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Abstract

This paper introducesa new methodolgy of evolving
electonic circuits by which the processof evolutionaryde-
signis guaranteedto producea functionallycorrect solu-
tion. Themethodemploysa mappingto representan elec-
tronic circuit on an array of logic cells that is further en-
codedwithin a genotype Themappingis many-to-oneand
thusthere are manygenotypeghat haveequalfitnessval-
ues. Genotypesith equalfitnessvaluesdefinesubgiaphs
in the resulting fitnesslandscapegeferred to as neutral
networks. Thisis further usedin the designof a neutral
networkthatconnectghecorventionalwith othermore effi-
cientdesigns.To explore sud a networka navigationstrat-
egy is definedoy which the spaceof all functionallycorrect
circuitscanbeexplored. Thepapershowghatveryeficient
digital circuitscanbeobtainedbyevolvingfromthecornven-
tional designsResultdor several binary multiplier circuits
sud asthethreeandfour-bit multipliers are reported.The
evolvedsolutionfor the three-bitmultiplier consistsof 23
two-inputlogic gatesthatin termsof numberof two-input
gatesusedis 23.3% more efficient than the mosteficient
knowncorventionaldesign.Thelogic opemtorsrequiredto
implementhis circuit are 14 ANDs, 9 XORs, and2 inver
sions(NOT). Theevolvedfour-bit multiplier consistsof 57
two-inputlogic gatesthatis 10.9% more efficient(in terms
of numberof two-inputgatesused)than the mosteficient
knowncorventionaldesign. The optimal sizeof the target
circuitsis also studiedby measuringhe lengthof the neu-
tral walksfromthe obtaineddesigns.

1. Intr oduction

The evolutionary designof electroniccircuits refersto
an autonomougprocessn which a highly efficient circuit
mayoccurin apopulationof interactinginstance®f alogic
function. The possibilitiesfor automaticdesignof elec-
tronic circuits usingevolutionaryalgorithmshave beenex-
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ploredin the analogug10, 23, 18, 2, 30, 22, 24] anddig-
ital [5, 4, 15, 6, 8, 13] domains. In generalthe methodol-
ogy of evolving circuitry andmachineryusedis mosteas-
ily describedn theframework of a simpleevolutionaryal-
gorithm. A disadwantageof suchan approachhowever is
thatthe evolution may endup with a functionallyincorrect
evolved circuit. This may causea problemif circuit evo-
lution is implementedn hardwareandfunctionallycorrect
circuit is requiredin realtime.

This paperintroducesa methodof evolving electronic
circuitsby whichtheproces®f evolutionarydesignis guar-
anteedto producea functionally correct solution. The
methodis inspiredby the concepto studythe evolutionary
designof electroniccircuits asa searchon a fitnessland-
scape. The fitnesslandscapés simply a searchspacede-
rived from the combinationof threecomponentsa set of
genotypesa fitnessfunctionby which afithessvalueis as-
signedto eachgenotypeanda neighbourhoodelationship
within the set of genotypesspecifiedby the evolutionary
operatof7]. Thesecomponentslefinethe landscapestruc-
ture that affects the evolutionary search[9, 16, 11]. The
fithesslandscapesassociatedvith the evolution of various
arithmeticfunctions,mainly the two-bit multiplier circuit,
werestudiedin [27, 29]. It wasshawn thatthe landscape
underlyinggraphis the genemlised Hamming hypercube
thatresultsin subspacewith differentcharacteristicsThe
circuit evolution landscapearecharacterisedith neutmal-
ity [28, 13] that appearedo be beneficialfor the evolu-
tionarydesignof circuitry [3], andparticularlythe three-bit
multiplier [25]. Theneutralityis alandscape&haracteristic
thatrefersto genotypeswith equalfitnessvalues[19, 21].
The setof genotypeswith equalfitnessvaluesis calleda
neutral network if the genotypegefinea connectedsub-
graphin thelandscape.

Electroniccircuitshave beenevolvedandit hasbeenre-
portedthatthe obtainedsolutionssignificantlydiffer in con-
structionfrom the corventionaldesigng15, 24, 13]. This
impliesa gapbetweerthe humandesignspaceandthe effi-
cientevolveddesigns However, thefithesslandscapasso-



ciatedwith the evolutionarydesignof an electroniccircuit

representthe spaceof all designsn suchaway thatallows

oneto constructa neutralnetwork of functionally correct
circuits, andthus,to connectthe humandesignspacewith

the othermore efficient circuits. This is referredto asthe

neutral bridge. To explorethe neutralbridge,a navigation

strat@y is definedby which onecanevolve from the con-

ventionafto moreefficientsolutions. Themethodis applied
to digital circuit evolution, particularlythe evolution of sev-

eral binary multiplier circuits. Solutionsfor the threeand
four-bit multiplier areproposedhatare23.3% andrespec-
tively 10.9% moreefficientin termsof gatesusagehanthe

cornventionaldesigns Theevolvedthree-bitmultiplier con-

sistsof 23 two-inputgatesthatin termsof logic operations
is 14 ANDs, 9 XORs, and2 inversiong(NOT). Theevolved

four-bit multiplier consists57 two-input gates. Evidence
that firstly, the three-bitmultiplier cannotbe further opti-

mised,and secondly the four-bit multiplier canbe imple-

mentedwith a lessnumberof two-input gatesis alsopro-

posed.

2. Digital Cir cuit Evolution
2.1 The Evolutionary Algorithm

The evolutionary algorithm usedin the designof digi-
tal circuitsin this paperis thatadoptedn the framawvork of
CartesiarGeneticProgrammingn whichthegenotypesre
rectangulaarraysratherthantrees[12, 14]. Thealgorithm
dealswith a populationof digital feed-forward electronic
circuitsthatareinstance®f aparticularprogram.Thepop-
ulationconsistof 1+ A genotypesvhere is usuallyabout
4. Initially theelement®f thepopulationarechoseratran-
dom. The fitnessvalue of eachgenotypeis evaluated,by
calculatingthe numberof total correctoutputsof the en-
codedelectroniccircuit in responsdo all appropriatein-
put combinations.The mechanisnof populationupdateis
implementedy truncationselectionandmutationthatim-
pliessimilaritieswith otherevolutionarytechniquesuchas
(1 + A) Evolution Strateyy [20, 1] andthe BreederGenetic
Algorithm [17]. To updatethe population the mutationop-
eratoris appliedto the fittest genotype andhence an off-
springis generatedThe offspringtogethemwith the parent
constitutethe new population.Themutationoperatoris de-
fined asthe percentag®f genesin a single genotypethat
areto be randomlymutated. In this paperthe percentage
choserresultsin 3 mutatedyenegpergenotype.

2.2 The Genotype-PhenotypeMapping
To encodea digital electroniccircuit into a genotype,

a genotype-phenotypmappingis defined. This is done
via rectangulararray of cells eachof which is an atomic

two-inputlogic gateor a multiplexer. In this paperthe al-
lowed logic gatesare AND, AND with oneinput inverted,
andXOR

In generathearrayconsistof n x m three-inputcells,
ny inputs,andno outputs. Theinputsof the arrayarethe
inputs of the representegbhenotypethatin digital circuit
evolution is a combinationakircuit. The internalconnec-
tivity of thearrayis definedby theconnectionbetweerthe
arraycells. Theinputsof eachcell areonly allowedto be
inputsof thearrayor outputsof the cellswith lower column
numbers.The internalconnectwity is alsodependenbn a
levels-ba& parametethatdefineshearrayinputsandcells
to which a cell or anarray outputcanbe connected.This
is donein the following manner Considerthatthe levels-
backparameteis equalto L. Thencellscanbeconnectedo
cellsfrom L precedingolumns.If thenumberof preceding
columnsof acellis lessthanL thenthecell canalsobecon-
nectedo theinputsof thearray In this paperthearraycells
andoutputsaremaximally connectablaincethe numberof
rowsis setto oneandthelevels-backis equalto thenumber
of columns. The gatearray outputconnectity is defined
in a similar way. The outputconnectionsf the arrayare
allowedto be outputsof cells or arrayinputs. Again, this
is dependentn the neighbourhoodlefinedby the levels-
backparameterThenumberof outputsof thearrayis equal
to the numberof outputsof the representeghenotype An
illustrationof the arrayof logic cellsis givenin Figurel.
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Figure 1. The phenotypethatis adigital circuit
is encoded within a genotype by an array of
logic cells.

The genotypeis a linear string of integersandit con-
sistsof two differenttypesof genesthat are responsible
for the functionality and the routing of the evolved array
of cells. Hence,the genotypeis definedby four parame-
ters of the array: the numberof allowed logic functions,
thenumberof rows, the numberof columns,andthelevels-
back. Thefirst parametedefinesthe functionality of logic
cells, while the latter three parametergleterminethe lay-
out androuting of the array Note that the numberof in-
putsandoutputsof the arrayare specifiedby the objective
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Figure 2. The genotype with respect the rect-
angular array of logic cells shown in Figure 1.

function. Thelogic functionsarerepresentedly lettersas-
sociatedwith the allowed cell functionality The connec-
tions aredefinedby indexesthat are assignedo all inputs
andcellsof thearray Eacharrayinput X3, is labelledwith

k—1forl £ k < ny, andeachcell ¢;; is labelledwith

anintegergivenbyny+n(j —1)+i—1forl1 <i<n

and1 < j < m. Thusthe genotypeconsistsof groupsof

four integersthatencodethe cells of thearray followedby

asequencef integersthatrepresentheindexesof thecells
connectedo the outputsof the array The first threeval-

uesof eachgrouparethe indexesof the cellsto which the
inputs of the encodedcell are connected.In this casethe
third connectioris redundansinceonly two-inputgatesare
used.Thelastintegerof thegrouprepresentthelogic func-

tion of thecell. Thegenotypeaepresentatiors illustratedin

Figure2.

3. Exploring the Spaceof Solutions

The spaceof all circuit designscanbe exploredby Evo-
lutionary Algorithms. In [13] this was seenas a process
of assemblingeircuit solutionsfrom a numberof compo-
nentpartsandtestingthemin their ervironment. Thusan
efficientsolutionmayoccurfar beyondthelimits of the hu-
mandesignspace An efficientsolutioncanalsobeattained
startingfrom the corventionaldesignby evolving moreef-
ficient modulesthat canreplaceparts(sub-circuits)of the
design. Thusthe spaceof all designscanbe explored by
moving on aneutralnetwork composeaf functionallycor
rectsolutions(Figure3). The questionthatmay arisehere
is how canonebe surethatsucha network exists?

The fitnesslandscapeassociatedvith the evolution of
digital circuitsarecharacterisedith neutrality[28] thatap-
pearedto be beneficialfor circuit evolution [3, 25. The
neutrality was revealedby studyingthe information char
acteristicsof the landscapefor the two andthree-bitmul-
tiplier circuits aswell asthe four-bit parity function [13].
The sourcesof landscapeneutrality in digital circuit evo-
lution originatemainly from the genotype-phenotyp@ap-
ping,andthey are

Neutral networks

Human design space

Neutral bridge

Space of all designs

Figure 3. The “neutral bridge” between the
human design space and the evolved more
efficient circuits in the space of all designs.

I nput redundancy Inputsof cells that are not usedin the
operatingcircuits. This refersto the casewherethe
functionof acell doesnot useall inputsof thecell.

Cdl redundancy Cellswhoseoutputsarenotconnectedn
the operatingeircuit.

Functional redundancy The casein which the numberof
cellsof adigital circuitis higherthantheoptimalnum-
berneededo implementthis circuit.

Logic equivalency A characteristiof designsin which a
(sub-)circuitcanbe substitutedvith anotherogically
equialent (sub-)circuitthat hasthe samenumberof
gates.

Phenotype equivalency The possibilityto encodea digital
circuitin differentways.

Here since only two-input gatesare used,the sourcesof
landscapeneutralityare cell redundanyg, functionalredun-
dang, logic equivaleny andphenotypesquivaleng. The
functional redundanyg, logic equivaleng, and phenotype
equialeng are hardly controllable characteristicof the
genotype-phenotypmapping, sincethey are much more
relatedto the natureof the problemandits genotyperepre-
sentation.Hencethe only way to designa neutralnetwork
of functionally correctcircuitsis to allow cell redundang.
Indeed[26] shavedthatlandscap@eutralityembeddedby
cell redundanyg is beneficialfor the evolutionarydesignof
digital circuits (agreedwith findingsin [3]), that answers
thequestiorfrom thepreviousparagraplin theaffirmative.
To evolve in a network of functionally correctcircuits,
the evolutionaryalgorithm(section2) was modifiedin the
following way: firstly, the populationis initialisedwith mu-
tatedcopiesof thecorventionaldesignandthedesignitself,
and secondly the bestgenotypein the populationalways
representhe mosteficient functionally correct circuit. A



functionally correctis the circuit with highestpossiblefit-

ness. The efficiengy of the functionally correctcircuit is

definedoy the numberof usedgates.Thelowerthenumber
of usedgatesis, the higheris the efficiency of the circuit.

In itself, this is a methodfor automaticdesignbecauséehe
evolutionis seededvith designghataregeneratedby con-
ventionaltechniquesisedin the logic synthesisof combi-
nationalcircuits.

4. Evolving Binary Multiplier Cir cuits

Solutionsof evolved multiplier circuitsaregiven. These
arethe mostefficientknown designsandthey areobtained
by evolving ontheneutralbridgefrom thecorventionalde-
signs.Theevolveddesignsareobtainednanarrayof 1 xm
cellswith levels-backsetto m. The numberof columnsm
is chosenwith respecthe evolved arithmeticfunctionand
thecellredundang neededo constructheneutralnetwork.
The allowed logic gatesis AND, XOR and AND with one
input inverted. For eachsolution, a study of the possibil-
ity for furtherreductionof the numberof gatesis alsopro-
posed.This is doneby measuringhe lengthof the neutral
walks from eachgenotyperecordedn every improvement
of the efficiengy of the circuit. The algorithm of neutral
walks asgivenin [19] is definedasfollows: startfrom a
configuration generateall neighboursselecta neutralone
atrandomthatresultsin anincreasen thedistancdromthe
startingpointandcontinuemoving until thedistancecannot
be furtherincreased Heretwo genotypeavereconsidered
asneutralif they representunctionallycorrectcircuitswith
thesamenumberof gates.

Solutionsfor the two-bit multiplier circuits are not dis-
cussedin this papersince this was exhaustvely studied
in [13] whereit was shavn that the numberof two-input
gatesof themostefficientevolvedandcorventionaldesigns
is 7 (in factthe corventionaldesignis implementedby 8
two-inputgatesoneof which canbe easilyremovedwith a
simplemanipulation).

4.1 Threex Two-Bit Multiplier

The threextwo-bit multiplier is a combinationakircuit
in which thelogic operationcarriedoutis three-bitby two-
bit multiplication. The corventionaldesignof this arith-
metic circuit requires17 two-inputlogic gates. The most
efficientdesignachievedby evolving from the corventional
solutionrequiresl3 two-inputlogic gatesThis is a 23.5%
more efficient design. The logic operatorgequiredto im-
plementthe circuit are 9 ANDs, 4 XORs, and1 inversion
(NQT). To evolve a13 two-inputgatessolutionis notavery
difficult task. Indeed55 out of 100 evolutionary runs of
200,000 generationgjave 13 gatessolutions. Thesewere

evolvedonanarrayof 1 x 17 cells,allowing thecell redun-
dang to increasaluringtherun.
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Figure 4. The threextwo-bit multiplier circuit
evolved from the conventional design. The
circuit consists of 13 two-input gates: AND,
XOR and ANDwith one input inverted.
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Figure 5. The length of neutral walks on the
“neutral bridge” for the threextwo-bit multi-
plier: (a) the number of redundant genes, and
(b) the average length of 1,000 neutral walks
per recorded genotype.

A simple obsenation of the evolved designsrevealed
that someof the circuits are similar in constructionespe-
cially thoseachievedin longerevolutionaryrunsfor which
theincreasef theefficienoy wasimplementedjateby gate.
An exampleof sucha designis shavnin Figure4. Thecir-
cuit seemso be the mostefficient sincethe length of the
neutralwalks measuredor eachrecordedgenotypetends
towardsthe numberof redundangenesshownn in Figureb.
Thefiguregivesthelengthof the neutralwalksaveragedn
1,000 walks (indicatedwith diamonds}ogethemwith stan-



darddeviations. The line representshe numberof redun-
dantgenesresultingonly from input and cell redundany.
Thesecharacteristicare obtainedfor an arrayof 1 x 17
cells. For anarrayof n x m cells,thenumberof redundant
genesdefinedby the two typesof redundang is equalto
nm + 3r. wherer, is the numberof redundantells. The
differencebetweerthe lengthof the neutralwalks andthe
numberof redundangenesobtainedfor the mostefficient
designis to be expectedsincethecircuit is logically equiv-
alentto mary differentdesignswith the samenumberof
gates.
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Figure 6. The threextwo-bit multiplier circuit
evolved from the conventional design - a
strange solution. The circuit consists of 13
two-input gates: AND, XOR and ANDwith one
input inverted.

The circuits that differ in constructionfrom the afore-
mentioneddesignscan be classifiedas strangesolutions.
Indeedthe examplein Figure6 is strangein that how the
multiplicationis carriedoutin thecircuit. For instancepne
of the AND gatesin the mostleft columnof gateshasbeen
transferredo XORandmovedto theright. Furtherobsera-
tion shavedthatsuchsolutionsusuallyappeain very short
runs characteriseavith sharpincreasen the efficiengy of
the bestcircuit. It canbe assumedhat thesedesignsare
not typical evolutionarydesignssincethey seemto occur
accidentally

4.2 ThreexThree-BitMultiplier

It is relatively easyto evolve a 24 two-input gatessolu-
tion for thethreexthree-bitmultiplier (three-bitmultiplier)
circuit'. Indeedthe 24 gatessolutionsfoundare21 in 100
evolutionaryrunsof 20 million generation®n an array of
1x 30 cells. Howeverthe24 gatessolutionis nottheoptimal
one.More efficientcircuitswereachievedby increasinghe

IThe corventionaldesignof the three-bitmultiplier circuit consistsof
30 two-inputgates.

cellredundang. Thus4 of 100 evolutionaryrunsof 20 mil-

lion generationgave 23 two-input gatessolutions. These
were evolved on an array of 1 x 35 cells, by allowing 5

redundantells. Theschematiof anevolvedthree-bitmul-

tiplier is shavn in Figure7. Thecircuit consistf 23 two-

input gatesandit is implementecby 14 AND, 9 XOR and
2 NOT logic operators.The logic operatorsshouldnot be
confusedwith two-inputlogic gates! The two-input logic

gatesare basicunits usedin the modernFPGA? technol-
ogy, while thelogic operatorsndicatebasiclogic functions
in the Booleanalgebra.The designin itself is very similar
in constructiornto other24 gatessolutionsfor the three-bit
multiplier evolvedfrom scratch. Foracomparisonpnemay
referto [13] (seealsotheappendixn [27]).
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Figure 7. The three-bit multiplier circuit
evolved from the conventional design. The
circuit consists of 23 two-input gates: AND,
XOR and ANDwith one input inverted.

The 23 two-input gatesdesignseemsan optimal solu-
tion. Indeedthe lengthof the neutralwalks from the geno-
typesrecordedin every improvementof the efficiengy of
thecircuit tendsto thenumberof redundangenegesulting
from theinput andcell redundang. The lengthof the neu-
tral walks averagedon 1, 000 walks per genotypes given
in Figure8. Theline in thefigure showns the numberof re-
dundangenegesultingfrom theinputandcell redundany.
Thesecharacteristicare calculatedfor anarrayof 1 x 35
cells. Theresultsimply thatthe functionalredundang is
maximallyreduced.

4.3 Four x Thr ee-BitMultiplier

The logic operationcarried out in the fourxthree-bit
multiplier is four-bit by three-bitmultiplication. The con-
ventionaldesignof the circuit requiresd7 two-inputgates.

2Field-Programmabl&ateArray.
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Figure 8. The length of neutral walks on the
“neutral bridge” for the three-bit multiplier:
(a) the number of redundant genes, and (b)
the average length of 1,000 neutral walks per
recorded genotype.

Initially the evolution from the corventionaldesignwasset
to proceedon an array with five redundantcells. Many

experimentswere carriedout and mary efficient solutions
werefound, the mostefficient of which required38 gates.
The length of the neutral walks from the 38 two-input
gate solution were close enoughto the numberof redun-
dantgenedo concludethatthis might be mostefficientde-
sign. However, having the experienceof evolving the 23

gatessolution for the three-bitmultiplier, the experiment
wasrepeatedvith anincreasechumberof redundantells.

Thusanotherevolutionaryrun was performedon an array
of 1 x 56 cells (9 redundantells). This gave at genera-
tion 100,984, 378 a solutionof 37 two-input gates. This

is animprovementof approximately21.28%. The evolved

fourxthree-bitmultiplier is shavn in Figurel0. It isimple-

mentedby 22 AND, 15 XOR and7 NOT logic operators.

Figure9 shows thelengthof the neutralwalks averaged
on 1,000 walks. Again, thesearerepresenteth the figure
with diamondswhile the line is the numberof redundant
genegresultingfrom the cell redundang andinput redun-
dang. The startingpointsfor the walks werethe recorded
genotypesluringthe evolutionaryrun. Althoughthelength
of the walks imply that the functionalredundang is opti-
mised,thereis a reasonto believe that the circuit canbe
implementedwith 36 two-input gates. Indeedthe length
of the walks from the genotypeof the most efficient de-
signdiffersfrom the numberof redundangenesn asmall
range,andthe reasorfor this might be the existenceof ei-
therlogic equivaleng or functionalredundang. The fig-
ure also shaws that the numberof redundantellsis high
enoughto attainfurtheroptimisation.
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Figure 9. The length of neutral walks on the
“neutral bridge” for the fourxthree-bit multi-
plier: (a) the number of redundant genes, and
(b) the average length of 1,000 neutral walks
per recorded genotype.

4.4. Four x Four-Bit Multiplier

The evolutionarydesignof the fourx four-bit multiplier
(four-bit multiplier) circuit is a very difficult task. When
comparingto the previous cases the difficulty is rapidly
increaseda consequencef the problemwith scalein the
circuit design.The corventionaldesignconsistof 64 two-
input gates.Oneevolutionaryrun of 700, 000, 000 genera-
tionswasperformed.The mostefficient four-bit multiplier
circuit attainedin this evolutionaryrun occurredin gener
ation 643,274,721, andit consistsof 57 two-input gates.
The schematif the circuit is shavn in Figure11. It can
beseenrthatit requires3s AND, 22 XOR and10 NOT logic
operations.The circuit wasevolved from the corventional
onanarrayof 67 cells. It is 10.93% moreefficientfrom the
corventionaldesignin termsof numberof gatesused.

The solutionshavn in Figure12 is not an optimal one.
This was revealedby measuringthe length of the neutral
walks from the genotypesrecordedduring the run. The
lengthof the neutralwalkstogethemwith the numberof re-
dundantgenesare depictedin Figure12. Thesecharacter
istics were estimatedn the samemanneras before. The
figure shaws thatthe functionalredundang canbe further
optimised.
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Figure 10. The fourxthree-bit multiplier circuit evolved from the conventional design. The circuit
consists of 37 two-input gates: AND, XOR and AND with one input inverted.
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Figure 11. The four-bit multiplier circuit evolved from the conventional design. The circuit consists
of 57 two-input gates: AND, XOR and AND with one input inverted.
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Figure 12. The length of neutral walks on
the “neutral bridge” for the four-bit multiplier:
(a) the number of redundant genes, and (b)
the average length of 1,000 neutral walks per
recorded genotype.

5. Discussion

A methodfor evolving electroniccircuitshasbeenintro-
duced.Themethodusesanevolutionaryalgorithmin which
theinitial populationis seedeavith the corventionaldesign
of thetargetcircuit. In factthe populationcanbeinitialised
with ary functionally correctsolution. Whatis moreim-
portanthereis how to ensurgheexistenceof anetwork that
will connectall functionallycorrectsolutions?This is pos-
sible by allowing redundang in the genotype. The geno-
typein CartesiarGeneticProgrammingepresentarectan-
gulararrayof cells (nodes)thatin digital circuit evolution
aremerelylogic gates.Thelayoutof thearrayspecifiegshe
numberof cellsusedin the evolutionarydesign.Whenthe
numberof cellsis higherthanthe numberof gatesrequired
to implementthe evolved electroniccircuit, it is saidthat
thearrayhasredundantells. Cell redundangis vitally im-
portantfor theevolutionarydesignof circuits[25]. It allows
sub-circuitsto occurthatlatermaybe connectedn the op-
eratingcircuit andthusto causeanincreasef theefficiency
of thecircuit.

The method provides an alternatve way of evolving
electroniccircuits by which a functionally correctsolution
thatmaybemoreefficientfrom thecorventionaldesign(the
startingpoint) is guaranteedThis allows the automaticde-
sign of circuits with a numberof desiable characteristics
suchasfault tolerance an optimal numberof components,
etc. Herethe methodwas appliedto digital circuit evolu-
tion andparticularlythedesignof binarymultiplier circuits.
Thereportedsolutionsaresignificantlymoreefficient than
the corventionaldesignsn termsof two-inputgatesusage.
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Figure 13. The percentage of improvements in
terms of number of two-input gates attained
for the binary multiplier circuits.

The percentagef improvementsattainedis shavn in Fig-
ure 13 (the corventionaldesignof the two-bit multiplier is
consideredn thefigurewith 8 two-inputgates).
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Figure 14. The time consumed by Pentium
200MHz computer to perform 10,000 genera-
tions with a population of 5 elements for var-
ious multiplier circuits.

Someuwill probablyarguethatthe experimentseported
in this paperaretime consuming.Indeedto attainan effi-
cientdesignfor the four-bit multiplier oneneedso evolve
millions of generations.This however doesnot represent
ary difficulty, sincel0, 000 generationfor thefour-bit mul-
tiplier with a populationof 5 elementdake on anordinary
computer(Pentium200MHz,Win95, RAM 64MB) exactly
13.3 secondsThemajorimpedimentn circuitdesignis the
problemof scaleandit comesrom theveryfastgrow of the
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Figure 15. The number of generations re-
quired to evolve the circuits reported in this
paper.

sizeof thetruth tableof the evolvedlogic function. Thisis

illustratedin Figure14. Thefigurerepresentthetime con-
sumedby Pentium200MHz computerto perform 10, 000

generationwith apopulationof 5 elementgor variousmul-

tiplier circuits. The numberof generationglsogrows with

thesizeof the circuit. Thegenerationperformedo obtain
the reportedcircuits are shovn in Figure 15 (the 7 gates
two-bit multiplier requires68 generationgrom the 8 gates
corventionaldesign). The figure revealsthat the grow is

nearlyexponential.

In this paperefficientevolveddesigndor thebinarymul-
tiplier circuits have beenproposed. Thesecircuits differ
fromtheconventionaldesigns Whencomparinganevolved
with a conventionally designedcircuit one may probably
noticethatthelogic operationcarriedoutis built in acom-
pletely differentmanner The questionhereis whatis the
mechanisnmof computationin the evolved designs? Is it
possibleto infer a principle andthusto definea methodol-
ogy for building moreefficientdesigns?All theseareques-
tionsfor futureresearch.
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