 32-bitbusis partitionedwith clusterscontainingthe
samenumberof bits andthe approachwasappliedto each
clusterseparately It is, in fact, computationallyunfeasi-
ble to apply the approachto the whole bus, giventhat the
datastructureusedwould requiretablesof 232 rows to be
handled. The casesstudiedreferredto clustersof 4 and
8 bits. No particular criterion was followed in grouping
thelinesinto clusters— they weregroupedsequentiallyin
a cluster With ¢ clusters,for example,eachwill include
w = 32/c lines. The i-th clusterwill containthe lines
ixcixe+1l,...,ixc+w—1. A differentway of
clusteringthe lines of the bus (e.g. allocatinglines with a
higher correlationto the samecluster) may well enhance
the performancef theapproachandwill beinvestigatedn
subsequeranalyses.

We consideredthe samereferencetracesas are used
in [3], generatedollowing the executionof specificappli-
cationsin thefield of imageprocessingautomotve control,
DSPetc..More specificallydashb implementsacardash-
boardcontroller dct is adiscretecosinetransformf f t is
afastFouriertransformandrat _nmul a matrix multiplica-
tion.

In all the experimentsthatwill be discussedn the fol-
lowing subsectionswe considereda populationof 10 in-
dividuals,a mutationprobability of 50%, anda cross-wer
probability of 25% for GEG. For GNEG we considereca
populationof 100 individuals, a cross-wer probability of
90%, a mutationprobability of 1%, anda 3x5 gatematrix.
Theseparametersveresetfollowing anexhaustive seriesof
simulations.

5.1 AddressBus (fetch + load/store)

In this subsectiorwe will commenton the resultsobtained
when encodingis applied to a multiplexed addressbus
(i.e. oneon which addressegeneratedy both fetch and
load/stordanstructionsaretravelling).

Table 1 summarizeshe resultsobtained. The first col-
umn (bend) identifiesthe benchmark.The second(trang
givesthe total numberof transitionson the bus when no
encodingschemeis applied. The remainingcolumns(in
groupsof two) give the numberof transitionsfor eachap-
proach(trang andthe percentsaving in transitionsascom-
paredwith thecasein which no encodingschemes applied
(saving. GEG8and GEG4representhe sameimplemen-
tation of the approachGEG appliedto partitionedbuses
of 4 and 8 bits respectiely. GNEX4 representhe same
implementationof the approachGNEG appliedto parti-
tionedbusef 4 bits Beadt is theapproactproposedn [3].



bent trans GEGS8 GEG4 GNE&4 Bead 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 _nmul | 105950| 50552 | 52.30% | 60446 | 42.90% | 62360 | 41.14% | 60654 | 42.70% | 77384 | 26.90%
[ Averagesaing | 4844% | 35.77% | 39.69% | 36.20% | 2393% |

Tablel: Transitionssaving for the addressnultiplexedbus.
Encoder Decoder bent Area(um?) Delay(ns) | Power(mw)
Enc | Dec | Enc | Dec | Enc | Dec
GEG
LN dashb | 25456 | 25477 1.93] 1.89 0.39] 0.51
— dct 25989 | 24985 | 1.90 | 1.97 | 0.28 | 0.39
e fft 25325 25804 | 1.79| 2.00 | 0.35| 0.51
mat _nul 21733 | 21729| 1.87| 1.96 | 0.24 | 0.46
Figure4: Block diagramof the GEG+TOencoder GNEG

dashb 671 803 | 0.50| 0.61| 0.74| 0.98
dct 626 672 0.53| 0.63| 0.82| 0.97
Others indicatesthe bestresult obtainedby the encoding it 569 605 1 0601 0691 0611 090
scheme<Gray [7], TO [8], Bus-irvert [6], TO+Bus-irvert, mat _mul 498 564 | 048] 0.55] 0.81 | 0.93

DualTOandDualTO+Bus-irvert[9]. As canbeseenGEG4
andGNEG4 areon averageequialentto Bead. Increasing
thesizeof theclusterdo 8 bitsincreaseshesaving by about
13%asit is possibleto exploit thetemporalcorrelationbe-
tweenthereferencesnorefully.

5.2 Addr essBus (fetch only)

Whenthe addressus is not multiplexedthe percentagef
addressem sequencéncreasesonsiderablyTable2 gives
theresultsobtainedonanaddresduscarryingreferenceso
fetchoperationslone.

In this caseT0 achieves much better savings than the
otherapproache®y exploiting the high percentagef ad-
dressesn sequencevhich do not determineary transitions
onthebus. GEG8maintainsts efficiency with averagesar-
ings of over 40%. The efficiency of TO canbe furtheren-
hancedvy usinga hybrid approactGEG8+TQ

Figure 4 shavs a schemeof how this canbe achieved.
The patternto be transmittedis encodedwith both TO
and GEG. If it is in sequencewith the previous one, the
TOencodingis transmitted,otherwisethe GEG encodingis
transmitted EventhoughGEG+TO0is extremelyefficientat
reducingthe amountof power dissipatedn the bus,in cal-
culatingthe saving accounthasto betaken of the overhead
dueto power consumptiorby the encoding/decodintpgic.
In GEG+TQ, in fact, this contribution is certainly greater
than that of both TO and GEG, asit containsthem both,
andboth areactive atthe sametime. Anotherpoint against
GEG+TQ0is thatin inheritsfrom TO the useof a signaling
line thatis notpresenin GEG.

5.3 Overal Power Analysis

Table3 givestheareadelayandpowercharacteristicsf the
encoderanddecodergeneratedy GEGfor 8-bit clusters
andthebenchmarkslescribedpreviously. Theresultswere
obtainedusing Synopsysesign Compilerfor the synthe-

Table 3: Area, delay and power characteristicof the en-
codersanddecoders.

sis, and SynopsysesignPower for the power estimation.
Thecircuitsweremappedntoa0.18um, 1.8V gate-library
from ST Microelectronics. The clock wassetto a conser

vative frequeng of 100 MHz (i.e. a period of 10 ns) for

GEGand300MHz(i.e. a periodof 3.3ns)for GNEG The
averagedelayintroducedby theencoder/decodeés, in fact,
shorterthan4 nsfor GEGandshorterthan1.3nsfor GNEG
andsolessthan40% of the clock cycle is dedicatedo en-
codinganddecodingnformation.

An encodingschemeis advantageousvhen the power
saved on the bus (dueto lessactiity) is greaterthan the
powerconsumedy theencodinganddecodingblocks. The
power consumedy the bus cangenerallybe expresseds:

1
Pp = gvfdafcz

whereVy, is the supplyvoltage,a is the switchingactivity
(i.e. theratio betweerthetotal numberof transitionson the
bus andthe numberof patterngransmitted),f is the clock
frequeny and( is thecapacityof abusline (assuminghat
all thelineshave the samecapacity). Theoverall percentage
of power saved whenan encodingschemes used,ascom-
paredwith whenno encodingis used,canbe calculatedas
follows:

Pwoe_Pwe

Py = 100 x —Roe — Twe
P’U)OC

whereP,,,. is thepowerconsumedvhenno encodingstrat-
egy is used(whichthereforecorrespondso Pg) and P, is
thepowerconsumedvhenanencodingstratey is used(i.e.
thesumof the power consumedy the encoderPg, thede-
coderPp andthebus Pg). Solvingtheinequality P, > 0



benh in-seq trans GEGS8 GNEXA Gray TO GEGS8+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 [ 4306% |  37.71% | 3749% |  7018% |  80.14% |

Table2: Transitionssaving for fetchonly addressus.

Ci (pF)
| dashb| dct | fft | matmul | Average
GEG 157 | 207 | 1.51 1.57 1.68
GNEG | 0.75 | 1.34 | 0.78 0.85 0.93

Table4: The minimum capacitya busline hasto have for
theapproacho beeffective.

asafunction of Cy, we find the minimumbusline capacity
with which thereis a positive netsaving in power:

2(PE —+ PD)
dedf(awoe - awe)

Table4 summarizeshe minimumcapacitya busline hasto

C; >

(3)

have for the approachto be effective for eachbenchmark.

It is not a large valueevenfor anon-chipbusline. In fact,
awire of aboutl cmin a0.25 um is 5 pk We canthere-
fore concludethat the techniquegroposedcan effectively
beusedevenwith on-chipbuses.

6 Conclusions

In this paperwe have presentedwo GA-basedstratgies
for designingan encoderthat will minimize switching ac-
tivity on a bus. Thefirst, called GEG (GeneticEncoder
Generator)draws up a truth tablefor the encodeithatwill
minimize switching actvity on the communicationbuses
in an embeddedsystem. The second,called GNEG (Ge-
netic Netilist EncoderGenerator) evolves a populationof
encoderswith the dual aim of obtaining the least com-
plex structure(i.e. comprisingas few gatesas possible)
andminimizing switchingactiity. The resultsobtainedon
a setof specificapplicationsfor embeddedsystemshave
demonstratedhe superiorityof our approacheswith sav-
ings of around50% on multiplexed addressuses(instruc-
tions/data)and closeto 45% on instructionaddresshuses.
In thelattercasethe TO schem¢g8] performsbetterthanthe
approacheproposechere,with averagesavingsof 70%. A
mixedtechniqueGEG+TO (in whicha GEG and TO works
concurrently)furtherenhanceshe efficiency of TO, achiev-
ing averagesavings of 80%. Finally, the low level of com-
plexity of theencodeanddecodepbtainednakeit possible
to usethemevenin anon-chipervironment.
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