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Abstract

Linguistics must againconcentrateon the evolutionary natureof lan-
guage,so that languagemodelsare more realistic with respectto human
naturallanguageandhave agreaterxplanatoryforce. Multi-agentsystems
are proposedasa possibleroute to develop suchevolutionary modelsand
anexampleis givenof aconcreteaxperimentin the originsandevolution of
word-meanindgasedn amulti-agentapproach.

Official reference:Steels,L (1999) The puzzleof evolution. In: Kognition-
swissenschafi/ol 8 No 4.

1 Intr oduction

No onecandoubtthatlanguageavolves. This evolution takesplaceat all levels:
the soundstructure(phoneticsand phonology),the lexicon, the grammar(mor-
phologyandsyntax),andthe pragmaticsNeverthelessthehistoricalevolution of
languagehasnotbeenattheforefrontof researchn linguisticsin the20thcentury
- asit wasin the 19th century Insteadthe emphasishiasmostly beenon the de-
scriptionof the syntacticandphonologicalkstructuresf alanguageat the present
time. This paperarguesthatwe shouldput the historicalevolution of languageas
well asthestill mysteriousjuestionof the origins of languageagainon top of the
linguistic researctagenda.

Languageappeardo be a comple adaptve systemthat is constantlycon-
structedandreconstructedy its users.Takinga synchronicview andfocusingon



thecompetencef idealisedspeakergompletelymisseghis importantcharacter
istic andthereforea linguistic theoryonly providing a synchronicstaticdescrip-
tion is vastlyincomplete It would belike takingaway the evolutionarydimension
out of biology, andconsequentlyemoving its explanatoryforce. Any attemptto
definethe currentstateof a language(even idealised)is perhapseven boundto
fail becausét is not possibleto defineanobjectthatis constantlyevolving.

Thereis alsoa practicalconsequencdgnoringthe obviousfactthatlanguage
is a complex adaptve evolving systemhasgiven the false impressionthat one
canbuild naturallanguageprocessingpplicationsby defining”the” grammarof
alanguageandprogrammingt in a computersystem.The weaknes®f thistech-
nology hasbecomevery apparentNaturallanguagesystemsarebrittle andneed
heary maintenancéo keepup with the evolution of thelanguage A morerobust
technologycanonly comefrom understandingpow languageusersconstructand
reconstructheir languageasthey adaptto the languagespokenin their erviron-
mentandtry to keepup with theever changingcommunicatre challengesrising
in theircommunity

Taking the evolutionary dimensionof languageseriouslyraisessomevery
deepissuedor whatatheoryof naturallanguageshouldbelike. Theevolution of
languagemustbe an obviousfeature falling outfrom thetheoryin a naturalway,
ratherthan somethingpuzzling which needsto be explainedafter the fact. My
stratgy in this paperis to drav on biology, becauset hasa long history of evo-
lutionary models.l begin by invoking similaritiesbetweernianguageandspecies,
which leadsto ananalysisof the distinctionbetweentypologicaland population
thinking in biology andits applicationin linguistics. Througha concreteexam-
ple, I thenillustrateanew kind of languagenodelingandshov someresultsfrom
experimentswith roboticagents.

2 Languageand Species

Can alanguagebe defined?

Linguistshave beentrying to pin down whatkind of objecta languagss, but
this hasturnedoutto befar from obvious. Clearlywe cannotdefinealanguageas
thatwhatis spokenby a particulargroupof languageusers partly becauseften
peoplespeakdifferentlanguagesand partly becauseéhat would yield a circular



definition. To identify the groupwe first needto identify whatit meanso speak
thesameanguagewhich bringsusbackto theinitial question.

We cannotdefinea languageby listing its utterancesither It is generally
agreedhatalanguagehasaninfinite setof possibleutterancesmary notyet re-
alised. Linguistshave thereforetried to definea languageusingan algorithm (a
generatre grammar)thatgeneratesll the utterance®f a language But this as-
sumeghatthe rulesof the grammararestable. In the caseof naturallanguages,
they arenot. Grammarsvolvein unpredictablevays.Evenif asetof rulescanbe
writtendown thatis valid atsomepointin time, theseruleswill becomenvalid as
soonasthelanguagestartsto change Moreover, obsenationof realverbalbeha-
ior shavs thatlanguageusersall thetime deviate from whatcould be considered
ideal performancegxpressablesa setof rules. Linguistshave thereforetended
to focuson the grammarof a single (idealised)personengagingn perfectver-
bal behaior, but thisignoresthatdifferentpeoplehave differentgrammarsiueto
differenthistoriesof interactionwith othermemberf the languagecommunity
or to differentsocialor geographicaéffiliations andthat performanceleviations
may play a causakole in shapingalanguage.

Similar issueshave arisenfor defining speciesand it is not surprisingthat
thereis a vastliteraturein biology, similar to thatin linguistics,discussingvhat
theontologicalstatusof aspeciess. In theory aspeciesonsistf all organisms
which have similar characteristicsspecificallywhich caninterbreed However, it
hasturnedout to be very hardto identify suchdefiningcharacteristicseEventhe
seeminglyabsolutecriterion of interbreedings not alwaysvalid. For example,
thePlatanusoccidentalisandPlatanusorientalisaretwo specie®f treesfoundon
differentcontinentaandwith very differentstructure®f leavesandinflorescences.
Neverthelesshey interbreedyielding a mixture of bothandhave fertile offspring
(Genermont,1998).

Speciesvolve, like languagessoit is not possibleto defineonceandfor all
whatthe characteristicef aspeciesareeither No-onecanpredictwhatelephants
will looklike in amillion yearsorevenif therewill beelephantsThememberof
a speciesxhibit importantnaturalvariation, even thoughcertaincharacteristics
are much more typical than others. So a speciesis rathera moving cloud of
possiblememberswith somemoretypical than others,as opposedo a cleanly
definableenumerableet.

Circular causality



Becausat is so difficult to pin down a language,jt hasbeensuggestedhat
it is a mereepiphenomenorfChomslky,1981). But this is clearly not the case.
True, languages an emepgentphenomenonthe result of the behaior of thou-
sandsor millions of languageusers,but this emegentphenomendasa strong
causaimpactonthebehaior andlearningof eachindividual. Sothereis acausal
circularity: Theindividual languageébehaiors determin€’the” languageandthe
languageco-determineshe behaior of individuals. This top-down influenceis
establishedn two ways: (1) The languagealreadyin existencein the groupis a
strongconstrainton the behaior of anindividual. He or shehasto abideby the
systemat the risk of not beingunderstoodevenif thereis alwaysthe flexibility
to expandthe existing systemif the needarises. (2) The languagdearnerwill
be exposedmostly to examplesfrom the existing languageso thathe or shewiill
preferentiallyacquireits structuresevenif they arein constanflux.

Circular causalitiesare not unusualin living systems.For example,the path
formedby an antsocietyis an emegentphenomenornf the actionsof the indi-
vidual ants. Thereis no global coordinationnor supervisionandthe individual
antscannotoverseethetotal path. Neverthelesghe pathis morethanan epiphe-
nomenon.It playsa causalrole in the behaior of the individual ants. The path
is formedby pheromonalepositedy the antsasthey follow thetrail alreadyex-
isting. The more antsdepositpheromonehe strongerthe pathbecomesandthe
morethe pathcausallyimpactsthe behaior of the individual ants. Without the
paththe antswould movein all directionsatrandom.

A similar circular causalityholdsfor species.Becausanemberf a species
mustbe ableto interbreedtheir genesmustbe sufficiently compatible.Because
they live in the samecompetitve ecosystemthey mustbe ableto cooperatavith
eachotherand sharecultural cornventions. Evenif we have a hardtime to pin
down unequvocally the boundariesf a speciesjt neverthelessaactsasa strong
andreal constrainton whatthe future membersof a speciescanbe andhow the
presentmembersanbehae.

3 Typological versuspopulation thinking

In the early 19th century principally dueto the work of Lamarck,it waswell ac-
ceptedhatspeciegvolutionoccurredput explanationsvhy werenotsatisfactory
As is well known, Darwin putforward naturalselectionasa possibleexplanation
andthis hassincebeenlargely confirmedby obsenation andlaboratoryexper
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iment. In orderto formulatesuchan explanation,Darwin proposeda profound
paradigmshift from a typological view of specieso a populationview (Mayr,
1975).1 will arguethatsucha shift of viewpointis alsorequiredin linguistics.

The typological or essentialistviewpoint, exemplified by the work of Lin-
naeus,considersall the membersof a speciesas belongingto a certain(ideal)
type. This viewpointis directly in line with a Platonicor Cartesianphilosophy
which assumeghe existenceof ideas(perfectforms) underlyingthe perceved
variety in real objects. The typesaredistinct andthereis no gradationbetween
them.Individualsareimperfectreflectionsof theirtypes.Thetroublewith sucha
schemas thatevolution becomesinexplainable. In nature,we obsere a grada-
tion betweerntypesandnew speciesvolve stepwisdrom existing ones.If natural
selectionoperaten the type, all instancesf a type would be wiped out at the
sametime, whichis clearlynothappening.

Darwinintroducednsteada populationviewpointin biology, which considers
every organismasuniqueandundegoingchangeduringits lifetime. Ratherthan
viewing a speciesasatype, it is seenasa relatively loosecollectionwith fuzzy
boundarieshatcanonly becircumscribedstatistically Naturalselectiondoesnot
work ontypesbut onindividuals.Becausevery individual s unique, variationis
normal. Collective propertiesof a speciesshift becausendividualswhich carry
certainvariantsof atrait survive in largernumbersn the total populationandso
their genesor culturalbehaiors proliferate.

Thedifferencedetweernthetwo views arevery profoundandhave motivated
mary debatesn biology. As Mayr (1975:27)pointsout:

The ultimateconclusionf the populationthinkerandof thetypolo-
gistarepreciselythe opposite.For thetypologist,the type (eidog is
realandthevariationanillusion, while for the populationisthetype
(average)s anabstractiorandonly thevariationis real. No two ways
of looking at naturecouldbe moredifferent.

Given the strongtendenyg towardsa Cartesianphilosophicalstancein 20th
centurylinguistics,it is notsurprisingthattypologicalthinking hasbeenpenasive
in linguistictheory Thiscanbeseenfrom theemphasi®ncompetencéidealised
behaior) as opposedo performanceand the focus on an ideal speakehearer
abstractingaway from the naturalvariationamongspeakerglearlyobseredin a
languagecommunity But mostimportantof all, it hasleadto the corviction that
thereis auniversalgrammarrom which realgrammarslivergeonly in superficial



details. This universalgrammaris assumedo be innate, the sameway Plato
thoughtthatidealisedformsareinnate.

This typological,essentialisthinking in linguisticsgenerateshe sameprob-
lemsasin biology, specificallyit makest difficult to understandndexplain evo-
lution. If the grammarsof all languagessatisfy the schemataf a (non-trivial)
universalgrammarandif thisis geneticallyencodedn the genesof anindividual,
thenthereis no reasorwhy this grammamvould evolve, nor why thereis somuch
variationbetweeranguagesrindividuals.Of coursejnnategrammargouldstill
evolve throughgeneticevolution, but geneticevolution is glacially slow, whereas
linguistic evolution is sometimesvery rapid. In oneor two generationsa lan-
guagecanlooseits casesystentor example,or shift from Subject-Object-€rbto
Subject-\érb-Objectword order, or developa new cateyory suchasprepositions.

It hasbeenarguedthatuniversalgrammaronly coversthe coreandthatthere
is a peripherywhich canchangeg(Lightfoot,1991).Changego the peripherymay
thenbecomeincorporatedvithin the coreby a processsimilar to geneticassim-
ilation. However geneticassimilationis still too slow to explain how new gram-
maticaltraits spreadso rapidly andno cleardelineationcriteriahave sofar been
givento decidewhichtraitsareperipheralor core.

If we adoptinsteada populationviewpoint, languageesvolution becomesb-
vious andcanbe understoodisingthe framework of naturalselection.Every in-
dividual speakdifferentlyandhasa differentstateof knowledgeof thelanguage
whichis constantlyevolving. "The language’is a statisticalabstractionevenif it
causallyinfluenceghebehaior of thegroupasdiscusseearlier(throughcircular
causality).Justasin biological speciesthereis a naturalvariationin verbalbe-
havior andtheinternalknowledgeof individuals. This variationmaygetamplified
in aselectionisprocessFor example,increasedegularitiesin word formsmakes
it easietto remembethemandmakest easietto recognisavord boundariesThis
will causethesewordformsto propagaten the population.

Although Darwin’s explanationof evolution in termsof naturalselectionof
spontaneousariationappliesthereis a big difference Languageevolutiontakes
undoubtlyplaceata culturallevel ratherthanagenetidevel. Thevariationcomes
from performancedeviations and differentlearning histories. The selectionist
pressuresarerelatedto achiezing robustcommunicatie successlespitethe mary
source®f stochasticitynakingrealworld communicatiorsodifficult. Additional
pressuregomefrom keepingthe languagdearnability Conventionswhich can-
notbelearnedwill notsurvive.

The emepent, evolutionaryview of languageas of coursenot new. Already

6



in the 19th centurytherewasa strongcurrent- aroundthe sametime asDarwin
workedon the Origins of Species viewing languageasa living systemin con-
stantevolution. Contemporarwork on grammaticalisatiomasgeneratedgimilar
pointsof view (Hopper 1987),(Heine,etal., 1991). Themaincontribution of our
own researchs to attemptto constructformal modelswith the sameexactness
astypologically inspired,generatre grammarsandto studylanguagesvolution
with the samerigor asbiology hasstudiedspeciesvolution.

4 Multi-agent systemsand languagegames

Adopting a populationview in linguistics requiresprofoundchangeso the way
we build modelsof languagelt nolongersufficesto circumscribehecompetence
of anidealisedspeaker We needat leasta populationandwe needto implicate
performancespartof themodel. In thelastdecadea potentialcandidatdrame-
work for constructinghis kind of modelshascomeforward, namelymulti-agent
modelling.

Componentsof a multi-agent system

The mostbasiccomponenibof a multi-agentmodelis the agent. An agentis
definedto be an entity that hasa particularinternal statewhich determinests
behaior in interactionwith the environment. For our purposestheinternalstate
containsthe grammarand ary other knowledgerelevantfor engagingn verbal
behaior. There are other scientific domainswhere multi-agentmodelling has
currently gainedprominence particularly economicsand biology. The internal
statef theagentghencontainotherthings,suchassurvival stratgjies.

Whenthe stateof the agentcanchangebasedon learningmechanismnside
theagenttheagentis calledautonomougit makests own (auto) laws (nomos3).
Whenthe agentsdo not have accessor ary influenceon eachother’s internal
statesthey arecalleddistributed. Whenthe agentshave a body andsensorsand
actuatorgo interactwith the environmentthey arecalledgrounded.Clearlylan-
guageusersmustbe modeledas groundeddistributed autonomousagents. Al-
thoughdistributedautonomousgentmodelscanbe testedusing softwaresimu-
lationsonly, testingmodelsfor groundedagentsequiresthatwe introducerobot
technologysuchasa camerafor visual sensingarmsandhandsfor tactile sens-
ing, etc. andthatwe confronttheagentswith thereal physicalworld.
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Thesecondcomponenbf themodelis apopulationof agents.Thispopulation
can have a particularstructure,for example agentscan be spatially distributed
influencingthe amountof contactthey have with eachother The populationcan
also have anin- andoutflux of membersso that we can study transmissiorof
knowledgefrom onegeneratiorio thenext, eitherin ageneticwayor in acultural
fashion.

Theinteractionbetweerntwo agentdss usuallycalleda gameandgametheory
hasbecomeanareaof intenseresearchn all fieldswherea multi-agentapproach
is fruitful (MaynardSmith,1982). A gamehasan outcomewhich in the caseof
autonomousagentsmay changethe future behaior of the agent. Becausdan-
guagebehaior takesplaceat mary levels, we canervision mary differentkinds
of games. The mostcompleteone would be a fully groundedlanguagegame,
involving perceptionconceptualisatioriexicon lookup,grammaticaparsingand
production,speechproductionand perception,interpretation,and actionin the
world. But muchsimplergamescanbe definedto focuson subpartof language.
For example,phoneticsand phonologycanbe studiedusingimitation gamesjn
which oneagenttries to imitate the soundsproducedoy anotheragent. Lexicon
formation can be studiedusing naminggames,in which agentstry to transmit
meaningthroughindividual words. Syntaxcanbe studiedby agentssendingeach
othersstringsto be parsedandgeneratedintil all agentssharea commongram-
mar.

A specificinvestigationconsistof definingthe architectureof theagentscre-
ating a population,which can possiblychangeits constellationif one wantsto
studylanguageransmissionandthenletting the agentsplay a successie series
of languagegames.In suchinvestigationsjt becomegjuite naturalto studylan-
guageevolution. For example,onecantestwhetheragentswith aparticulararchi-
tectureenablingthemto construciandacquirealexicon, indeedarrive ata shared
lexicon, whetherthis lexicon is resistento changesn the population,whetherit
scalesup to large numbersof meaningsandagentsunderwhat conditionsshifts
in meaningmightoccur etc.

Thereis at presenta growing group of researchersonstructingthesekinds
of multi-agentlanguagemodelsandthis is giving rise to a totally new type of
languagetheory onethattakesa populationview andconsidersadaptatiorand
evolution asan integral part of linguistics. Overviens and collectionsof papers
canbefoundin Steels(1997),Briscoe(1999)or Hurford, etal. (1999). Results
aresofar presenteanostlyin conferencesn artificial life andadaptedehaior,
but it would behighly beneficialif this methodologyalsobecomesadoptedy the
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linguisticcommunityasan alternatve to generatre grammarstyle modeling.
The Talking Headsexperiment

One example of this multi-agentapproachis the Talking Headsexperiment,
which we have beenconductingduring the summerof 1999. The Talking Heads
experimentfocusedon the origins and evolution of groundedword-meaningand
thereforeinvolved robotic agentsin the form of steerablecamerasn which dif-
ferentagentscan be loaded(figure 1). Agentscan travel throughthe Internet
andinstall themselesin robotsin differentlocationsso thatthey areexposedto
mary differentervironments.An agentcanonly interactwith anotheronewhen
it is physicallyinstantiatedn a body andthus perceve the sharedervironment.
For this experimentthesharedervironmentsconsistof magnetiovhite boardson
which variousshapesare pasted:coloredtriangles,circles, rectanglesetc. The
interactionbetweeragentdakestheform of alanguagegyame calledtheguessing
game.

The guessinggameis playedbetweentwo visually groundedagents. One
agentplaysthe role of speakerandthe otheronethen playstherole of heaser.
Agentstaketurnsplayinggamessoall of themdevelopthecapacityto bespeaker
or hearer The objectslocatedon the white boardat the beginning of the game
constitutethe context (figure 2). Agentsare capableof segmentingthe perceved
imageandof collectingvariouscharacteristicabouteachobject,specificallythe
color (decomposeih RGB channels)grayscaleandpositionin pan/tilt coordi-
nates.The speakerchooseneobjectfrom the context, further calledthetopic,
andgivesalinguistic hint to the hearer

Thelinguistic hint is anexpressiorthatidentifiesthe topic with respecto the
otherobjectsin the context. For example,if the contet containg1] aredsquare,
[2] a blue triangle,and[3] a greencircle, thenthe speakemay say something
like "the red one” to identify [1] asthetopic. If the contet containsalsoared
triangle, he hasto be more preciseand say somethinglike "the red square”. Of
coursethe Talking Headsdo not say”the red square™but usetheir own language
andconceptsvhich arenever goingto bethe sameasthoseusedin English. For
example,they may say"malewina” to mean[UPPEREXTREME-LEFT LOW-
REDNESS].Suchwordsare atomicunits, althoughthe agentamay produceand
recognisemulti-word phrasesbut without ary syntacticproperties.

Basedon the linguistic hint, the hearertries to guesswhat topic the speaker



Figurel: Pictureof one‘TalkingHead’beingasteerableameracapturingmages
aboutsceneswith geometricalfiguresin front of them. The capturedimageis
shovn on aseparatenonitor.
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Figure2: Imagecapturedoy a cameracontainingvariousgeometricfigures. The
speakedescribeone of the picturesandthe hearerasto guesswhich onewas
chosen.
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haschosen,and he communicatesis choiceto the speakerby pointing to the
object.A robotpointsby transmittingin which directionheis looking. Thegame
succeedsf the topic guessedy the heareris equalto the topic chosenby the
speaker The gamefails if the guesswaswrong or if the speakeror the hearer
failed at someearlierpointin the game.In caseof afailure, the speakegivesan

extra-linguistichint by pointingto thetopic he hadin mind, andboth agentstry

to repairtheir internalstructurego bemoresuccessfuin futuregames.

Thearchitectureof the agentshastwo componentsa conceptualisatiomod-
ule responsibldor cateyorisingreality or for applyingcateyoriesto find backthe
referentin the perceptualmage,anda verbalisatiormoduleresponsiblgor ver-
balisinga conceptualisationr for interpretinga form to reconstructts meaning.
Agentsstartwith no prior ontologynor lexicon. A sharedontologyandlexicon
mustemepe from scratchin a self-organisedorocess.The agentsthereforenot
only play the gamebut alsoexpandor adapttheir ontologyor lexicon to be more
successfuin futuregames.

The ConceptualisationModule

Meaningsare catagyoriesthat distinguishthe topic from the other objectsin
thecontet. Thecategoriesareorganisedn discriminationtreeswhereeachnode
containsa discriminatorableto filter the setof objectsinto asubsethatsatisfiesa
catgyory andanotheronethatsatisfiedts opposition.For example theremight be
adiscriminatorbasednthehorizontalposition(HPOS)of the centerof anobject
(scaledbetween0.0 and 1.0) sorting the objectsin the context in a bin for the
catgory ‘left whenHPOS , (furtherindicatedas[HPOS-0.0,0.5]andone
for ‘right’” whenHPOS (further written as[HPOS-0.5,1.0]).Furthersub-
categyoriesarecreatedoy restrictingthe region of eachcateyory. For example,the
catgyory ‘veryleft’ (or[HPOS-0.0,0.25]applieswhenanobjects HPOSvalueis
in theregion[0.0,0.25].

A distinctive catgyory setis foundby filtering theobjectsfrom thetop in each
discriminationtree until thereis a bin which only containsthe topic. This means
thatonly the topic falls within the categgory associatedvith thatbin, andso this
catgyory uniquelyfilters outthetopic from all the otherobjectsin thescene.

Discriminationtreesgrow randomlyby the additionof new cateyoriserssplit-
ting the region of existing categyories. Categyoriserscompetein eachguessing
game. The useand succesf a catgoriseris monitoredand catejorisersthat
areirrelevantfor the ervironmentsencounteredby the agentare pruned,thatis,
they aredeletedirom thediscriminationtrees.

Verbalisation module
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The lexicon of eachagentsconsistsof a two-way associatiorbetweenforms
(which areindividual words) and meaninggwhich are single categyories). Each
associatiorhasa score. Words are randomcombinationsof syllables. Whena
speakemneedsto verbalisea catayory, he looks up all possiblewordsassociated
with that category, ordersthemand picks the one with the bestscorefor trans-
missionto the hearer Whena hearemeedsto interpreta word, he looks up all
possiblemeaningstestswhich meaningsreapplicablan thepresentontet, i.e.
which onesyield a possiblesinglereferentandusesthe remainingmeaningwith
the highestscoreasthewinner. Thetopic guessedy the heareris thereferentof
this meaning.

Basedon feedbackon the outcomeof the guessinggame the speakeandthe
hearemupdatehescoresWhenthegamehassucceededhey increasahescoreof
thewinningassociatiorby afixedamount(equalto 0.1for theexperimentdn this
paper)and decreaseghe competitorswith the sameamount,thusimplementing
lateralinhibition. Scoresareboundedbetween0.0and1.0. Whenthe gamehas
failed, they eachdecreasehe scoreof the associatiorthey used. Occasionally
new associationarestored.A speakecreatesa nev word whenhedoesnot have
awordyetfor ameaninghewantsto express.A heareimayencounteanew word
he hasnever heardbeforeandthenstorea new associatiorbetweerthis word and
the bestguessof the possiblemeaning.This guesss basedon first guessinghe
topic usingthe extra-linguistic hint provided by the speakerand on performing
catgyorisationusinghis own discriminationtreesasdevelopedthusfar.

The conceptualisatiomoduleproposeseveral solutionsto the verbalisation
modulewhich prefersthosethat have alreadybeenlexicalised. Agentsmonitor
succesf catgoriesin the total gameand usethis to target growth and prun-
ing. Thelanguagehereforestronglyinfluencegheontologiesagentgetains.The
two modulesare structurallycoupledandthusget coordinatedvithout a central
coordinator

In the Talking Headsexperiment,we gave humanusersthe ability to log in
throughthe Internet,createtheir agents,follow his progressiorandthat of the
group,andteachtheir agentsvords. This way we wereableto studytheinterac-
tion betweerhumanandatrtificial languagedynamics.More detailscanbefound
in a seriesof technicalpaperson the variouscomponent®f the experimentand
its results(seefor example Steels(1996a),Steels(1996b), Steels(1998), Steels
andKaplan(1999)).

The experimenthasbeena successn the sensehata sharedccommunication
system,in otherwords a setof wordswith associatedneaninggshat were suf-
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ficiently sharedto enablesuccessfucommunicationemepged after a few days.
This systemwas presered for the remainingdurationof the experiment(four
months),despitea steadyinflux of new agents.This performancevasachieved
eventhoughmary technicalproblemssuchasmachinecrashesndvandalismoc-
curredduring the courseof the experimentanddespitethe fact that peoplecould
changethe environmentor createnew agentsaandteachthemnew words. In total
morethan1000agentswverecreatedby humanusersfrom mary differentplaces
in the world using the Talking Headswebsite (http://talking-heads.csl.sgtir/)
whichreceved10,000hitsperday. Theagentplayedmorethan300,000grounded
languagegames. A total of 8000 words was createdcovering 500 perceptually
groundecdcatayories. But the corelexicon wasmuchsmaller consistingof about
200wordsfor basiccateyorieslike small,large,up, down, red,green getc.

5 Languageevolution

The Talking Headsexperiment,andsimilar multi-agentexperimentsgxhibit sev-
eralevolutionaryphenomen#&undin naturallanguageandthey henceprovide an
explanationwhy thesephenomenaccur

Reachingand maintaining coherence

Firstof all, despitehefactthattheindividualagentsall have adifferentlexicon
andmustacquiretheir lexicon aswell asits underlyingontologyautonomously
we seethatcoherencarisesin the systemjust like a naturallanguageendsto-
wardslexical coherence.This coherencas necessaryor achieving successful
communicationgven thoughit doesnot have to be absolutelycomplete. Syn-
onyms(mary wordsfor thesamemeaningarisenaturallyin agroupof distributed
agentsbecauseagentsdo not have a global view andthereforesometimescre-
atenew wordsnot knowing thattherearealreadyotherwordsin the population.
Thesesynoryms getdampediueto positive feedbacKoop betweeruseandsuc-
cesscausinga progressie self-oiganisatiorof the language.This illustratesthe
effect of causalcircularity discusseckarlier Figure3 shavs the dampingof syn-
onymy for oneword. The graphshaws the frequeng of the differentwordsused
with the samemeaning.The meaningdentifiesaregionin the horizontaldimen-
sion,andthuscorrespondso "to theleft”. After astruggleamongdifferentwords,
oneword ("wogglesplat”)standsout andgetspresered subsequentlyThe other
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Figure 3: Word-competitiondiagramshaving how synorymy getsdamped. It
graphsthe word frequeng of wordscompetingfor the samemeaningfor a series
of 100,000languagegames.

wordsare partly artificial (e.g. bevuwu, bozopite,danu\e, fibofure, etc.) partly
comingfrom humanlanguagege.g. gauchelinks, but alsored, rouge,yellow).
Humansteachby correctingthe useof a word in a specificsituation, but they
only seethesituationnot how theagenthasconceptualisethe situation.Because
humansmay guessanother(but compatible)meaningthanthe one usedby their
agent,they may accidentallyteachtheir agents'wrong’ words (from the view-
point of their own language).This is how wordslike "red” or "yellow” become
associateavith "to theleft”.

Polysemy(oneword having mary meanings)also occursnaturally because
agentdhave to guesghemeaningf unknavn wordsandoftenmorethanoneway
to conceptualiseealityis compatiblewith ascene Polysemygetsdampedaswell
becaussaituationswill arisewherethedifferentinterpretation®f thesamemean-
ing arenolongercompatible.Thedampings notcompletebecausén somecases
disambiguatingsituationsare hardto comeby. Thuspolysemyinvolving a more
specificanda moregeneraimeaning(for examplelarge andvery large) might be
maintained.Theevolution of polysemyis illustratedin figure4. It shavs the dif-
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Figure4: Meaning-competitiomliagramshaoving how polysemygetsdamped.It
displaysthe word frequeng of meaningscompetingfor the sameword for a a
seriesof 100,000languagegames.

ferentmeaningsompetingfor the sameword, "droite”, anothemword introduced
by humans.We seeperiodsthat onemeaning(’to the right”) dominatesthena
shift to anothermeaning("to the bottom”), thenagaina shift to a more specific
meaning("very muchto theright”). Thiskind of evolutionfrom themoregeneral
to the more specificis typical for wordsthataretaughtto the artificial agentsy
humanusersparticipatingin the experiment.

Evolution dueto performancedeviation

Anotherwell known sourceof lexical evolution is dueto errorsin the trans-
missionof word forms. The speakemayerroneouslyroducea slightly different
word form or the hearemayhearsomethingelsethantransmittedoy the speaker
We have performedotherexperimentsvarying this sourceof stochasticityshav-
ing anevolution in wordform (seefigure 5 from SteelsandKaplan(1998)). The
sameexperimentalso shavs theimpactof a flux in the population. Initially the
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Figure5: Word-diagramshowving the impactof populationfluxesanderrorsin
wordformtransmissionin aclosedpopulation(phasel) asingleword dominates.
If thereareerrorsin transmissionevolution in thewordformmay startto occut

populationstaysconstantandthereis no error on wordformtransmission.There
is a rapid winnertake-all situationwith the word "bagi”. Thennew agentsare
enteringthe population- but still without errors(phasel). Thereis no evolution
asthe word getslearnedcorrectlyby the new agents.Next (in phase3) we have
increasedtochasticityn wordformtransmissionCompetitorgo theword "bagi”
now form: dagi,bogi, pagi,kagi, etc. A periodof instability follows afterwhich a
new dominantwinner”’kugo” emepges. The higherthe errorsin transmissiorthe
guickeranexisting corventioncandestabilise.

Factorsin languageevolution

Thesevariousexperimentsandsimulationsshav how a populationframewnork
canbeusedto studylanguageevolution. Thereis individual variationamonglan-
guageusersaswell asdeviationsin performancedueto errorsin transmission
of word forms, errorsin feedbacketc. Variationsmay spreadn the population,
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eitherin a completelyarbitrary fashion(thereis often no reasonwhy a partic-
ular word is usedto expressa certainmeaning)or dueto selectionistpressures
naturallyarisingin the system. Thus meaningswhich are more robustly recog-
nisedin thevisualimagewill tendto have aneasiertime to maintainthemseles
asthe dominantmeaningof aword, or, if two wordsarecompetingfor the same
meaningthey weakeneachothergiving achanceo anenvcomerto overtakeboth.
Thereis anadditionalimpactfrom theinflux of nenv agentdecausehey aremost
sensitve to the mostcommonlexicon and hencethey tendto simplify the total
lexiconfor thefuture.

In atypologicalview, universaltendenciesn languaggwhich undoubtlyex-
ist) areascribedto UniversalGrammay which hasthe statusof a Platonicideal
form, innatelyknown. In anevolutionarypopulationistiew, universaltendencies
arethe consequencef variousconstraintsvithin which the evolutionaryprocess
operates.The constraintcomefrom threesources:the physiologicalandneural
apparatusvailableto humandor languagethe systemalreadyin existence and
pressuregomingfrom using and maintainingan adequatecommunicationsys-
tem,which impliesrobustnessgainsterrors,sufficient power to handlecomple
meaningandlearnability Sowe arrive ata whole new researclprogramfor lin-
guistics,onethat tries to explain the characteristicand universaltendenciesn
languageatherthanmerelydescribehemandthendeclarethemto beinnate.

6 Conclusions

Languageevolution shouldbe at the core of linguistics. It is our only hopefor
developing an explanatoryratherthan a descriptve theory of language and for
capturingthe full richnessof humannaturallanguages.But a sensiblestudy of
languageevolutionrequireghatwe takea populationview, asopposedo aCarte-
siantypologicalview, whichin turnimpliesthatwe constructmulti-agentmodels
basedon populationsof agentswhoseinternalstatesreflectevolving knowledge
of thelinguistic corventionsemeging andmaintainedoy thegroup.
Experimentdike the Talking Headsexperimentillustrate this approachand
alreadyshaw it to be extremelypromising,bothfrom atheoreticalviewpoint be-
causethey enableus to testevolutionary theoriesof languageandfrom a tech-
nological viewpoint becausehe methodstechniquesandtechnologiesequired
for doing evolutionary multi-agentsimulationsand experimentshelp us develop
analternatve languageaechnologywhich is no longerbasedon implementinga
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frozenstateof a languagebut which adaptscontinuousliyto the languagepresent
in the environmentof humanor artificial agents.
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