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Abstract

With the increasingcomputationapower of computerssoftware designsystemsare pro-
gressingrom beingtoolsfor architectsanddesignerso expressheirideasto toolscapable
of creatingdesignsunderhumanguidanceOneof themainlimitationsfor thesecomputer
automateddesignprogramsis the representationvith which they encodedesignslf the
representatiocannotencodea certaindesign.thenthe designprogramcannotproduceit.
Similarly, apoorrepresentatiomakessometypesof designsxtremelyunlikely to becre-
ated.Herewe de ne geneative representationgsthoserepresentationghich cancreate
andreuseorganizationalunitswithin a designandarguethatreuseis necessaryor design
systemsto scaleto more complex and interestingdesigns.To supportour agumentwe
describeGENRE, an evolutionary designprogramthat usesboth a generatie anda non-
generatie representatiorandcomparethe resultsof evolving designswith both typesof
representations.

1 Intr oduction

As computersdecomanorepowerful, softwaredesigntoolsarebecomingncreas-
ingly more powerful tools for architectsand designergo expresstheir ideas.In
addition, the useof arti cial intelligencetechniqueshasenabledthesesoftware
packagego assistin the designprocesgshemseles.Already computerautomated
designsystemshave beenusedfor the designof antennas,ywheels, load cells,
trussesrobotsandotherstructuregBentley, 1999;Bentley & Corne,2001).While
theseprogramshave beensuccessfult producingsimple,albeit novel artifacts,a
concernwith thesesystemss how well their searchability will scaleto the larger
designspacesssociateavith morecomple artifacts.In engineeringandsoftware
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developmentcomple artifactsareachiaredby exploiting the principlesof regular
ity, modularity hierarchyandreuse which canbe summarizedsthe hierarchical
reuseof organizationalnits.

Breakingdown a computerautomateddesignprograminto its separatanodules
yieldstherepresentatiofor encodinglesignsthealgorithmfor exploringthespace
of designghatcanberepresentedindthe tness functionfor scoringthegoodness
of a particulardesign.ldeally, the ability of the designprogramto createmultiple
layersof organizationalnits shouldbeindependentf how designsarescoredin
addition, the algorithm for exploring the spaceof designscanonly nd designs
thatcanbe expressedy the choserrepresentatiorf-or example,in optimizingthe
dimensionson a design,the designprogramcanonly producedesignghatfall in
the pre-speci edparametespaceandno modi cation of the searchalgorithmcan
affect the degreeof reusein the resultingdesigns.Thusfor computerautomated
designsoftwareto achieve designswith multiple layersof reusableorganizational
units thesesoftware systemanustusea representatiocapableof encodingsuch
designs.

Representatiorf®r computerautomatedlesigncanbedividedinto severalclasses.
At thetoplevel representationsanbesplit into parameterizationandopen-ended
representationsParameterizationsire the classof representationgn which the
topologyof the designis pre-speci edandthe searchalgorithmis performingnu-
merical optimizationon a setof parameterssuchasthe dimensionson a design.
In contrastwith open-endedepresentationthe spaceof designtopologiescanbe
exploredtherebyallowing new typesof designgo bediscovered.Sincewe arein-
terestedn the ability of a designprogramto createtruly novel designswe focus
on open-endedepresentationg\n importantdistinctionbetweerclasseof open-
endedrepresentationis whetheror notthey aregeneratre. With a geneativerep-
resentatiorelementsof anencodedlesigncanbe usedmultiple timesin mapping
from the encodedlesignto the actualdesignandwith a non-geneative represen-
tationeachelementin anencodedlesignis usedat mostonce.For example,with
ageneratre representatiothe designof atablecouldencodehespeci cationof a
tableleg onceandthenfor eachoccurrencef atableleg therewould be a pointer
to look at this speci cation.Using a non-generatie representatiotherewould be
copiesof the speci cationof thetableleg at eachplacewhereit is used.

Being ableto reusepartsof a designimprovesthe ability of generatre represen-
tationsto scalein compleity andnumberof parts.In the rst case designsoften
have dependenciesuchthat changingonecomponenin a designrequiresthe si-
multaneoushangen anothercomponentFor example,in creatinga designfor a
dining-roomtable the length of eachtableleg is dependenbn the lengthsof all
the otherlegsin the tableandit is only usefulto changethe lengthsof all legs
together By having a singledescriptionof a tableleg, with referencedo this de-
scription at eachplacewhereit is used,all table legs are changedby changing
thisonedescription With anon-generatie representatiothe searctprogrammust



nd andchangeall occurrence®f a leg together but this is feasibleonly when
the dependencieareknown beforehandandnot whenthey arecreatedduring the
searchprocesslin the secondcase asthe numberpartsin a designincreaseshere
is anexponentialincreasdn the sizeof the designspace Sincesearchconsistsof
iteratively making changedo designsthat have alreadybeendiscovered,this in-
creasdn thedesignspacereducegherelative effect of changinga singlepartin a
designandincreaseshe numberof changesieededo navigatethe designspace.
Increasingheamountof changanadebeforere-evaluatinga designis notaviable
solutionbecaus¢hisincreasgroduces correspondinglecrease the probability
thattheresultingdesignwill be animprovementWith a generatre representation
theability to reusepreviously discoveredassembliesf partsby eitheraddingor re-
moving copiesenabledarge, meaningfulmovementsaboutthe designspaceHere
the ability to hierarchicallycreateandreuseorganizationalunits actsasa scaling
of knowledgethroughthe scalingof the unit of variation.

2 A Generative Representation

Generatire representationasrede ned asary typeof representatiothatallows for
the creationand reuseof organizationalunits in a design.Within this de nition
thereare mary different methodsby which reusecan be achieved. The genera-
tive representationsedhereis a kind of computedanguagewithin which design-
constructingprogramsarewritten. This languageconsistsof a framework for de-
sign constructionrules and a set of theserules de nes a programfor a design.
Designsarecreatedoy compilinga designprograminto anassemblyprocedureof
constructiorcommandsndthenexecutingthis assemblyproceduren the module
which constructglesignsSinceit is ageneraframenork for encodingdesignghe
persorusingthis frameavork mustsupplythe setof design-constructionommands
andadesignconstructor

Therulesfor constructinga designconsistof arule headfollowed by a numberof
condition-bodypairs.For examplein the following rule,

therule headis A( , ), the conditionis andthe bodyis B( +1)c
D( +0.5, -2).A completeencodingof adesignconsistof a startingcommand



andasequencef rules.For examplethe a designcouldbeencodeds,

Throughan iterative sequencef replacingrule headswith the appropriatebody
this programcompilesasfollows,

1. PO(4)

2. [ P1(6)] a(1)b(3)c(1)PO(3)

3. [ [b(®)]d1) (4] a(d)b(3)c(1)[ P1(4.5)] a(1)b(3)c(1)PO(2)
4

[ [b(®)]d(1) #]a@)b@)c(1)[ [b(4.5)]d(1) (4)]a(l)b(3)
c(1)[ P1(3)] a(1)b(3)c(1) PO(1)

5. [ [b(6)]d(1) (4)]a(l)b(3)c(1)[ [b(4.5)]d(1) (4)]a(1)b(3)
c()[ [b(3)]d(1) (4)]a(l)b(3)c(1)

6. [[Db(6)] d(1)[ b(6)] d(1)[ b(6)] d(21)[ b(6)] d(1)] a(1)b(3)c(1)]
[ b(4.5)] d(1)[ b(4.5)] d(1)[ b(4.5)] d(1)[ b(4.5)] d(1)] a(1) b(3)
cglg l[3([ ;3(3)] d(1)[ b(3)] d(1)[ b(3)] d(2)[ b(3)] d(1)] a(1) b(3)
c(1)b(3

A graphicalversionof the generatre representatiorescribedhereis shown in
gure 1l.a,andthe sequencef assemblyproceduregeneratedy it areshaovn in
gure 1.b In theseimagesrule-headsymbolsarerepresentethy cubeswith lines
connectinghemto their condition-bodypairs,grey spheresepresenthecondition
andthe symbolsfollowing it arethe body The sequences startedwith the rst

cube(herea blue andyellow one)andthe sequencef symbolsbelowv it arethe
assemblyproceduregeneratedftereachiterationof parallelreplacement.

To createdesignswith this type of generatre representationthe non-rule-head
symbolsare interpretedas constructioncommandsn a designconstructionlan-
guage.For example,three-dimensionabbjectscan be constructedoy creatinga
languagdor addingcubesn athree-dimensionairid:

back , movein thenegative X direction units.

clockwise , rotateheading aboutthe X axis.
counter-clockwise , rotateheading aboutthe X axis.
down , rotateheading aboutthe Z axis.

forward , movein thepositive X direction units.

left , rotateheading abouttheY axis.
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(b)

Fig. 1. Graphicalversionof the generatie representationa); alongwith the sequencef
stringsproduced(b).




(a) (b)

Fig. 2. Two treestructuregproducedrom the samesetof ruleswith differentstartingcom-
mands.

right , rotateheading abouttheY axis.

up ,rotateheading aboutthe Z axis.

] , popthetop stateoff the stackandmakesit the currentstate.
[ , pushthecurrentstateto the stack.

With this design-constructiofranguagea designstartswith a single cubein a
three-dimensionajrid andnew cubesareaddedwith the commanddorward()
andback() . The currentstate,consistingof location and orientation,is main-
tainedandthecommandslockwise()  , counter-clockwise() ,down() ,
left) ,right() ,andup() changedheorientationA branchingn designcon-
structionis achiezedthroughthe useof thecommandg and] , which push(save)
andpop (restoreXhe currentstateontoa stack.

Using the key: a = up, b = forward, ¢ = down, andd = left; the abore example
becomes,

andcompilesinto thesequence:



[ [ forward(6) ] left(1) [ forward(6) ] left(1) [ forward(6) ] left(1) [
forward(6)] left(1)] up(1)forward(3)down(1)[ [ forward(4.5)] left(1)
[ forward(4.5)] left(1)[ forward(4.5)] left(1)[ forward(4.5)] left(1)]
up(1)forward(3) down(1)[ [ forward(3)] left(1) [ forward(3)] left(1)
[ forward(3)] left(1)[ forward(3)] left(1)] up(1)forward(3) down(1)
forward(3)

Executingthis assemblyprocedurgroduceghe structureshovn in gure 2.a.In-
terestingly the rulesof this designprogramencodefor afamily of designsandby
usinga differentstartingcommandlifferentdesignscanbe created The designin
gure 2.bis createdby usingthe startingcommand insteadof

3 GENRE: An Evolutionary DesignSystem

To demonstratehe advantagesf generatie representations/e use GENRE, an
evolutionarydesignsystemfor creatingdesigngHornby, 2003a) GENREconsists
of severaldesignconstructorand tness functions,the compilerfor the generatie
representatioandanevolutionaryalgorithm(EA) for searchinghedesignspaces.
EAs arean optimizationtechniqueinspiredby naturalevolution (Mitchell, 1996;
Michalewicz, 2000)that hasbeenusedbothin engineeringlesignandalsoin the
creationof differenttypesof art. The EA is the modulethatdrivesGENREandit
operatedy processing populationof designgmembersf which arecalledindi-
vidualg encodedwith the generatre representationSearchis startedby creating
aninitial randompopulationof individualsandevaluatingeachof thesewith auser
de ned tness function a mathematicaéxpressionfor scoringthe goodnesf a
design.The EA thencreatesuccessie new populationsby selectingthe betterin-
dividualsof thecurrentpopulationandapplyingsmallamountsof variationto their
encodingo producenew individualsin a new population.

Thetwo variationoperatorghatareusedto producenew individualsaremutation
andrecombinationMutation createsa new individual by copying the parentindi-
vidualandmakingasmallchange€o it, suchasby replacingpnecommandwvith an-
other perturbingthe parametem a commandby adding/subtracting smallvalue
to it, or adding/deletinga sequencef commandsn a rule body. Recombination
takestwo individualsasparentsandcreatesa new individual by makinga copy of
the rst parentandtheneitherexchanginga rule with the secondparent,or ran-
domly replacinga sequenc®f commandsn onebody with a sequencdrom the
secondparent.

Designscanbeencodedwvith eitherthe generatie representatiodescribedn sec-
tion 2 or a non-generatie representatiorf-or designsencodedwvith the generatre
representatiothe designprogramis rst compiledinto a sequencef construction
commandsalledanassemblyrocedureThisassemblyprocedureas thenexecuted



by the designconstructorto producethe encodeddesign.For the non-generatie
representatiorachindividual in the populationis an assemblyprocedurewhich
speci es how to constructthe design.We implementthis assemblyprocedureas
a dggenerateversionof the generatre representatiomvhich hasonly a singlerule
in which the conditionalwayssucceedandthe body consistonly of construction
commandslmplementinghenon-generatie representatiom thesameway asthe
generatie representatioallows usto usethe sameevolutionaryalgorithmandthe
samevariationoperatorswith the only differencebetweernthe two representations
is the ability to hierarchicallyreuseelementsof encodeddesigns.Oncea design
hasbeenconstructedysingeitherthe generatre or non-generatie representation,
it is evaluatedfor how goodit is with theuserde ned tness function.

4 Evolution of Tables

The rst designproblemwe apply GENREto is theevolution of tables.The tness

of atableis a productof its height,surfacestructure andstability, divided by the

numberof excesscubesused.Theheightof atableis the heightof the highestcube
in the designandthe value of a table's surfacestructureis the numberof cubes
at this height. Stability is a function of the volume of the table andis calculated
by summingthe areaat eachlayer of the table. Sincemaximizing height,surface
structureand stability typically resultin table designsthat are solid volumes,a

measureof excesscubesis usedto reward designsthat usefewer bricks and its

valueis thenumberof cubesnotonthe surface.
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Fig. 3. Fitnesscomparisorbetweerthe non-generate and generatie representationsn
evolving tables.

To comparethe generatre and non-generatie representationgve ran fty trials
with eachrepresentatiom agrid of 40 40 40cubesForeachtrial theevolution-
ary algorithmwascon guredto runfor two thousandjenerationsvith apopulation
of two hundredindividuals.The graphin gure 3 containsthe resultsof theseex-
periments Evolution with the generatie representatiomcreasedn tness faster
thanwith the non-generatie representatiomndhada higher nal average tness
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Fig. 4. Evolved tables:(a) the besttable evolved usingthe non-generate representation;
(b) thebesttableevolvedusingthegeneratie representatior(c)-(f) areothertablesevolved
usingthe generatie representatiowith variationsof the original tness function.

of approximately ve hundredthousandversusa nal averageof just undertwo
hundredthousandwith the non-generatie representationn addition,the greater
leveling off off the tness curve with the non-generatie representatiosuggests
thatit doesnot handleincreasediesigncompleity aswell asthegeneratrerepre-
sentation.

Imagesof tablesevolved with the two representationshown the different styles
achieved with them.Examplesof the besttable evolved with eachrepresentation,
alongwith additionaltablesevolvedwith the generatre representatiorareshavn
in gure 4. Thenumberof partsin thesetablesrangefrom underathousando 5921
for the tablein gure 4.d (createdwith a generatie representation)in general,
tablesevolved with the non-generatie representatiomre irregular and evolution
with this representationendsto producedesignsin which tablesare supported
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Fig. 5. Performanceomparisorbetweerthe non-generatie representatioandthe gener
ative representatioon evolving robots.

by only oneleg. The likely reasonfor this is thatit is not possibleto changethe
lengthof multipletable-legssimultaneouslyvith thenon-generatierepresentation,
so the bestdesigns(thosewith the highest thess) had only one leg that raised
the surfaceto the maximumbheight.In contrasttablesevolvedwith the generatre
representatiohave areuseof partsandassembliesf partsandaresupportedvith
multiple-legs.

5 Evolution of Robots

The next classof designsubstrateon which the non-generatie and generatre
representationare comparedis that of designingrobotsin a simulated,three-
dimensionaknvironment.Robots(called genobotsfor onescreatedwith the gen-
eratve representationgire constructedn a methodthat is similar to the that of
building tablesalthoughinsteadof working with cubesthe commandsn this de-
signsubstratepecifytheattachmenof rodsandactuatedoints. In additionto con-
structingthe morphologyof arobot,thereareadditionalcommandsvhich specify
the softwarefor controllingtherobot. Sincethe goalfor this classof designss to
producerobotsthatmove quickly, arobot's tnessis afunctionof how farit moved
its centerof mass.

Tentrials were performedwith eachrepresentatioand gure 5 containsa plot of
the averagedbest tness for thesetrials. After ten generationshe generatie rep-
resentatiorachieved a higheraveragethanrunswith the non-generatie represen-
tation do after 250 generationg@ndthe nal genobotsvolvedwith the generatie
representatiomre on averagemorethantentimesfasterthanrobotsevolved with
thenon-generatie representation.

Figure6 shavsthebestrobotevolvedwith eachrepresentatior-romtheseémages
it canbe seenthattherobotevolvedwith the non-generatie representatiors more
irregularthangenobotsevolved with the generatre representationn addition,in

10
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Fig. 6. Evolvedrobots:(a) the bestrobot evolved usingthe non-generatie representation;
(b) the bestrobot evolved usingthe generatre representationand(c) and(d) areresults
from additionalrunsusingthe generatre representation.

somecasegyenobotsencodedvith the generatre representatiohave two or more
levelsof reusecassembliesf componentsAdditionalrunswith thenon-generatie
representatiorfiailed to yield arny designsbetterthanthe one alreadyshown. In
contrast,additionalruns with the generatie representatioproduceda variety of
genobotswith differentstylesof locomotion,two of whichareshovnin gure 6.

6 Advantagesof a Generative Representation

Thecentralclaim of this paperis thatusinggeneratire representationsnprovesthe
evolvability of designsby capturingdesigndependencieandimproving the ability
of the searchalgorithmto navigate throughlarge designspacesn a meaningful
way. This canbe intuitively understoody looking at someexamplesof designs
evolvedwith a generatre representation.

11



(a) Original. (b) Threecorners.

(c) Narrower. (d) More surfacecubes.

Fig. 7. Mutationsof atable.

Figure 7 containsexamplesof differenttablesthatcanbe producedwith a single
changeto an encodeddesign.The original tableis shovn in gure 7.aandone
changeo its generatre encodingcanproduceatablewith: (b), threelegsinsteadof

four; (c), anarraverframe;or (d), morecubesonthesurface With anon-generatie

representatiothesechangesvould requirethe simultaneoushangeof multiple

symbolsin the encoding.Someof thesechangesnustbe donesimultaneouslhyfor

theresultingdesignto be viable,suchaschangingthe heightof thetablelegs,and
so thesechangesare not evolvable with a non-generatie representationOthers,
suchasthenumberof cubesonthe surface areviablewith a seriesof single-voxel

changesYet, in the generalcasethis would resultin a signi cantly slower search
speedin comparisonwith a single changeto a table encodedwith a generatie

representation.

Thegraphgn gure 8 arescattemplotsof thecommandlifferencebetweera parent
and child's assemblyproceduresagainsttheir changein tness on the robot de-
signproblem.Thesegraphsshow thatasthe sizeof changean theresultingdesign
increased is morelikely to beanimprovementon designsencodedvith a gener
ative representatiothanthoseencodedvith a non-generatie representationr his

12
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Fig. 8. Plotof amountof changen assemblyrocedure$rom parento child versuschange
in tness for trials evolving robots.

meanghat searchalgorithmsarebetterableto uselarge movementsn the design
spaceo navigatethroughthe designspacewith the generatre representation.

(a) Fitness:348. (b) Fitness:780.

(c) Fitness:1450. (d) Fitness2192.
Fig. 9. Evolution of afour-leggedwalking genobot.

Thatthe evolutionarydesignsystemis taking advantageof the ability to make co-
ordinatedchangeswith a generatre representatioms demonstratedby individu-
alstaken from differentgeneration®f the evolutionaryprocessThe sequencef
imagesin gure 9, which are of the bestindividual in the populationtaken from
differentgenerationsshov two changesccurring.First, the rectanglethat forms
the body of the genobotgoesfrom two-by-two ( gure 9.a),to three-by-thred g-
ure9.b),beforesettlingon two-by-threg gures 9.c-d). Thesechangesrepossible
with asinglechangeonageneratre representatiobut cannotoedonewith asingle

13



(a) (b)
Fig. 10. Two tablesfrom afamily of designs.

changeon a non-generatie representationlhe secondchangess the evolution of
the genobots legs. Thatall four legsarethe samein all four imagesstronglysug-
gestghatthesamemodulein theencodings beingusedto createhem.As with the
body, changingall four legs simultaneouslyanbe doneeasilywith the generatie
representatioby changinghe onemodulethatconstructghem,but would require
simultaneouslynakingthe samechangeo all four occurrencesf theleg assembly
proceduren thenon-generatie representation.

One other advantageof using a generatire representatioms that by encodingan
objectthrougha setof reusablerulesfor constructingt, it is possibleto encodea
classof designsThe exampleencodingof section2 canproducea family of tree-
like structuresdby changingthe agumentto the startingcommand By evaluating
anindividual with differentparameterso its startingcommandamiliesof designs
canbeevolved,suchasthetablesin gure 10 (Hornby, 2003b).

7 Conclusion

Thepurposef thiswork hasbeento arguethatfor computerautomatediesignsys-
temsto scalein complity they mustusegeneratie representationgepresenta-
tionswhichallow for the hierarchicaktonstructiorof reusablerganizationalinits.
To supporthisclaimwedescribecigeneratrerepresentatioandGENRE anevo-
lutionary designsystemfor evolving differentclassesof designsUsing GENRE
we shavedthatevolutionwith ageneratie representatioproducegableandrobot
designswith a higher tness thanwith a non-generatie representationThis t-
nessadwantages a resultof the generatie representatiogapturingsomedesign
dependenciethroughreuseandbecausehe ability to manipulatethe reusableor-
ganizationalnitsof ageneratre representatiobetterenableghesearchalgorithm
to navigatethroughthe designspace.

Thedesignghatwe canachiese arelimited only by our imaginationandthetools

14



with which we work. Similarly, the designshat computerautomatediesignsoft-
ware canachiere arelimited only by the representationwith which they operate.
The generatre representationlescribedn this paperis just oneway of allowing
organizationalunitsto be reusedn a design.Therearemary alternatves,suchas
variationsof cellularautomatamodelsof developmentabiology, aswell asactual
computemprogramsgeachwith its own strengthsandweaknesse$or now it is pre-
matureto saywhich directionis best,but asrepresentationsecomeincreasingly
morepowerful in hierarchicallyencodingorganizationaunitssotoowill computer
automatediesignsystemamprove in their ability to produceever more comple
andinterestingdesigns.
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