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Abstract

This paperpresents seriesof experimentsn which two mobile robotsdevelop
a sharedlexicon of which the meaningis groundedin the real world. The exper
imentsinvestigatethe impact of non-verbal communicationon lexicon formation.
Non-verbal communicationis usedto establishjoint attentionor to evaluatefeed-
back. The experimentamplementadaptve languagegamesn which two agentstry
to communicatesomereal world object. Whenthe agentsfail, they canadapttheir
memoryin orderto improve performanceon future occasions.As the experimental
resultsshaw, the quality of the evolvedlexiconis betterwhenfeedbackis usedrather
thanjoint attention.

1 Introduction

One major issuein the study of humanlanguagedevelopmentis to what extend non-
verbal cuesare available to languagelearners. The issuehasbecomefamousas part
of the poverty of the stimulus argument [3]. This argumentis basedon the obsenation
thatinfantsare capableof learninga full-fledgedlanguagewithout beingexposedto the
completelanguage. A relatedproblemis the no negative feedback evidence [2]. This
problemis basedn the obsenationthatinfants,whenmakingmistalesduringtheir lan-
guageacquisitiondo not receve as much feedbackas onewould expect. If, however,
infantsreceielittle or nofeedbackarethereothernon-verbalcuesavailableto thechild?
Onecuethathasbeenproposedo play arole is joint attentionto the referentduringthe
presentatiomf aword, seee.g.[7].

Recenttomputationastudieshave shavn thatartificial agentscanlearna sharedex-
icon using either joint attentionor feedback as a non-wverbalcue[1, 4, 5, 10]. This
paperinvestigatespusing robotic experiments,the influenceof thesedifferenttypesof
non-verbalcueson the quality of the lexicon formation. The paperis basedon experi-
mentsreportedearlierin the authors Ph. D. thesig[9].

1In this paperfeedback’ meansan evaluationwhethercommunicatiorhasbeenperformedcorrectlyor not.
I.e. whethertwo agentsvereableto communicatehe samereferent.



The experimentsmplementthe modelof languagegameghathasbeenintroducedoy
Luc Steelq6]. This modelis usedto investigatehow a populationof robotscandevelop
asharedexicon of which the meanings groundedn reality.

The paperis organizedasfollows. The next sectionprovidessomepsycholinguistic
backgroundntheissuesabouton-verbalcommunicationn languagecquisition.lt also
discusseselatedwork thathasbeendonein the adaptie behasiour community Section
3 presentsa brief descriptionof the implementednodel. Experimentatesultsaregiven
in sectiond, followedby a discussedh section5. Finally, section6 concludes.

2 Non-verbal cuesin language development

During their early childhood,infantsneedto learnhow wordsareassociatedvith reality.
How do they know whatword belongsto whatreferent?

Althoughinfantsareexposedto a limited partof alanguagean adultlanguageuser
can expressan unlimited numberof sentences.This obsenation providesthe basisof
poverty of the stimulus argument3].

Oneof theobsenationsthatprovide evidencefor thepoverty of thestimulusargument
is the so-calledno negative feedback evidence problem,seee.g.[2]. The problemis that
it seemghatlanguagecanonly belearnedwhenboth positive andnegative feedbackon
languages availableto alanguagdearner Suchfeedbackconsistsof (positive) rewards
and(negative) corrections However, psycholinguistiacesearcthasshovn thathardlyary
negative feedbackis provided by adultlanguageusers.

Onealternatvefor thefeedbacks theestablishmenof joint attentionprior to thever-
balcommunicationEarly studiesof Tomasellosshovedthatchildrencanlearnalanguage
betterwhenjoint attentionis established8].

In a later study Tomaselloand Barton report on experimentswherechildren learn
novel wordsundertwo differentconditions[7]. In onecondition,childrendo notreceie
non-verbalcueswhenthe word-form is presented.When at a later momentthe corre-
spondingreferentis shawvn, a positive feedbackis givenif the child correctlyrelatesthe
referentwith thegivenword-form. Negative feedbacks providedwhenanincorrectrela-
tion is made.In the seconccondition,joint attentionis establishegimultaneousvith the
presentatiof theword-formwhile no feedbacks given. TomaselleandBartonshoved
thatchildrencouldequallywell learnnovel word-meaningelationsin bothconditions.

Recentstudiesusingcomputersimulationsandroboticexperimentshave investigated
thedifferencebetweerfeedbaclandjoint attentiontoo|[1, 4, 5, 10]. Many of thesestudies
useeitherHebbianlearningor reinforcementearning. In Hebbianlearningassociations
areformedbetweenwo (or possiblymore)simultaneoushactive patterns Hence when
learningform-meaningassociationssomeform of joint attentionmechanisnis required.
Reinforcemenkearning,ontheotherhand usedeedbacko learnanassociatiorcorrectly

Billard and Oliphant have shawvn, independentlyof eachother, that simulatedand
roboticagentscanlearna lexicon whenthey simultaneoushhave accesso botha word-
form (or form for short)anda meaningwithout usingfeedbacK1, 5]. YancoandStein
have shavn that agentscould develop a sharedexicon without accesdo both meaning

2Note that Oliphantcalls this type of learningobservational learning [5], while Billard callsit learning
through imitation [1].



Figurel: Therobotssituatedn their environmentasusedin the experiments.

andform, but with usingfeedbacl10]. Wherethefirst studiesuseHebbianlearning,the
latter studyusesreinforcementearning. Finally, De Jongshaved how agentscanlearn
underbothconditions[4].

So,in bothapproachealexicon canbelearnedl, 10] or evenevolve from scratch4,
5]. But how dothetwo approachemfluencethe quality of thelexicon? The experiments
discussedn theremaindelof this paperinvestigateshis question.

3 Adaptive Language Games

Theexperimentsaredoneusingtwo LEGO robotsthataresituatedn asmallervironment
consistingof four light sourcesseefigure 1. Eachlight sourceis placedat a different
heightandtherobotsareequippedvith four light sensorseachmountedata correspond-
ing height. Theaim of theexperimentis thattherobotsdevelopa sharedexicon of which
the meaningis groundedin their world. The lexicon is a setof form-meaningassocia-
tions,eachrelatingideally to somelight source Priorto theexperimentstherobotshave
no categyoriesthatconstitutepartof the meaningandtheir lexicon is empty

The lexicon formationis guidedby a seriesof guessing games. A guessinggame
is a variantof a languagegamein which the hearertries to guesswhat light sourcethe
spealeris naming. The guessinggamemakesno useof joint attention,but of feedback.
After theguessingjameis explained the obsenationalgamethatdoesusejoint attention,
but no feedbackis explained. As the languagegamemodelis meanwhilewell known, it
is describedrery briefly. Theinterestedeaderis referredto [9] for the details.

1. Theguessinggamestartswhenbothrobotsarecloseto eachotherwith their backs
orientedtowardseachother

2. Oneby one,therobotsacquirea spatialview of by meansf rotating. Thisis
calledsensing, which resultsin a setof raw sensorydatawhich is sentto a PC for
furtherprocessing.

3. Theview is preprocesselly sggmentationandfeatureextractionprocesseslt re-
sultsin a descriptionof the sensing,called the context, which is a setof feature
vectors. A featurevectoris a 4 dimensionalectordescribingsomepropertiesof



the sensing.Eachfeaturevectoris supposedo relateto the detectionof onelight
source. It is importantto notethat not alwaysall four light sourcesare detected,
noris themappingalwayscorrect.

. After the context is constructedthe spealer chooseone arbitrary featurevector
asthetopic. The hearerconsidersall featurevectorsasa potentialtopic; it hasto
guesswhich featurevectoris the realtopic.

. Both robotsindividually try to find a distinctive cateyorizationfor the (potential)
topic(s). Thisis modeledby so-calleddiscrimination games. Theaim of adiscrim-
ination gameis to find a categorizationof a topic thatdistinguisheghe topic from
all otherfeaturevectorsin the context. Whenno distinctive category canbe found
by the discriminationgame,new cateyoriescanbe createdfor which the feature
vectorof thetopicis usedasanexemplar If thediscriminationgamesucceedshe
distinctive categoriesareforwardedto the namingpart of the guessinggame.lIf in
turn the guessinggamesucceedsthe prototypicalcateyory is moved towardsthe
featurevectorof thetopic.

. After bothrobotsacquiredlistinctive catgyoriesthatrelateto the(potential)topic(s),
the spealer tries to producean utterancehat nameshe distinctive category of its
topic. It doessoby searchingts lexiconfor element®f whichthemeaningnatches
the distinctive category. If therearemorethanone,it selectsthe onethathasthe
highestassociatiorscoreandthe associatedorm is uttered. The associatiorscore
indicategheelements pasteffectivenessn thecommunicationlf thespealerdoes
notfind suchanelementjt createsanew form with acertainprobability, associates
this with the distinctive category andaddsthe new elemento its privatelexicon.

. Whenthe hearerrecevesan utterancejt triesto interpretit. It searchests own
lexicon for elementsof which the form matcheghe utteranceand of which the
meaningmatchesa distinctive cateyory of one of the potentialtopics. If thereis
morethanone suchelement.the hearerselectsthe onethat hasthe highestasso-
ciation score. If thereare nonethe lexicon is adaptedas explainedbelowv. The
featurevectorto which the matchingdistinctive category relatesis thenchoseras
the hearers topic of the game. |.e. this featurevectoris whatthe hearerguessed
thespealer hasnamed.

. Feedbackis provided on whetherthe hearerfound a lexical elementandif so,
whetherbothrobotscommunicatedhe sametopic. Theoutcomeof thefeedbacks
known to bothrobots.

. Dependingntheoutcome(providedby thefeedback}helexiconis adaptedThree
possibleoutcomegd adaptationsemain:

(a) Thehearerhasnot foundanelementn its lexicon that matcheghe receved
utteranceand of which the meaningis consistenin the games context. In
this casetheheareradoptghe utteredform andassociateg with thedistinc-
tive categorization(s)of onearbitrarily selectedeaturevector The spealer
decreaseshe associatiorscoreof the usedform-meaningassociation.The
guessinggamefails.



(b) Thehearethasfoundamatchingelementbut the selectedopicis notconsis-
tentwith the spealer'stopic; thereis amismatch in referent. In this case poth
robotsdecreasehe associatiorscoreof the usedform-meaningassociation.
Thegamefails.

(c) Both robotshave selectedh lexical elementin relationto a consistentopic.
The hearerguessedight and the gamesucceeds.Both robotsincreasethe
associatiorscoreof the usedelementand competingelementsare laterally
inhibited. An elemenis competingvhentheform matcheshecommunicated
form, but not its meaningor whenthe meaningmatcheghe meaningof the
usedelementput notits form.

The secondtype of languagegamethat is investigateds called the observational
game. In this game therobotsachieve joint attentionprior to the verbalcommunication.
This meansthat in step4 above, the attentionof the heareris drawn to the topic. In
addition, no feedbackmechanismevaluatesa games success. Associationscoresare
updatedasunderpoint9 (c) whenererarobotselectedform-meaningassociationin this
casethegameis considereduccessfulA mismatchin referentwill notoccurbecausé¢he
topicis selectedby bothrobotsin advance.Whenthe hearethasno associatiorbetween
the utteredform andthe distinctive category of the referent,it will adoptthe form and
associatét with this category.

4 TheExperimental Results

With the abore models,several experimentshave beendone,mostof which arereported
in [9]. In this papertwo of theseexperimentsarediscussed.

A datasetof raw sensorydatahasbeenacquiredfor the experiments.This dataset
consistf thesensingn approximatelyl,000situations Eachsituationbearghe context
of onelanguagegame(guessinggameor obsenationalgame)for the two robots. With
thesel,000situationslOrunsof 10,000languagegameshave beenplayed.In eachgame,
onerobotis arbitrarily selectedo play therole of thespealer, the otheris thehearer The
spealerin eachgamerandomlyselectonefeaturevectorasthetopic of thegame.

Figure2 shavs the communicatie succes®f thetwo experiments.The communica-
tive successs the averagenumberof successfulanguagegamesof the past100 games
averagedover the 10 differentruns. Theresultsdo not exceed80%, becausesometimes
thehearethasnotdetectedhetopic. As thefigureshows, the experimentsio muchbetter
thanchance(23%). Theresultsconfirmtheresultsof [1, 4, 5, 10] thata lexicon canbe
developedby usingeitherjoint attentionor feedback.

The obsenationalgameoutperformsthe guessinggamein that the lexicon develops
fasterandthe overall communicatie successs highet Althoughin theendtheguessing
gameapproachethe success-ratef the obsenationalgame.

Whatarethequalitative differencef thelexiconsdevelopedby thetwo approaches?
To investigatehis, it is usefulto look atthelexiconsthatdevelopedin atypical run of the
experimentsfigure3. Thegraphsshav how therobotsusereferentsandformsin relation

3Thea priori chancefor successs 23% ratherthan25%. This is becausehe robotsdetecton the average
3.5featurevectorsduringagameandthenthereis 20%chancehatthe hearetasnot detectedhetopic.
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Figure 2: The communicatie succesf the obsenationalgames(upperline) andthe
guessinggameglower line).

to themeaninggshey constructedTheconnectionéndicatetheco-occurrencérequencies
of themeaningrelative to the occurrencdrequencie®f thereferentsheforms.

In both graphsthe mostfrequentlyusedassociationgredisplayedwith bold lines. It
is clearthatin bothexperimentgheseassociationsonnecthereferentwith formsone-to-
onefor bothrobotscoherently Ideally, the connectiondetweernreferentsandforms for
both robotsshouldnot cross-connectptherwisethereappeargoo much synorymy and
polysemyin namingthe referentsconsistently This is achievedto a large degreein the
guessinggame,loit the lexicon of the obsenationalgamerevealsmorecross-connections
(figure 3). Hencethe obsenational gamebearsmore synorymy and polysemy As a
result,thelexicon developedin the guessinggamess qualitatvely moreeffective.

5 Discussion

So,althoughthe obsenationalgamequantitatvely outperformghe guessinggame qual-
itatively the lexicon developedby the obsenationalgameis worse. The communicatie
succes®f the obsenationalgameis higherandthe lexicon is learnedfasterasfigure 2
shavs. Ontheotherhandtheobsenationalgamedevelopsmorepolysemyandsynorymy;,
which makesthelexicon lesseffective (figure 3).

Wheredoesthis differencein quality comefrom? To understandhis, it is goodto
realisethatbothrobotsstartthe experimentsvith anemptylexicon. Furthermorearefer
entmay be categoriseddifferently underdifferentcircumstancesAs aresult,the robots
maystartto namea referentifferentlybecauséheir adaptationslo notdirectly associate
forms with referents but forms with meanings.Whenthe hearerin a gamerecevesa
synorymousor polysemousutterancejt may easiersucceedn the obsenationalgame,
becauset alreadyknows the topic. In the guessinggamethe hearerhasto guessthe
topic, for which it may needto selectbetweerseveral possiblesolutions.Naturally; this
is moreproneto errors,becausesynorymy andpolysemyareimportantsourcedor mis-
interpretation However, this putsmorepressuren the feedbackandreinforcemenstyle
of learningto disambiguatéhe synorymy andpolysemy

Theverbalcommunicatiorbecomesedundantvhenjoint attentionis establishedbe-
forehand.Hencethe effectivenesof alexiconis notvital for thecommunicatve success;
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Figure3: The semioticlandscapehowns thelexicon developedby the two robotsfor the
(a) guessingand (b) obsenationalgame. It displaysthe associationbetweenreferents
(L), meaninggM) andforms, givenwith their co-occurrencérequencieselative to the
occurrencdrequeng of eitherreferentor form as measuredver one entirerun. The
winning connectionaregivenin bold lines, the othersolid lines have frequenciesarger
than0.05,the dashedines have frequenciedbetween0.005and0.05. Associationswith

lower frequenciesiave beenleft outfor clarity.

synorymy may be presentandthe pressureo disambiguatehe synorymy is low. The
verbalcommunicationin the guessinggamebearsmoreinformationandis vital for the
succes®f agame.So,feedbacks necessarin this gameto developaneffective lexicon.

6 Conclusions

This paperpresented seriesof robotic experimentsto investigatethe impactof non-
verbalcommunicatioron lexicon formation. This is doneby comparingan experiment
wheretherobotsestablishjoint attentionto thetopic of thegameandonewheretherobots
did not. In thefirst experimentno feedbaclon the effect of the languagegameis usedas
asourceof non-verbalcommunicationwhereasn thelatterit is.

The experimentsconfirmthe resultsof a psycholinguisticstudy[7] andseveralcom-
putationalstudies[1, 4, 5, 10]. In both typesof experimentsthe robotswere able to
develop a lexicon with which they could communicateratherwell. Objectiely, one
could concludethat althoughthe obsenationalgameyields higher quantitatve results,
theguessinggamerevealsa qualitative betterlexicon.

As the no negative feedbackevidenceindicates joint attentionwill be a morelikely
strat@y to learnform-meaningassociationsHowever, the resultsindicatethat, although
joint attentionbenefitsfastlearning,usingfeedbackwithout joint attentionmight allow
aninfantto learna moreeffective lexicon. As theremay be morestratgiesavailableto
achild it is likely thatthe child usesthesedifferentstratgies, sometimesgyuidedby its
parentsCurrentlymoreresearchs doneto investigateotherstrat@iesto associatéorms
with referents.
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