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Abstract

This chapteraddressethe natureof open-endedvolutionaryprocessesandtherelated but moresubtle,issueof how
fundamentahovelty (i.e. creatvity) canarisein suchprocessesA numberof existing artificial evolutionarysystems,
suchasTierra(Ray,1991),areanalysedn this contet, but it is found thatthe theoreticalgroundinguponwhich they
arebaseddoesnot usuallyconsiderall of therelevantissuedor creatie evolution. Theimportanceof consideringhe
designof the ervironment,andof interactionsbetweerindividuals,aswell asthe designof theindividualsthemseles,
is emphasisedThepropertieof ahypotheticalproto-DNA’ structure—auitableseedfor anopen-endedandcreatve,
evolutionaryprocess—ardiscussedA numberof openquestionselatingto thesdssuesarehighlightedasusefulareas
of future researchFinally, a paradigmfor an evolutionaryprocessiescribedy Waddington(1969)is described It is
suggestethatthis mightrepresené suitablestartingplacefor amoreunifiedandproductive explorationof theseissues

usingsynthetic(artificial life) modellingtechniques.

1 Intr oduction

This chapteraddressethe question: What are the basic
designconsideration$or creatingan artificial evolution-
ary systemthat displaysthe sort of creatvity obsened
in biological evolution? | am thereforespecificallycon-
sideringevolutionary systemswhich possesaninherent
ability to becreatie, ratherthanthosein which creatvity
is achievedby interactionswith ahumanobsener. | start
by discussingwhat | meanby creatvity in this context,
andhow it relateso open-ende@volution. | thendiscuss
variousissuesconcerningthe designof artificial evolu-
tionary systemsandtheir capacityfor creatve evolution.
Thediscussioremphasisethatit is necessaryo consider
not just the designof individuals,but alsothe sortof en-
vironmentsin which they live, andhow individualscan
interactwith eachotherandwith the physical(i.e. abi-
otic) ervironment. Much of this discussioris presented
in relationto a hypotheticalstructure(which | referto as
‘proto-DNA’) that would be suitablefor actingasa ro-
bustinitial seedfor an open-endedsreative evolutionary
processl goonto discusshow thesedssuesshouldbein-
tegratedinto a unifying framework in which the study of
creatve artificial evolutionarysystemsanbe developed.

2 Creativity and Open-EndedEvol-
ution

Mostformsof artificial evolutionarysystemaredesigned
to be usedas optimisationtools; the courseof evolution

is guidedby an extrinsically definedfithessfunctionthat
preferentiallyselectsindividuals that are deemedto be
fit' accordingto somespecificcriterion. Examplesin-
clude geneticalgorithms(Holland, 1975), geneticpro-
gramming(Koza,1992),and similar techniques.In this
type of systemthe evolving individualsmove towardsa
predefinedandusuallystatic,fitnesspeak,andwhenthis
peakhasbeenreachedthey generallystaythere.

In contrast,someother evolutionary systemshave a
lessdeterminatdeel. Theseinclude modelsof co-evol-
utionaryprocessesf oneform or anotherwherethe suc-
cessof organismsin one populationdependsupon the
succes®f organismsin anothey coevolving population.
Examplesof this type of work includesystemslescribed
by Hillis (1990), Sims (1994), Miller and Cliff (1994),
andFloreancetal. (1998).Hillis, for example,coevolved
a populationof algorithmsfor sorting lists of humbers,
togethemith apopulationof listswhichwereusedto test
thealgorithms.Theideawasthatthealgorithmswerere-
wardedfor correctlysortingthetestlists, whereaghetest
listswererewardedfor baffling thealgorithms.Therefore
asthealgorithmsevolvedto betterdealwith thetestcases,
sothetestcasesvolvedto presentharderchallengego
the algorithms. One populationspurredon the otherto
higherfitness andthealgorithmsobtainecdby thismethod
wereindeedconsistentlybetterandfasterthanthoseob-
tainedusingafixedsetof testcases.

However, thesecoerolutionarystudiesare gearedo-
wardsproducingorganismswhich are good at perform-
ing a particulartask. To this end, the coevolving organ-
ismsarestill generallycompetingin somepre-specified



(extrinsically defined)game,andthey are not given the
potentialfor developingentirelynew gamesdo play.

Anothergroupof modelshasmovedevenfurtherfrom
theideaof extrinsicallydefinedfitnessfunctions dispens-
ing altogethemwith the notion of modellingevolution to-
wardsary sortof high-level goal. Examplesncludemod-
elsby Barricelli (1957),ConradandPattee(1970),Pack-
ard (1988), Ray (1991), Adami and Brown (1994) and
Holland(1995).1n thesesystemsindividualsarecompet-
ing for oneor morelimited resourcesvhich they require
in orderto survive andpropagatge.g.memoryor CPU-
time). The fact thattheseresourcesarelimited induces
natural(intrinsic) selectiorfor thoseindividualsthatout-
competeheirneighboursThesesystemdiave moreof an
open-endedature pecause¢heindividualsarenotevolving
towardsary predefinedigh-level goal;they arebeingse-
lectedfor their ability to win the limited resourcesput
this ability is measuredelative to (someor all of) the
otherindividualsin thepopulation Henceanindividual's
‘fitness’ changessnew individualsarebornandexisting
onesdie. As the biotic ervironmentof anindividual (i.e.
the otherindividualsin the population)changesthatin-
dividual (or its offspring) mustadaptin orderto survive.
This adaptationjn turn, causeghe ervironmentexperi-
encedby otherorganismgo change sothe populationis
in a constantstateof flux. This scenarids equialentto
Van Valen (1973)'s Red Queenhypothesidor indefinite
evolutionarychangen biologicalecosystems.

For promotingopen-ende@volution, the importance
of individualsbeingpartof the environmentexperienced
by otherindividuals hasalsobeenemphasisedy some
memberof theartificial life community e.g.Ray(1991),
Arthur (1994) and Bedau(1998). However, the theoret-
ical considerationglriving the designof the abore sys-
temshave focussedalmostexclusively on propertiesof
individuals (e.g.the self-reproductiorprocess).Little is
said, from a theoreticalpoint of view, of how the envir-
onmentshouldbe constructedincluding how individu-
alsform partof theervironmentfor otherindividuals),or
how individualsshouldbe allowedto interact.

Someof thesdattersystemsanberegardedasmod-
elling ‘open-endedevolution’, in the sensehat new, ad-
aptively successfuindividualscontinuouslyappeain the
populations—eolutionary actiity doesnot peterout?
However, the kinds of evolutionaryinnovation obsered
in thesesystemsare generallyfairly restricted. For ex-
ample,the evolutionaryinnovationsobsened in experi-
mentswith Tom Ray’s Tierraplatform(describedn more
detailin Section3.2)fall into two broadcateyories:‘eco-
logical solutions’and‘optimisations’(Ray,1997),but the
limited interactionsdetweerindividualsin Tierrarestricts
the rangeof possibleinnovationseven within thesecat-
egories. Much hasbeensaid of the evolution of para-
siteg and relatedecologicalphenomenan Tierra (e.g.

1Althoughevenin thesesystemst is debatablevhetherthis cancon-
tinueindefinitely
2Thatis, shortprogramswhich are unableto reproduceby them-

Ray, 1991), but the factthatthey appears dueto some
fairly specificaspectof the systems designand of the
particularwayin whichtheancestraself-reproducingro-
gramswerewritten; thesephenomena&megedonly be-
causdt wasvery easyfor evolutionto discoverthem(see,
e.g.,Taylor,1999).In short,it is hardto escap¢hefeeling
thatmostof thesesystemsareonly capableof producing
innovationsof the ‘more-of-the-samevariety (e.g.more
optimisedcode) ratherthananything fundamentallynew.

It is hardto be preciseaboutwhat countsas ‘funda-
mentallynew’, but | am referringto the ability of indi-
viduals to interactwith their (biotic and abiotic) ervir-
onmentwith few restrictions,andto evolve mechanisms
for sensingnew aspect®f this ervironmentandfor inter
actingwith it in new ways. This includesthe ability of
individualsto utilise new physicalmodalities(e.g.sound,
light, electricalconductanceyvhich they previously did
notuse to developnew functionalrelationshipsvith their
ervironment(e.g.the ability to fly) andalsofor the very
notion of individuality to changein radical ways (e.g.
the evolution of multicellularorganismsfrom unicellular
ones).lt is thesesortsof evolutionaryinnovationswhich
| am labelling ‘creative’. Creatvity is thereforedistinct
from open-endedness systemcapableof open-ended
evolution is not necessarilycreatve. Biological evolu-
tion hasmanagedll of thesefeats,sothe questioris how
to instill similar capacitiesnto artificial evolutionarysys-
tems.

In the following sectionsl analysethe designof ar
tificial evolutionary systemgspecifically thosewith in-
trinsic selection)with respecto open-ende@volution. |
alsoconsidethow the capacityfor creativeevolution can
be secured The analysisemphasisethe needfor the ex-
plicit consideratiomf ervironmentsandof interactionsas
well asof individuals.

3 Designlssues

| bagin this sectionby introducingvon Neumanns work

on the logic of self-reproduction.Next | discussRay’s

Tierra modelin a bit more detail. | then analyseself-

reproductionin a numberof artificial evolutionary sys-
temsin termsof von Neumanns proposedarchitecture.
Finally, in Sections3.4to 3.6, | discusdgssuegelatingto

phenotypigropertiesandtherelationshipbetweenndi-

vidualsandthe environmentin artificial systems.

3.1 Von Neumann’s Architecture for Self-
Reproduction
In the late 1940sand early 1950s,Johnvon Neumann

devoted considerabldime to the questionof how com-
plicatedmachinescould evolve from simple machines.

sehes,but do soby readingcodefrom neighbouringorograms.
3von Neumannhaddifficulties in defining preciselywhat the term
‘complicated’meant.He said“l amnotthinkingabouthow involvedthe



Specifically he wishedto develop a formal description
of asystenthatcould supportself-reproducingnachines
which wererobustin the sensehatthey couldwithstand
sometypesof mutationand passthesemutationson to
their offspring. Suchmachinescould thereforeparticip-
atein a procesf evolution.

Inspiredby Turing (1936)s earlierwork on universal
computingmachinesyon Neumanndevisedan architec-
ture which could fulfil theserequirementsThe machine
heernvisagedvascomposeaf threesubcomponentson
Neumann1966):

1. A generalconstructivemachine,A, which could
read a descriptiong(X) of anothermachine, X,
andbuild aninstanceof X from this description:

A+¢(X)~ X 1)

(where+ indicatesa single machinecomposedf
the componentgo the left and right suitably ar-
rangedand~» indicatesaprocessf construction.)

2. A generaktopyingautomatonB, whichcouldcopy
theinstructiontape:

B + ¢(X) ~ ¢(X) )

3. A contol automaton,C, which, when combined
with A andB, wouldfirst actvateB, thenA, then
link X to ¢(X) andcutthemloosefrom (A + B+
C):

A+B+C+o(X)~ X+ ¢(X) (3)

Now, if we chooseX to be (A + B + C), thenthe
endresultis:

A+B+C+¢(A+B+C)~
A+B+C+¢(A+B+C) (4)

This complete machine plus tape, [A + B + C+
#(A + B + C)], is thereforeself-reproducing Fromthe
point of view of the evolvability of this architecturethe
crucial featureis that we can add the descriptionof an
arbitraryadditionalautomator to theinput tape. This
givesus:

A+B+C+¢p(A+B+C+D)~
A+B+C+D+¢A+B+C+D) (5

Furthermorenoticethatif theinputtape¢(A + B+
C + D) is mutatedin sucha way thatthe descriptionof
automatonD is changedbut thatof A, B and C are
unafected—thais, the mutatedtapeis ¢(A + B + C+
D')—thentheresultof the constructiorwill be:

A+B+C+D+¢(A+B+C+D) ™"
A+B+C+D +¢(A+B+C+D') (6)
objectis, but how involved its purposve operationsare. In this sense,

anobijectis of thehighestdegreeof compleity if it cando very difficult
andinvolvedthings’ von Neumann(1966).

Thereproductvecapabilityof thearchitectureés there-
fore robust to somemutations(specifically thosemuta-
tionswhich only affect the descriptionof D), sothe ma-
chinesareableto evolve. Von Neumanrpointedout that
the actionof the generalcopying automatonB, wasthe
decisive stepwhich gave his architecturahe capacityfor
evolving machinef increasectomplexity, because is
ableto copy the descriptionof ary machine,no matter
how complicatedvon Neumann;1966,p.121).This abil-
ity is clearlydemonstrateth Reactiorb above.

The original implementatiorervisagedby von Neu-
mannwas a constructve system,which Burks hasre-
ferredto both asthe ‘robot model’ andasthe ‘kinematic
model’ (AsprayandBurks, 1987,p.374). However, von
Neumanrdecidedhatthe systemwastoo complicatedo
capturen asetof rulesthatwerebothsimpleandenlight-
ening,so heturnedhis attentionto developingthe cellu-
lar automatgCA) framework with Stanislav Ulam. Von
Neumanndescribedthe detaileddesignof a self-repro-
ducingmachinein a cellular automataspace according
to the architecturedescribedabose? In this CA model,
eachof the basiccomponent®f von Neumanns archi-
tecture, A, B, C and ¢, were representeds particular
configuration®of cell stateswithin atwo-dimensionalat-
tice of cells, andthe action of the cells was defined(as
in all CA models)by the particulartransitionfunctions
usedto determinehow a cell's statechangedover time.
Recently a slightly modified and simplified version of
this designwassuccessfullymplementedn a computer
(Pesaento, 1995). One of the major achievementsof
von Neumanrs work wasto clarify the logical relation-
ship betweendescription(the instructiontape, or geno-
type),andconstruction(the executionof theinstructions
to eventually build a new individual, or phenotype)in
self-replicatingsystems.However, asalreadymentioned
andasemphasisetecentlyby McMullin (1992),hiswork
wasalwayswithin the context of self-replicatingsystems
whichwould alsopossesgreatevolutionarypotential.

3.2 Tierra

An artificial evolutionarysystemof a someavhatdifferent
designto von Neumanrs that hasreceved a greatdeal
of attentionin the lastdecadds Tom Ray’s Tierramodel
(Ray, 1991)—mentionedn Section2. Tierrais anim-
plementatiorof a virtual parallelcomputerthat cansim-
ulatethe concurreniexecutionof mary hundredf pro-
grams. The programsarewritten in a speciallydesigned
languagehatis bothrobustandsimple.Programswritten

4Thegenerakonstructie machineA of this designis oftenreferred
to asa ‘universalconstructor’.However, this termshouldbe usedwith
caution;from the above descriptionof thearchitecturet is clearthat A
canbuild ary machineX thatcanbedescribedupona tape¢(X). For
cellularautomatormodelsit canbe proved thattherearesomeconfig-
urationsthatthe universalconstructorcannotbuild (e.g. Moore, 1962;
Myhill, 1963).Thesearereferredto as‘Gardenof Eden’configurations,
astheonly way they mayexistis if they areprogrammedn astheinitial
stateof thespaceattime zero.



in thislanguagecanbe mutated(i.e. randomchangegan
be madeto them)without causinghe computetto crash.

An evolutionaryruncommencewith theintroduction
of anancestoprograminto theotherwiseemptymemory
The ancestois a hand-writtenself-replicatowhich pro-
ducesanothercopy of itself in the computers memory
whenit is run. At eachiterationof the system eachpro-
gramin the computers memoryis allowedto executea

certainnumberof instructions A smallelemenbf stochastic

behaiouris associatedvith theexecutionof themachine
instructions,e.g.anadd instructionwhich usuallyadds
oneto its operandmay occasionallyaddzeroor two in-
steadpracopy instructionmaysometimesnutateabyte
of thedatait is copying. The programsarealsosubjectto
point randommutationsat a givenlow rate. In eitherof
theseways, asa run proceedssariationsof the ancestor
programbegin to appear|If avariationretainsthe ability
to producea copy of itself, thenit too may be retained
in the populationof programsover a numberof genera-
tions. As the available memorybeginsto fill, a‘reaper’
operationis performedto kill off a numberof the pro-
grams. Programsawhich performoperationsvhich cause
their flag to be sef arekilled off quicker thanothers(by
beingadvancedup the ‘reaperqueue’),but otherwisethe
orderin which programsarekilled off is largely determ-
inedby theirage.

As mentionedin Section2, a numberof interesting
resultshave beenobtainedfrom suchevolutionaryruns.
For example,‘parasites’have appeared—shomgiecesof
codewhich run anothemprograms copying proceduren
orderto copy themseles. Hyperparasiteqparasitesof
parasiteshave alsobeenobsenred, alongwith a number
of otherinterestingecologicalphenomenéRay,1991).

AlthoughTierrawasdesignedo studyevolution,and
in particular(originally, at least)the evolution of multi-
cellularorganismsfrom unicellularones,it wasnot built
aroundary particulartheory of what the importantfea-
turesof this transitionmight have been. Therearethere-
fore no coherenttheoreticalreasondor decidingwhich
featuresshould be modelled,and which should be left
out. Thisweaknesss not specificto Tierra, but is shared
by most,if notall, of theotherTierra-like systemswhich
haveemegedoverthelastdecad€e.g.AdamiandBrown,
1994;Taylor,1997).

In describinghephilosophybehindtheTierrasystem,
Rayexplainsthat:

“. .. ratherthanattemptingo createpreb-
iotic conditionsfrom whichlife mayemenge,
this approachinvolves engineeringover the
earlyhistoryof life to designcomplec evolvable
organismsandthenattemptingo createcon-
ditions that will setoff a spontaneousvol-
utionary processof increasingdiversity and
compleity of organisms’(Ray,1991,p.373).

SExamplesncludeissuingaj np instructionwith atemplatepattern
for which no matchcanbe found, andattemptingto write to a memory
addresdor whichthe programdoesnot have write access.

However, in orderto ‘engineerover’ severalbillion years
of evolution, we would needto have a very goodideaof
the designandbehaiour of theresultingorganismsand
anunderstandingf why they hadevolvedin suchaway
(in orderto know which aspect®f theirdesignandbeha-
viour werethe mostimportantfor usto model)® Unfor-
tunatelywe do not possessuchdetailsof the organisms
which existedat this stageof evolution on Earth.

I amcertainlynot thefirst personto criticiseartificial
life modelson thesegrounds.For example,Howard Pat-
teewarnsthat “simulationsthataredependenbn ad hoc
and special-purposeulesand constraintgor their mim-
icry cannotbe usedto supporttheoriesof life” (Pattee,
1988,p.68).

To be fair, Ray doesoffer a definition of life in his
work with Tierra. He says“l would considera system
to beliving if it is self-replicating,and capableof open-
endedevolution” (Ray,1991,p.372). However, determ-
ining necessaryndsufiicient conditionsfor a systemto
be capableof open-endedvolution is half of the prob-
lem, andRay’s definition tells us nothingabouthow we
shouldgo aboutbuilding sucha system. This beingthe
casethe definitiondoesnot provide anadequateheoret-
ical groundingfor Tierraandsimilar models.

A weaknes®f Ray’s definition of life for our present
purposess thatit doesnot definewhat sortsof erviron-
mentsmight supportlife, or the sortsof ecologicalinter-
actionswhich shouldbe available. Now, it is often ar-
guedthatecologicalprocessemayplayaprimaryrolein
promotingevolutionaryactiity andthe evolutionaryin-
creasef compleity of someorganismsfor anoverview,
see(Taylor, 1999, Section2.3.1). Furthermoresomeof
the mostspectaculaexamplesof artificial evolution rely
upon coevolutionaryinteractionsbetweenorganisms,as
mentionedin Section2. This suggestghat we should
think morecarefully aboutsuchissuesyatherthantreat-
ing themin theratheradhocway thathasoftenbeenused
in thepast.This pointhasbeenmadeby Pattee who says:

“... life musthave arisenandevolvedin
anonliving milieu. In reallife we call thisthe
real physicalworld. If artificial life existsin
acomputerthe computemilieu mustdefine
an artificial physics... Whatis an artificial
physicsor physics-as-it-could-be2Without
principledrestrictionsthis questionwill not
inform philosophyor physics,andwill only
leadto disputesover nothingmorethanmat-
ters of tastein computationalarchitectures
andsciencdiction” (Pattee, 1995a,p.29).

Theadhocfeel of Tierra-like systemss a directcon-
sequencef this lack of theoreticalgrounding. The un-
manageablparametespaceof mary of themcanalsobe
attributedto this lack of direction. As a resultof these
weaknessegvenif interestingbehaiours are obsened

6Rayhimselfrecogniseshesdifficulties, but is moreoptimisticthat
they canbeovercome(Ray,1991,p.399).



in thesesystemsye areunlikely to be ableto adequately
explain themin ary generalsensewithout further sub-
stantialtheorizingandexperimentation.lt may bethata
modelof self-replicatiorandopen-endedvolutionis ne-
cessarilysomavhat comple, but, evenif this is so, the
theoreticalframevork uponwhichiit is built shouldpre-
scribetheimplementationatletailsasmuchasis practic-
ally possible.

3.3 Implicit versusExplicit Encoding

Tierra, aswell asmary of the otherartificial evolution-
ary systemamentionedn Section2, canbe analysedn
terms of von Neumann$ work. In this sectionl ana-
lyseTierrain termsof thevariouscomponentge.g.A, ¢)
of his architecture.Specifically | considerthe extentto
which thesecomponentsare explicitly encodedon the
evolving individualsthemseles, ratherthanbeingimpli-
citly encodedn the ‘laws of physics’of the ernvironment
in which they exist (i.e. the operatingsystemof the plat-
form). Now, aswe areinterestedn the evolution of the
self-reproducingndividualsin thesesystemsandasthe
inheritableinformation of eachindividual (i.e. the part
which getspassedon from parentto offspring) is con-
tained on the tape ¢ in von Neumanns architecture|
will assumethat the tapemustbe explicitly represented
in somefashion,otherwisetherewould be nothingwhich
could evolve. We cannow askwhich parts of the [A+
B + C + D] architectureare explicitly encodedon the
tapeg. Of coursegventhebehaiour of thosepartswhich
arerepresentednthetapewill still to someextentbeen-
codedin the ‘laws of physics’of the erwvironment,but |
think theanalysiss neverthelessvorthwhile.

In the caseof von Neumanns ervisagedmplementa-
tion of self-reproducingellularautomatait is clearthat
all four subcomponenté.e. A, B, C andD) arevery
explicitly encodedon thetape¢(A + B + C + D); the
ervironmentin which the automatorexistsimplicitly en-
codesonly very low-level actionsin the form of thelocal
transitionrulesof individual cells.

| would suggesthatthereproducingprogramsn Tierra
andsimilarsystemganalsosensiblybeanalysedn terms
of von Neumanns architecture.Beforel begin, | would
like to make a coupleof generapoints,which mighthelp
to reorientthe readerto my perspectie. Firstly, | be-
lieve that the notion of a phenotypefundamentallyin-
volvesinteraction with the environment(andthatthis is
theessentiatlistinctionbetweerthenotionsof phenotype
andgenotype—thdatterbeinganinformationalconcept).
Whenl talk aboutphenotypen thefollowing, therefore,
andspecificallywhenl talk abouttheautomataA, B, C
andD, | aminterestedn therole thesephenotypicstruc-
turesplay—theirfunction—rathethanthe detailsof im-
plementatioror of how thatfunctionis achieved. Secondly
notethatthe terminologycommonlyusedto describere-
producersn Tierra-like systemds somavhatdifferentto
thatusedfor von Neumannswork. Becausef the simil-

arity betweenTierra-like operatingsystemsandthoseof
standarddigital computersthe actionsof Tierranrepro-
ducersare often referredto as computationgatherthan
constructionsevenwhenareproducers in theprocesof
building a new copy of itself. However, this processof
reproductioris, of course centralto the Tierraapproach,
and| believe thatthis procedureof building a copy of a
programin a differentpart of memoryis, in all the rel-
evant details,a processof constructionin just the same
way as constructionprocessesn von Neumanns cellu-
lar automatanodel. In thefollowing, alsoremembethat
von Neumanns generalconstructingautomatonA is the
machinerywhichinterpretsthetapeto produceanenv ma-
chine(phenotype)andthegenerakopying automatorB
copiesthetapeuninterpreted.

At first sightit might seemthat thereis no separate
geneticdescriptionof the programin a Tierra-like sys-
tem. The pictureis complicatedby the factthatthe ma-
chinerywhich interpretsthe program(i.e. automatonA)
doesnotresidein the samepartof the computerin which
theprogramitself is stored.The stateinformationfor this
machinery—aprograms ‘virtual CPU’ (i.e. the instruc-
tion pointer, stacks,registers,etc.)—isgenerallyrepres-
entedin anindependenareaof memoryto theprograms
instructions. Furthermore the actual ‘interpreting ma-
chinery’ of thevirtual CPUis encodedn theglobaloper
atingsystenprovidedby theplatform,andis in thissense
implicit in the programs ernvironment. Additionally, the
control automatonC, which controlswhenthe instruc-
tionsin the programget executed,is alsoimplicit in the
partof the operatingsystemwhich governsmechanisms
suchashow a programs instruction pointeris updated
afterthe executionof eachinstruction. All thatis left to
be explicitly encodedby the program,therefore,is the
copying automatorB, andpotentiallyary otherarbitrary
automatorD.

Now, theinstructionswvhich make up the programex-
ist in an unreactve statein the system$ random-access
memory It is only whenthe controlautomatonC trans-
fersinstructiongo theinterpretingautomatorA thatthey
becomeéactive’. Lookedatin thisway, we canseethatit
is thebehaviourof theprogram(includinglooping,jump-
ing, etc.) thatis the result of automatonA interpret-
ing the unreactve geneticdescription. This behaiour is
thereforethe equivalentto the constructednachine(and
the actionsit performs—i.e.the phenotypejn von Neu-
manns design,andthe string of instructionsresidingin
therandom-accessemory(whichis normallyreferrecto
asthe program)is the tapeor geneticdescriptionof this
phenotype. It is perhapseasierto seethe distinctionif
oneconsiders parallelprogramwith multiple processes
(with differentstateinformation)usingthe sameprogram
listing.

| thereforesuggesthata self-reproducingprogramin
aTierra-like systemis consistentvith von Neumanrs ar-
chitecture. However, asautomataA and C are largely
implicit in the ervironmentin which the programgeside



(the only explicit representatiotveing the stateinform-
ationin a programs virtual CPU), and are certainly not
encodedby the individual programs,we can seethat a
‘program’, in the senseof a string of instructionsin the
systems random-accesmemory correspondso thetape
¢(B + D) in von Neumann scheme.

It is interestingto speculateon whatinformationwe
mightdesireto beexplicitly encodednastructurewhich
would be suitablefor actingasa robustinitial seedfor an
open-endedand possiblycreatve, evolutionaryprocess.
I will referto sucha structureas‘proto-DNA’. Now, we
would like our proto-DNA to be an indefinite hereditary
replicatorif it is to be sucha seed(MaynardSmith and
Szathnary,1995).1n otherwords,it shouldbeableto ex-
istin anunlimited numberof configurationsvhichretain
theability to reproducelf thecopying processs encoded
onthetapeitself, thenmutationshave the potentialto dis-
ruptits ability to bereproducedIt would thereforeseem
desirablghatthecopying automatorB of ourproto-DNA
be largely implicitly encodedn the ervironment. Note
that this would not necessarilypreventa more complic-
ated,andpossiblymorereliable,explicit copying process
B’ later evolving from (but still basedupon)the simpler
implicit processasindeedseemdo have happenediur-
ing biologicalevolution.

If the copying procedurdor our proto-DNA is impli-
citly encodedn the environment,however, ary configur
ation of proto-DNA would, all elsebeingequal,be able
to reproduceaswell asary other In otherwords,there
would be no basisfor preferentiallyselectingsomecon-
figurationsover others andthereforeno basisfor anevol-
utionary process. Specificconfigurationsof proto-DNA
mustthereforehave somespecificpropertieshatare se-
lectively significant. Models of the origin of life com-
monly presumethat thesesimple phenotypicproperties
were things suchas increasedstability of the molecule,
simplecontrolof thelocal erwvironment,catalyticactiity,
etc. (e.g.EigenandSchuster1977;Cairns-Smith,1985;
Szathnary andDemeter1987).

At theinitial stagesof anevolutionaryprocesshow-
ever, we would not expectthereto be mechanismgor
explicitly decodingthe proto-DNA; in otherwords, the
interpretatiormachinery is implicit.” This meanghat
particularconfiguration®f proto-DNA shouldhave some
specificphenotypicproperties(suchasthe ability to act
ascatalysts)which canbe determinedlirectly from their
structureratherthanhaving to be explicitly decodedrom
the genotype.We could thereforeregardthe proto-DNA
as merely (D), meaningthat particularconfigurations
have particularphenotypesssociatedvith them, which
are(a) not relatedto the procesf self-reproductiomper
sg and (b) do not requireto be decodedby an expli-
cit interpretationautomaton . Regardingthe kinds of

"We could, of course,'hard-wire’ explicit interpretationmachinery
into the system(asin the programminganguageprovided in Tierra),
but to do so would inevitably imposerestrictionson the evolutionary
possibilitiesavailable.

simple phenotypeghatwe might wish to be availableto
our proto-DNA, somepossibilitiesare suggestedy the
origin-of-life modelsmentionedpreviously, but in gen-
eralthe optionsseemendless GrahamCairns-Smithob-
senes:

“It is almosttoo easyto imaginepossible
usesfor phenotypestructures—becaudbe
specificatiorfor aneffective phenotypes so
sloppy. A phenotypehasto make life easier
or lessdangeroudor the geneghat (in part)
broughtit into existence.Thereareno rules
laid down asto how this shouldbe done”
(Cairns-Smith1985,p.106).

Proto-DNA with inherenfphenotypigropertiecanthere-
fore sene asa suitablestartingpoint for an open-ended
evolutionary process. To digressa little, with regardto
theissueof how symbolicinformationarisesin evolution
(discussedfor example,by Pattee, 1995b),this require-
mentensureshatthe mattersymbolrelationshigs inher
entin the systemfrom the beginning. The materialis se-
lectedfor its phenotypigoropertieshutit is its geneticn-
formationwhichis passe@nto its offspring. In this situ-
ation, it is necessaryo assumehatby inheritingthis gen-
otype, the offspringwill alsosharethe phenotypicprop-
erties. For example,in a simple RNA-world scenaric®
we could imaginethat moleculeswhich inherit a partic-
ular sequenceof baseswould adopta particularthree-
dimensionalstructure which might, say conferspecific
catalyticpropertiesasdemonstratethy ZaugandCech,
1986). We could thereforeregard the geneticinforma-
tion (the sequencef baseson the RNA molecule)asa
symbolicrepresentationf its phenotypicproperties(its
catalyticactionin this example).

However, therewould presumablybe a limit on the
numberof differentinherentphenotypicpropertieshese
proto-DNA structuresmight possessFurthermoreif the
proto-DNA is to reliably reproducet shouldbe a fairly
stablemolecule andthis requiremenfturtherrestrictsthe
rangeof effective phenotypigropertieghatit mighthave.
If more complicatedphenotypesareto ariselater on in
the evolutionary processtherefore,it appearsiecessary
that a strongerdistinction is introducedbetweengeno-
typesand phenotypes. The biologist C.H. Waddington
remarledthat:

“

. in practice—angerhapdecausof
aprofoundlaw of action-reaction—iis diffi-
cult (impossible?}o find a[molecule]which
is stableenoughto be an efficient storeand
atthesametime reactive enoughto beanef-
ficientoperator’(Waddington,1969,p.115).

Theadwantage®f agenotype—phenotypistinctionover
otherformsof reproductiorhave beendiscussedby mary
people;for a review, see(Taylor, 1999, Section7.2.3).

8For referenceso work on RNA worlds, seeNufio etal. (1995)and
Lazcano(1995).



For suchadistinctionto arisewith proto-DNA, werequire
thatit at leasthasthe potentialfor explicit interpretation
machinery andcontrolmachinery tobecomeasso-
ciatedwith it. This would involve someform of specific
reactionto subsectionsf informationin the proto-DNA,
but morework is neededo fully identify how this poten-
tial for explicit interpretatiormightbe assured.

3.4 Ability to perform other tasks

In the previous sectionit wassuggestedhat proto-DNA
in its primitive form shouldnot involve muchinterpreta-
tion or control machinery However, it is importantthat
somespecificphenotypicpropertiesare implicitly asso-
ciated with specific structures(i.e. thesepropertiesare
apparentvithout the needfor explicit interpretationrma-
chinery). Without the ability of individual replicatorsto
have other propertiesas well as self-reproduction the
evolving systenwill notbeveryinterestingIndeedVuller,
who, in the early partof this centurywasthefirst person
to explicitly proposean exclusively evolutionary defini-
tion of life, emphasisedhe importanceof this material
“affectingothermaterialsand,therawith, its own success
in geneticsurvival” (Muller, 1966,p.512).This pictureof
individual reproducersffecting othermaterialsreminds
usthatbiological evolution hasinvolvedthe coerolution
of interactingorganisationsatherthanof single,isolated
reproducersAs mentionedn Section3.2, mary existing
artificial evolutionary systemshave concentrateclmost
exclusively on modelling individuals, with little regard
for the principled modelling of interactionsbetweenin-
dividuals.

Nils Barricelli waswell aware of the needfor repro-
ducersto performothertaskswhenhe designechis arti-
ficial life platformin the early 1950s. He says“It may
appeatrthat the propertiesone would have to assignto a
populationof self-reproducingelementsin orderto ob-
tain Darwinianevolution are of a spectaculasimplicity.
Theelementsvouldonly haveto: (1) Beself-reproducing
and(2) Undego hereditarychangegmutations)in order
to permitevolution by a procesdasedon the survival of
the fittest” (Barricelli, 1962, pp.70-71). He goeson to
describea simplediscreteone-dimensionainodelwhere
eachcell is eitheremptyor containsan integer number
The numbersreproduceaccordingto the implicit rules
of the system,andmutationsariseundercertaincircum-
stances. This simple model thereforefulfils the funda-
mentalrequirementgor an evolutionary process. How-
ever, asBarricelli notes,this modelof evolution “clearly
shaws that somethingmoreis neededo understandhe
formationof organsandpropertiesvith acomplecity com-
parableo thoseof living organismsNo matterhow mary
mutationsoccur thenumbers .. will neverbecomeary-
thing more complex than plain numbers”(ibid. p.73).
Barricellithereforeconcentratednlookingfor the‘miss-
ing ingredient’® It shouldbe notedthat von Neumann,

9His solutionwasto requirethat elementscould only reproducen

also,wasnotsomuchinterestedn machinesvhichcould
only self-reproducebut ratherin machineswhich could
performothertasksaswell (von Neumann(1966)p.92;
seealsoMcMullin (1992)pp.174-175).

The precedingargumentsareleadingusin thedirec-
tion of requiringa form of proto-DNA which reproduces
dueto the implicit laws of the ernvironmentin which it
exists, but which alsoexplicitly specifiessomeproperties
which canbe selectedfor or againstin an evolutionary
processAt this pointwe might notethatartificial evolu-
tionary systemswhich have just thesepropertiesalready
exist, andindeedtheir useis widespreadthesearetheop-
timisationtools mentionedn Section2, suchasgenetic
algorithms(e.g. Holland (1975), Goldbeg (1989)), ge-
netic programming(e.g. Koza (1992)) and similar tech-
nigues. The differenceis that we requirea systemwith
the potentialfor alarge degreeof intrinsic adaptatiorfor
open-endedvolution, ratherthana systemwherethe se-
lection of individuals is determinedby an externally-
definedfitnessfunction (seeSection2). Intrinsic adapt-
ationis introducedwhenthe domainof interaction of the
individualsis within theevolving systemitself, andthein-
dividualsarecompetingfor limited resourcesThis is in
contrasto systemsvith anexplicitly definedfitnessfunc-
tion, wherethe replicatorsdo not directly interactwith
otherreplicators Rayrecognisedhis pointhimselfwhen
discussinghe designof artificial life platforms:

“What all of this discussiorpointsto is
the importanceof imbeddingevolving syn-
theticorganismsnto a context in which they
may interactwith otherevolving organisms.
A counterxampleis thestandardmplement-
ations of genetic algorithmsin which the
evolving entitiesinteractonly with thefitness
function, and never ‘see’ the other entities
in the population. Many interestingbehavi-
oral,ecologicalandevolutionaryphenomena
canonly emegefrom interactionamongthe
evolving entities. (Ray,1994,Section11.1).

Similar argumentdor proto-DNA with the properties
of implicit reproductionand the potentialfor explicitly-
encodedattributeswith selectve significancehave been
put forwardby Barry McMullin, who pointsout the con-
nectionwith Cairns-Smith(1985)'s generamodelfor the
original of terrestriallife baseduponinorganicinforma-
tion carriers(McMullin, 1992,p.267).

3.5 Embeddednessn the Arenaof Compet-
ition and Richnessof Interactions

In the precedingsectionsl have emphasisethe import-
anceof thedistinctionbetweenintrinsic andextrinsic se-

symbiotic associatiorwith otherelements.While this may indeedbe
animportantaspecbf the ‘missingingredient’,it is extremelydoubtful
thatit is theonlyimportantaspect.



lection. | will now discusssomeissuesinvolvedin this
distinctionin moredetail.

An essentiatequiremenfor an evolutionaryprocess
is that someform of selectionmechanismexists, sothat
somevariationsof the reproducingentitiesare favoured
over others. The selectionmechanismthereforeintro-
ducesaform of competitiorbetweertheindividualrepro-
ducers;they becomeengagedn a strugglefor existence.
The presencef sucha mechanisnimpliesthat,in some
form, theindividualscoexist in anarenaof limited capa-
city, andthat they are competingwith their neighbours
(eitherglobally or locally) for theright to bethere.

An evolutionarysystemmustthereforehave anarena
of competitionof somedescription,althoughthere are
few restrictionson the particularform it shouldtake. All
thatis requiredis thatit introducesthe conceptof a re-
sourcethatis: (a) avital commodityto individualsin the
population;(b) of limited availability; and (c) thatindi-
vidualscancompetdor (ateithera globalor local level).
Thisresourcecanusuallybeinterpretedaseneny, space,
matter or acombinatiorof these.

An issuethatarisesavhenconsideringlifferentevolu-
tionary systemss the extentto which individualsareem-
beddedin this arenaof competition. In von Neumanns
cellularautomatalesignjndividualsarefully embedded—
thereis no ‘hidden’ stateinformation (i.e. information
which is not embeddedn the cellular spaceitself). The
samecan be said of the biosphereat leastaccordingto
materialism At theotherextreme jindividualsin agenetic
algorithm(GA) have minimal embeddedness—tla@ena
of competitiormerelycontaingplaceholdersfor thechro-
mosomesandthe restrictionis generallyon the number
of individuals,regardles®f theirsize(althoughmostGAs
have constant-sizehromosomearyway). Thesetwo ex-
tremes,togetherwith intermediatesituationsarising in
TierraandAvida,!? aredepictedn Figurel. Notethatin-
dividualsin Avidaarenotreally embeddedh thearenaof
competitionat all; thetwo-dimensionaérnvironmentonly
holdspointersto the cells,in muchthe sameway asin a
GA.M In Tierra, a programs instructionsare embedded
in the arena,althougheachprogramstill hassomeaddi-
tional stateinformation(its ‘virtual CPU’ state).In Avida
thefundamentaspacdimitation appliesto the numberof
programsthatcanfit in thearenaof competitionwhereas
in Tierrait appliesto thetotal numberof instructionscon-
tainedin all of the programsn the population.

It shouldbeemphasisethatthis notionof embedded-
nessis unrelatedto the distinctionbetweenimplicit and

10Avida is an artificial life platform developedby Chris Adami and
colleaguegseeht t p: / / www. krl . cal t ech. edu/ avi da/). It is
baseduponTierra, but therearesomesignificantdifferencesespecially
in themodellingof theenvironment. For example,individual programs
occupy positionsin atwo-dimensionahrenaandareonly in directcom-
petitionfor spacewith their neighbours.

11Thatis, the two-dimensionaknvironmentin which all of the pro-
gramscosist is distinct from the one-dimensionamemoryin which
eachindividual programis stored. Furthermorejn the default settings
of Avida, programsannotreadinstructionsof neighbouringorograms,
sono parasitisnof this naturecanemenpe.
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Figurel: Embeddednessf Individualsand Richnessof
Interactiondn VariousArtificial EvolutionaryPlatforms.

explicit encodingwhich concernghe degreeto which a
processs governedby the ervironmentasopposedo a
specificobjectsituatedwithin thaternvironment. Theis-
sueof embeddednesmncerngherepresentatioof indi-
vidualsonly; it doesnot (directly) concerntherepresent-
ationof theabioticenvironment.

Relatedto the issueof physicalembeddedness that
of how restrictedis the rangeof interactionshat are al-
lowed betweenobjectswithin the arena. In a standard
GA, nodirectinteractionsareallowed betweenchromo-
somesat all; the continuedexistenceof an individual is
decidedby theextrinsically-definedelectiormechanism.
As alreadymentionedin thedefaultconfiguratiorof Avida
programsannotreadtheinstructionsof theirneighbours.
However, someextra instructionscan be enabledto al-



low thesesortsof interactionsto occur'? Although pro-

gramsin Tierra are embeddedn the arenaof competi-
tion to a muchgreaterextentthanthey arein Avida, the
rangeof interactionsallowedwith neighbouringprograms
is still fairly restricted; programscan readthe code of

their neighbourshut they cannotdirectly write to neigh-
bouringmemoryaddresses.

In contrastyon Neumanns cellular automatample-
mentationis far lessrestrictive; thetransitionrulesof the
cellularautomatalefineneighbourhooéhteractionsvhich
occurat thelevel of individual cellsandwhich therefore
do notrespecboundariedetweerindividual organisms.
This is of coursesimilar to the situationof biological or-
ganismswhichhavethefreedonto interactwith theiren-
vironmentin avarietyof waysonly limited by thelaws of
physics(althoughorganismghemselesgenerallyevolve
mechanismso restrictsuchfreeinteraction).

Fromthepointof view of theevolvability of individu-
als, the more embeddedhey are,andthe lessrestricted
theinteractionsare thenthemorepotentialthereis for the
verystructuee of theindividualto bemodified.Recallthat
this is oneaspecif my definition of creativeevolution.
Sectionsof theindividual which arenotembeddedh the
arenaof competitionare'hard-wired’andlik ely to remain
unchangedinlessspecificmechanismareincludedto al-
low themto changgandtheveryfactthatspecificmech-
anismsarerequiredsuggestshatthey would still only be
ableto changen certainrestrictedways).

Additionally, from an epistemologicapoint of view,
Pattee(1995b)pointsout thatsymbolicinformation(such
asthatcontainedn anorganismsgeneshas‘no intrinsic
meaningoutsidethecontext of anentiresymbolsystenmas
well asthe materialorganizationthat constructgwrites)
andinterprets(reads)the symbolfor a specificfunction,
sucha classification,control, constructioncommunica-
tion ...”. He amguesthat a necessarncondition for an
organismto be capableof creatve open-endedvolution
is that it encapsulatethis entire self-referentorganisa-
tion (Patteerefersto this conditionassemanticclosuse).
Fromthis it follows that organismsshouldbe construc-
ted “with the partsandthe laws of an artificial physical
world” Pattee(1995a)(p.36)12 In otherwords,theinter-
pretation(phenotypepf the symbolicinformation(geno-
type) of an artificial organismshouldbe constructecand
actwithin the artificial physicalernvironmentof the sys-
tem. Additionally, if the systemis to modelthe origin of
geneticdnformation,thenthe genotypetself mustalsobe
embeddedvithin the ervironment;thatis, the complete
semantically-closedrganisation—thentire organism—
mustbe completelyembeddedvithin the physicalervir-
onment.Pattees agumentsalsosuggesthe needfor ma-
terial, ratherthanpurely formal, models—arissueto be
discussedh Section3.6.

12Thesearethej unp- p andi nj ect instructions.

13although he alsostresseshat“some epistemicprinciplesmustre-
strictphysics-as-it-could-bié it is to beary morethancomputegames”
(Pattee,1995a).

To endthissection] briefly mentionHolland(1995)'s
work with the'Echo’ modelof comple< adaptie systems.
Echopossessemary of the featuresthat| have just ar-
guedaredesirablefor a modelof open-endedvolution.
For example: selectionin determinedntrinsically by in-
teractionshetweenEcho organismgor to useHolland’s
terminology agents)ratherthanby anexternally-defined
fitnessfunction; the processby which agentsreproduce
is implicitly definedin the Echooperatingsystemrather
thanbeingexplicitly encodedby individual agents;and
theagentsareableto performavariety of phenotypide-
haviours; Echois alsodesignediponmoreexplicit design
considerationshanwere mostearlierartificial life mod-
els; the considerationgor Echo are basedupon a core
setof principleswhich Holland believesare commonto
all complex adaptive systems. For all thesereasons)
believe Echorepresents significantadvance. However,
the structureof theindividual agents—theotion of what
it is to be an agent—isstill predefinedandthe repres-
entationof agentsis not fully embeddedn the arenaof
competition. Additionally, the interpretationof agents
chromosomess handledmplicitly by the operatingsys-
tem. Now, the systemwasdesignedn this way because
it is primarily intendedas a generalmodel of complec
adaptve systemsyatherthana specificmodel of biolo-
gical evolution. Indeed,the varioussuccessfubpplica-
tionsof Echo(e.g.SchmitzandBooth,1996;Hraberand
Milne, 1997)testify to the valueof the particularway in
which the organismandervironmentstructurehave been
predefinedjf no higherlevel structurewereimposed,it
would be difficult to modelmostcomplex adaptve sys-
temsof interest(e.g.ecologiesgeconomiesetc.).

In the context of open-endedvolution, however, the
designstill has some shortcomings. The fact that the
Echo operatingsystemimplicitly interpretsthe agents’
chromosomemmeanghatthey cannever cometo encode
arnything more than the fixed rangeof actions(e.g. of-
fence, defence,conditionalexchangeof resourcespre-
definedby the designer In Hidden Order, Holland dis-
cusseshow new meaningcanarisein a system,but ac-
knowledgeghatEchois deficientin thisrespectHolland,
1995,p.138).As Patteehassuggestedt is only whenan
organisms genotype,phenotype,and the interpretation
machinerythat produceghe latter from the former (in-
cluding the whole developmentaprocesghroughwhich
an adult phenotypes produced)—thaits, the whole se-
mantically closedorganisation—isall embeddedn the
arenaof competitionthatfundamentallynew symbolicin-
formation can arisein the genome(i.e. the generation
of geneticinformationrepresentingiew functionalrela-
tionshipsbetweerthe organismandits ervironment). In
thediscussiorof thedesirablgoropertiesof proto-DNA in
Section3.3, it wassuggestedhatthis too would initially
be interpretedimplicitly. It was, however, stressedhat
the potentialshouldexist for explicit interpretationma-
chineryto evolve, therebycreatingan explicit represent-
ation of the whole semanticallyclosedorganisationand



allowing the possibility for new symbolicinformationto
arise.

3.6 Materiality

The argumentsin the previous sectionsare bringing us
to thefundamentatjuestionof how matteris represented
in thesemodels. If thereis a representationalistinction
betweerorganismsandtheenvironmentin whichthey ex-
ist (which comesaboutby having a hard-wiredorganism
structureandby restrictingecologicalinteractions)some
of the fundamentalkconceptsassociatedvith living be-
ings,suchascompetitionfor resourcesself-maintenance
and so on, becomeill-defined. As mentionedin Sec-
tion 3.2, thesekinds of ecologicalrelationshipsnay play
averyimportantrole in promotingopen-ende@andpos-
sibly creatve) evolution. It is thereforevital thatwe con-
sidertheissuesnvolvedin modellingsuchrelationships
if we hopeto designartificial systemsvhich have theca-
pacityfor open-endedndcreatve evolution.

Oneof thetenetsof Darwinismis thatorganismsare
engagedh astrugglefor existence However, it is difficult
to identify the precisenatureof this struggle,as Darwin
himselfobsened. In TheOrigin of Specieshewrote:

“What checkghenaturaltendeng of each
speciego increasen numbelis mostobscure
... The amountof food for eachspeciesof
coursegivesthe extremelimit to which each
canincreasehut very frequentlyit is notthe
obtainingfood, buttheservingasprey to other
animalswhich determineshe averagenum-
bers of a species”(Darwin, 1859, pp.119—
120).

Thus,animportantaspecbf the strugglefor existenceis
the obtainingof food not from passve, abiotic sources,
but throughpredatorprey relationshipsin thebiological
realm thestrugglefor existencenvolvesorganismsilling
otherorganisms becausehe very stuf from which they
are constructeds a valuableresouce of matterand en-
ergy. This competitionis thereforevery mucha matterof
life or death.

It maybedifficult to identify the precisenatureof the
strugglefor existenceput it seemdikely thatthe numer
ousformsof competitioncanbe cateyorisedin termsof a
smallnumberof fundamentatesourcegasmentionedn
Section3.5). In the biospherea (speculatie) list might
be: matter enegy, spaceandinformation*

Tierra-like systemggenerallydo not have ary notion
of competitionfor matter Indeed,they cannotreally be
saidto have a notion of matterat all, in termsof funda-
mentalunitsfrom whichall structuresrebuilt, andwhich
areconseredduringreactions.Insteadwhena program

14For example, a virus requiresinformation containedin its hosts
genomein orderto reproduce.This informationis morethanthe mat-
ter from which the hosts DNA is constructedit involves a particular
orderingof matter

is writing a copy of itself, it canproducethe copiedin-

structionsspontaneouslyatherthan first having to col-

lecta copy of theindividual instructionfrom someavhere
elsein memory In otherwords, the individual instruc-
tions arerepresenteds statesof specificmemoryloca-
tions, ratherthan as units of matter asis alsothe case
in von Neumanns cellular automatamodel; thesesys-
temsareformal modelsratherthanmaterialmodels.The
only fundamentatompetitionthat existsin Tierrais for

spacgmemory)into which to divide. Thisis allocatedat

a globallevel by the Tierranoperatingsystems memory
allocationservices.

In Tierra, programsarenot evenreally competingfor
enegy (CPU-time),becausarny numberof programsare
allowedto executeinstructionsaateachtime slice;thelim-
iting factoris how mary programscanfit into the avail-
able memory In Avida the situationis somevhat dif-
ferent,asprogramscanwin more CPU-timeby success-
fully performingcertainarithmeticchallengegresented
to themby theenvironment(AdamiandBrown, 1994).

Programsn Tierracanactasresourcegor otherpro-
gramsin anotherway, by actingas‘library code’which
canbereadby their neighbourgashappensn the evolu-
tion of parasites)In otherwords,they canactasinform-
ationresourcesHowever, this is not asstrongan ecolo-
gicalinteractionaswhenoneorganismactsasaresource
of matteror enegy, in the senseahatactingasaninform-
ationresourcas notadirectmatterof life or deathfor the
host.

Theissueof how enepy is representeih thesesys-
temsis perhapsmore controversial. Somewould claim
thatit is essentiato modelcertainfundamentaénegetic
considerationée.g.Moranetal.,1997;Ruiz-Mirazoetal.,
1998). An importantpointto noteis thatall artificial life
platformshave to modelenepy at the basiclevel of de-
terminingwhena componentanperformanaction(e.g.
whenaprogramcanexecuteaninstruction,asdetermined
by the systems CPU-timeallocationscheme) Without a
theoreticalgrounding,any schemds just asarbitraryas
ary other(e.g.theschemesdn TierraandAvida). Ideally,
thesystems designshouldbebasediponexplicit consid-
erationsof how enegy shouldbe modelled.

Only whenoneorganismcanactasa resourceof en-
ergy and matterfor otherorganismsdo ecologicalcon-
ceptssuchas food websand trophic levels (which can
actasimportantdrivesfor open-endedvolution) become
relevant.

Otheradwantagesf materialevolutionarysystemsver
purelyformalsystem$ave beersuggestetly Luis Rocha:

“Material sign systemsare not universal
andcannotrepresenanythingwhatsoger, but
this turnsout to be their greatestdvantage.
Thepriceto payfor theuniversalityof formal
symbolsystemds completespecificity that
is, full descriptionof its componentsindbe-
haviour. Corversely materialsign systems
arebuilt over certainbuilding blockswhich



donotneedadescription ForinstancePNA
doesnotneedo encodenythingbutaminoacid
chains thereis no needto includein genetic
descriptionsnformationregardingthechem-
ical constituentsof aminoacidsnot instruc-
tions on how to fold an aminoacidchain—
folding comesnaturallyfrom the dynamical
self-olganizatiorof aminoacidcchains. (Rocha,
1998).

In otherwords,the genomedoesnot have to encodein-
formation aboutevery aspectof the organisms pheno-
type, becausesomefeatureswill just fall into place‘for
free’, dueto the self-olganizationapropertiesof the con-
stituentmatter This may significantly easethe problem
of evolving comple phenotypes.

4 A Full Specificationfor an Open-
EndededEvolutionary Process

Perhapshemostimportantpointto arisefrom thepreced-
ing discussioris that processesuchasself-reproduction
operatewithin an ervironmentratherthan in isolation.
Thepropertieof thisenvironment,andthewaysin which
evolving entitiesmayinteractwith it (andwith eachother),
fundamentallyinfluencethe evolutionaryprocess.

Reflectinguponthe significanceof his work on evol-
ution, andin particularon his demonstratiorof the pos-
sibility of machinesvhich couldbuild modifiedcopiesof
themseles, von Neumannsaid“It is clearthatthis is a
stepin the right direction, but it is also clearthatit re-
quiresconsiderableadditionalanalysesand elaborations
to becomeeally relevant” (von Neumann1966,p.131).

It haslong beenrecognisedhat chief amongthese
additionalanalysesand elaborationss the incorporation
of theevolutionaryprocessnto a broaderframavork that
alsoconsiderghepropertieof theervironment.Holland
hasemphasisethatthe studyof adaptatiorfinvolvesthe
studyof boththeadaptve systemsandits ervironment.In
generalterms,it is a studyof how systemscangenerate
proceduregnablingthemto adjustefficiently to their en-
vironments”(Holland, 1962, p.299). Moreover, Conrad
(1988)stressesghat “the characterizatioof the substrate
is of suchimmenseimportancefor the effectivenessof
evolution” (p.304).

Studiesof evolution in vitro, suchasOrgel (1979)s
experimentswith evolving RNA sequencessingtheviral
enzymeQ replicase have also demonstratedhe need
for a better theoretical understandingof theseissues.
MaynardSmithexplains:

“More or lessindependentlyof the start-
ing point ... the endpointis a rathersmall
molecule,some200 basedong, with a par
ticular sequencend structurethat enableit
to be replicatedparticularlyrapidly. In this

simple and well-definedsystem,naturalse-
lection doesnot lead to continuingchange,
still lessto anythingthatcouldberecognized
as an increasein compleity: it leadsto a
stableandrathersimpleendpoint. Thisraises
thefollowing simple,andl think unanswered,
guestion:Whatfeaturesmustbe presenin a
systemif it is to leadto indefinitely continu-
ing evolutionarychange?”(MaynardSmith,
1988,p.221).

The questionraisedby MaynardSmithis exactly the
oneof interesin this paper:Whatsortof system(in terms
of individuals, interactionsand environments)will give
riseto anopen-endedandpossiblycreatie, evolutionary
process?

4.1 Waddington’s Paradigm for an Evolu-
tionary Process

A characterisationf a processvhichmightbecapableof
supportingopen-endedvolution was proposedby C.H.
Waddington30 yearsago (Waddington,1969). He went
asfar asto call this characterisatiom new paradigmun-
der which biological evolution shouldbe studied. This
paradigmis of particularinterestbecauset providesa
generalcharacterisatiorof the individuals involved, of
how they interact,andof thekind of environmentn which
they reside. To my knowledge,little work hasbeende-
votedto exploring Waddington$ proposal,probablybe-
causeof thedifficultiesin capturingit fully with anana-
lytical model(thetraditionalapproachof theoreticabio-
logy). However, it is formulatedin a way which makesit
particularlyamenabldao synthetic(artificial life) model-
ling, andis thereforeanidealstartingplacefor developing
a bettertheoreticalunderstandingf open-endedvolu-
tion within anartificial life framework.

Waddingtordescribesreplicatoras“a materialstruc-
ture with acharacteristic suchthatthe presencef
with  produces in arangeof materials undercir-
cumstances ” (ibid. p.115). In otherwords, is the
characteristiof a structure  which is inheritedwhen

is replicated— is the geneticcomponenbf . The
overall scenarids summariseasfollows:

“The completeparadigmmusttherefore
includethe following items: A geneticsys-
temwhoseitems( s) arenot mereinform-
ation, but arealgorithmsor programswhich
producephenotype¢ s). Theremustbea
mechanisnfor producingan indefinite vari-
etyof newv s, someof which mustactin
aradicalway which canbe describedas‘re-
writing the program’. Theremustalsobe an
indefinite numberof environments,andthis
is assuredy thefactthatthe evolving phen-
otypesare componentf ernvironmentsfor
their own or otherspecies.Further someat



leastof thespeciesn theevolving biosystem
musthave meanof dispersalpassve or act-
ive, whichwill bring theminto contactwith
the new ernvironments(underthesecircum-
stancesptherspeciesnay have the new en-
vironmentsroughtto them). Theseerviron-
mentswill not only exert selectve pressure
on the phenotypeshut will alsoactasitems
in programs,modifying the epigeneticpro-
cessewith whichthe sbecomevorkedout
into[ s]” (Waddington,1969,p.120)1°

This generalcharacterisatiomaisessomeimportant
issuesFor example therequirementhat sactnotonly
asinformationbut alsoasalgorithms—thathey mustact
as operatorsas well as operands—Iocatethe relation-
ship betweengenotypeand phenotypeat the very heart
of the paradigm. (The samerequirementwas sugges-
ted for proto-DNA, in Section3.4.) Waddingtonpoints
out thatthe open-endedatureof his modelrelieson the
fulfillment of two conditions: (1) that  is aninfinite-
numberedset; and (2) that there are sufiicient s to
provide ssuitablefor aninfinite sub-sebf s.

The first conditionis satisfiedby the factthat s
arecomponentof s. A vital directionfor future re-
searchs theinvestigatiorof the differentsortsof waysin
which  scouldbecomponent®f s(i.e. how organ-
ismsform partof the environmentexperiencedoy other
organisms),and the evolutionary consequencesf such
choices.

Of the other condition, Waddingtonsaysthat “the
secondequirementthatthe availablegenotypesnustbe
capableof producingphenotypesvhich can exploit the
new ervironments requiressomespecialprovision of a
meansof creatinggeneticvariation... It is importantto
emphasizeahat the new geneticvariation mustnot only
be novel, but mustinclude variationswhich make pos-
sible the explorationof environmentswhich the popula-
tion previouslydid notutilize.. .. It is notsufiicientto pro-
ducenew mutationswhich merelyinsertnew parameters
into existing programmesthey mustactuallybe ableto
rewrite the programme’(ibid. pp.116-118)Thedistinc-
tion Waddingtonis makinghereis closelyrelatedto my
distinctionbetweercreatie evolutionand(merely)open-
endedevolution. Anotherimportantdirectionfor future
researchis to explore how this secondcondition canbe
satisfied.

It isworthmentioningthatsomeexistingartificial evol-
utionarysystemssuchasBarricelli (1963)'s studieswith
evolving game stratgjies, Conrad and Pattee (1970)'s
model, and Holland’s -Universes(Holland, 1976), do
havethenotionof emegentoperatorgphenotypes)How-
ever, thesephenotypegenerallyhave a limited rangeof
action, therebypreventingthe systemdrom engagingn
truly open-ende@volutionaryprocesses.

15In the original paper the final word of this paragraphappearsas
sratherthen  s. Thisis fairly clearlyatypographicakrror

Now, the requirementin systemscapableof open-
endedevolution that individual reproducerdave select-
ively significantphenotypigropertiespntop of theabil-
ity to reproduce,hasalreadybeendiscussedsee Sec-
tion 3.4). However, it may turn out that the fulfillment
of Waddington$seconctonditionwould requirereprodu-
cingstructureso possesaotjustone,but multiplepheno-
typic propertiespossiblyof differentfunctionalmodalit-
ies (e.g. catalysis, light sensitvity, motility, etc.).
MaynardSmithhasobsenredthat“it seemdobeageneral
featureof evolution thatnew functionsare performedby
organswhich arise,not de novo, but as modificationsof
pre-&isting organs”(MaynardSmith,1986,p.46). This
principle could potentially solve the problemraisedby
Waddingtonand Pattee,of how new measuringdevices
arise during evolution (anotheraspectof my definition
of creativeevolution): a structurewith multiple proper
ties might originally be selectedor oneof theseproper
ties, but it might later turn out (quite accidentally)that
someof its otherpropertiesalsoconfer(unrelatedpdapt-
ive advantagesiponthe bearerof thatstructure.In such
a scenario,an organismwhich duplicatedthis structure
mighthave anadaptie advantageoverthosepossessing
singlecopy, becauseachstructurecouldbeoptimisedor
a singleproperty In this way, the organismcanacquire
fundamentallynenv phenotypicproperties Regardingthe
issuedliscussedh Section3.6,notethattheseconsidera-
tionswould seemto requirea notion of materialityrather
thana purelyformal model.

This perspectie may bring somelight to bearupon
creatve evolution, but it also opensup a whole range
of new problemsrelating to the modelling of multiple,
andmostly (initially atleast)irrelevant, propertiesof ob-
jects. Suchquestionsrequire much more investigation,
but existing work reportedin the biological literatureon
multifunctionalenzymesnay be helpful (e.g.Kacserand
Beeby,1984).

5 Summary

In thischaptel havediscussetheconcepbf open-ended
evolution, and the introduction of fundamentanovelty
during evolution (i.e. creative evolution). Creatvity is
more subtlethanopen-endedvolution, andinvolvesis-
suessuchasthe emegenceof symbolicinformation,and
the evolution of new measuringnstruments.| have ana-
lysed some existing artificial evolutionary platformsin
terms of their ability to supportopen-endedand creat-
ive evolutionary processes.The discussionemphasises
that existing modelshave generallyconcentratean the
representatioof individuals,andthatexplicit theoretical
considerationgoncerninghe designof the ervironment
(including the issueof how individualsform part of the
ervironmentexperiencedy others,the degreeof impli-
cit versusexplicit encodingof processesand the issue
of materialversusformal models),andof the sortsof in-



teractionsallowedbetweerindividualsandtheir erviron-
ment,have often beenlacking. | have alsodiscussedhe
desirablepropertiesof proto-DNA—a hypotheticaktruc-
turewhich might be suitableto actasa seedfor anopen-
ended,and creative, evolutionary process. | suggested
thatthe capacityof this proto-DNA to reproduceshould
not be easily disruptedby mutations,andthereforethat
thereproductiorprocessshouldbeimplicitly encodedn
the ervironmentratherthan explicitly encodedon indi-
viduals. Thisledto adiscussiorof thesortsof phenotypic
propertiesthat shouldbe associatedvith specificproto-
DNA structurespn top of their ability to reproduce.In
addition,the ervironmentin which the proto-DNA exists
shouldallow unrestrictednteractionsbetweenindividu-
als, andthe representationf individualsshouldbe fully
embeddedvithin thearenaof competitionof the system,
so as not to limit the structures evolutionary potential.
| have suggestedhat the developmentof materialmod-
els, as opposedo purely formal ones,may be a useful
avenueto explore; in particular the modelling of matter
with phenotypigropertiesn a numberof differentmod-
alities. Throughoutthe paperl have highlightedvarious
openguestiongelatingto theseissueswhich needto be
addressedby futureresearch.In Section4 | describeca
paradigmsuggestethy Waddingtonwhich mightrepres-
ent a suitablestartingplacefor a more unified and pro-
ductive explorationof theseissuesusingsynthetic(artifi-
cial life) modellingtechniques.

Acknowledgements

| would like to thank JohnHallam, Nick Barton, John
Holland,Howard PatteeandMosheSipperfor usefuldis-
cussion®ntheissuesaddresseih this chapter

References

Chris AdamiandC. Titus Brown. Evolutionarylearning
in the 2D artificial life system‘Avida’. In R Brooks
andP Maes,editors,Artificial Life IV, pages377-381.
TheMIT Press1994.

W. Brian Arthur. On the evolution of compleity. In
G. Cowvan,D. PinesandD. Meltzer, editors,Comple-
ity: Metaphos, Modelsand Reality, volume XIX of
SFI Studiesin the Sciencef Compleity, pages65—
81,ReadingMA, 1994.Addison-W\esley.

W. Aspray and A. Burks, editors. Papeis of John von
Neumanrmn Computingand ComputerTheory MIT
Press1987.

Nils Aall Barricelli. Symbiogeneti@volution processes
realizedby artificial methods. Methodos 9(35-36),
1957.

Nils Aall Barricelli. Numericaltestingof evolution the-
ories. Partl. Theroeticalintroductionand basictests.
ActaBiotheoetica XVI(1/2):69-98,1962.

Nils Aall Barricelli. Numericaltestingof evolution the-
ories.Partll. Preliminarytestsof performanceSym-
biogenesiandterrestrialife. ActaBiotheoketica XVI
(3/4):99-1261963.

Mark A. Bedau.Four puzzlesaboutlife. Artificial Life, 4
(2):125-140,1998.

A.G. Cairns-Smith. Sesen Cluesto the Origin of Life.
CambridgdJniversityPress1985.

Michael Conrad. The price of programmability In
R. Herken, editor, The Universal Turing Machine: A
Half-CenturySurvey, pages285—-307.0xford Univer
sity Press;1988.

MichaelConradandH.H. Pattee. Evolution experiments
with an artificial ecosystem. Journal of Theoetical
Biology, 28:393-4091970.

CharlesDarwin. The Origin of Species JohnMurray,
London, 1859. (Reprintedin PenguinClassics,1985.
Any pagenumbersgiven in the text refer to this re-
print.).

Manfred Eigen and PeterSchuster The hypergcle: A
principle of naturalself-omganization. Die Naturwis-
sensbaften 64(11):541-5651977.

Dario Floreano,StefanoNolfi, and FrancescdMondada.
Competitive co-evolutionaryrobotics: Fromtheoryto
practice.In R. Pfeifer, B. Blumbeg, J.-A. Meyer, and
S.W Wilson, editors,FromAnimalsto Animats5: Pro-
ceedingsof the Fifth International Confeenceof the
Societyfor AdaptiveBehavior CambridgeMA., 1998.
MIT Press.

David E. Goldbeg. GeneticAlgorithmsin Seach, Optim-
izationandMachineLearning Addison-Wesley, Read-
ing, MA, 1989.

W. Daniel Hillis. Co-evolving parasitesmprove simu-
latedevolution asan optimizationprocedure.Physica
D, 42:228-23471990.

JohnH. Holland. Outline for a logical theory of adapt-
ive systems.Journal of the Associatiorfor Computing
Machinery, 9(3):297-3141962. (Reprintedin Essays
on Cellular Automata,A.W. Burks (ed.),University of
lllinois Press,1970.Any pagenumbersgivenin text
referto thisreprint.).

JohnH. Holland. Adaptationin Natural and Atrtificial
Systems University of Michigan Press,Ann Arbor,
1975.



John H. Holland. Studiesof the spontaneougmer
genceof self-replicatingsystemsusing cellular auto-
mataand formal grammars. In A. Lindenmayerand
G.Rozenbeg, editors Automatal anguajes,Develop-
ment pages385-404North-Holland New York, 1976.

JohnH. Holland. HiddenOrder: How AdaptationBuilds
Compleity. Addison-Wesle//Helix Books,1995.

PeterT. Hraberand Bruce T. Milne. Community as-
semblyin a modelecosystem.Ecolagical Modelling,
103:267-2851997.

Henrik KacserandRichardBeeby Evolution of catalytic
proteins. Journal of Molecular Evolution 20:38-51,
1984.

JohnR. Koza. GeneticProgramming: on the Program-
ming of Computes by Meansof Natural Selection
MIT Press1992.

Antonio Lazcano. Prebioticchemistry artificial life and
compleity theory: Whatdo they tell usaboutthe ori-
gin of biological systems? In F. Moran, A. Moreno,
J.J.Merelo,andP. Cha®n, editors,Advancesn Artifi-
cial Life: Third EuropeanConfeenceonArtificial Life,
Lecture Notesin Artificial Intelligence, pages105—
115,Berlin, 1995.Springer

JohnMaynardSmith. The Problemsof Biology. Oxford
UniversityPress1986.

JohnMaynard Smith. Evolutionary progressand levels
of selection. In M.H. Nitecki, editor, Evolutionary
Progress pages219-230Universityof ChicagoPress,
1988.

John Maynard Smith and Edrs Szathnary. The Major
Transitionsin Evolution W.H. FreemanQxford,1995.

Barry McMullin. Artificial Knowledg: An Evolutionary
Appmoad. PhD thesis, Departmentof Computer
Science, University College Dublin, 1992. URL:

ftp://ftp.eeng.dcu.ie/pub/alifel/bnrecmphd/.

Geofrey F. Miller and Dave Cliff. Proteanbehaior in
dynamic games: Argumentsfor the co-evolution of
pursuit-evasiontactics. In D. Cliff, P Husbands,J.-
A. Meyer, and S. Wilson, editors, From Animalsto
Animats3, Proceedingf the 3rd International Con-
ferenceon Simulationof AdaptiveBehavior(SAB’94)
pagest11-420MIT Press/Bradfor@®ooks,1994.

EdwardF. Moore. Machinemodelsof self-reproduction.

In Proceedingsof Symposian Applied Mathematics
volume14, pagesl 7—-33.The AmericanMathematical
Society 1962. (Reprintedn Essayson Cellular Auto-

mata, A.W. Burks (ed.), University of Illinois Press,
1970).

FedericoMoran, Alvaro Moreno, Eric Minch, and Fran-
ciscoMontero. Furtherstepstowardsthe realisticde-
scriptionof the essencef life. In C.G. Langtonand
K. Shimoharaeditors Artificial Life V: Proceeding®f
the Fifth InternationalWbrkshopon the Synthesigand
Simulationof Living Systemspages216—224,Cam-
bridge,MA, 1997 .MIT Press.

H.J. Muller. The genematerialasthe initiator and the
organizingbasisof life. TheAmericanNaturalist, 100
(915):493-5171966.

JohnMyhill. The corverseof Moore’s Garden-of-Eden
theorem. In Proceedingsf the AmericanMathemat-
ical Society volume 14, pages658-686,1963. (Re-
printedin Essayson Cellular Automata,A.W. Burks
(ed.),Universityof lllinois Press,1970).

JuanC. Nufio, Pablo Cha®n, Alvaro Moreno, and Fe-
dericoMoran. Compartimentatiornn replicatormod-
els. In F Moran, A. Moreno, J.J. Merelo, and
P. Chadn, editors,Advancesn Atrtificial Life: Third
EuropeanConfeenceon Artificial Life, LectureNotes
in Artificial Intelligence pagesl16-127 Berlin, 1995.
Springer

L.E. Orgel. Selectionin vitro. Proceeding®f the Royal
SocietyLondon B, 205:435-4421979.

Norman H. Packard. Intrinsic adaptationin a simple
modelfor evolution. In C.G. Langton,editor, Artifi-
cial Life, volumeVI of SantaFe InstituteStudiesn the
Sciencesf Compleity, pagesl41-155ReadingMA,
1988.Addison-W\ésley.

H.H. Pattee. Simulations,realizations,and theoriesof
life. In C. Langton,editor, Artificial Life, volumeVI
of SantaFe Institute Studiesin the Sciencef Com-
plexity, pages63-77,Reading,MA, 1988. Addison-
Weslg.. Reprintedin “The Philosophyof Atrtificial
Life”, M.A. Boden (ed.), Oxford University Press,
1996.

H.H. Pattee. Artificial life needsareal epistemology In
F. Moran, A. Moreno,J.J.Merelo,andP. Cha®n, ed-
itors, Advancesn Artificial Life: Third EuropeanCon-
ferenceon Artificial Life, LectureNotesin Artificial In-
telligence page23-38,Berlin, 1995a.Springer

H.H. Pattee. Evolving self-reference:Matter, symbols,
andsemanticlosure CommunicatiomndCognition—
Artificial Intelligence 12(1-2):9-281995b.

Umberto Pesaento. An implementationof von Neu-
manns self-reproducingnachine.Artificial Life, 2(4):
337-354,1995.

Thomas S. Ray  An approachto the synthesisof
life. In C.G. Langton, C. Taylor, J.D. Farmer and
S. Rasmusseneditors, Artificial Life I, pages371—
408.Addison-Wesle/, Redwood City, CA, 1991.



ThomasS. Ray  An evolutionaryapproachto synthetic
biology: Zenandtheartof creatinglife. Artificial Life,
1(1/2):195-2261994.

ThomasS. Ray Evolving compleity. Atrtificial Life and
Robotics1:21-26,1997.

Luis MateusRocha Selectedelf-omganizatiorandthese-
mioticsof evolutionarysystemsin S.Salthe G. Vande
Vijver,andM. Delpos,editors,EvolutionarySystems:
Biological and Epistemolgical Perspective®n Selec-
tion and Self-Oganization pages341-358.Kluwer
AcademicPublishers1998.

KepaRuiz-Mirazo,AlvaroMoreno,andFedericavioran.
Merging the enepetic and the relational-constructie
logic of life. In C. Adami, R. Belew, H. Kitano,
andC.Taylor, editors,Proceeding®f Artificial Life VI,
pages448-451MA, 1998.MIT Press.

Oswald J. Schmitzand Ginger Booth. Modeling food
web compleity: the consequencef individual-based
spatiallyexplicit behaioral ecologyontrophicinterac-
tions. EvolutionaryEcolagy, 11:379—-3981996.

Karl Sims. Ewolving 3D morphologyand behaior by
competition. In R. BrooksandP. Maes, editors, Pro-
ceeding®f Artificial Life IV, page28-39,Cambridge,
MA, 1994 MIT Press.

Eo6rs Szathnary andLaszb Demeter Groupselectionof
earlyreplicatorsandthe origin of life. Journal of The-
oretical Biology, 128:463—-4861987.

Tim Taylor. The COSMOS artificial life sys-
tem.  Working Paper 263, Departmentof Arti-
ficial Intelligence, University of Edinkurgh, 1997.
Available from htt p: //wwv. dai . ed. ac. uk/ -
dai db/ peopl e/ honmes/ ti nt/ papers/.

Tim Taylor. From Artificial Evolutionto Artificial Life.
PhDthesis,Division of Informatics,University of Ed-
inburgh, 1999.

Alan M. Turing. Oncomputablenumberswith anapplic-
ationto the entscheidungsproblenProceeding®f the
LondonMathematicalSociety Series2, 42:230-265,
1936.

L. VanValen.A new evolutionarylaw. EvolutionaryThe-
ory, 1:1-30,1973.

Johnvon Neumann. The Theory of Self-Repoducing
Automata University of lllinois Press,Urbana,lIl.,
1966.

C.H. Waddington.Paradigmfor an evolutionaryprocess.
In C.H.Waddingtongditor, Towardsa Theoketical Bio-
logy, volume2, pagesl06—128 Edinkurgh University
Press1969.

A.J.ZaugandT.R.Cech.Theinterveningsequenc&NA
of Tetrahymenas anenzyme. Science231:470-475,
1986.



