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Abstract

The paperexaminesthe formation of color categyoriesandcolor termsin a pop-
ulation of autonomousndividuals,i.e. simulatedagents.Eachagentis modeledto
perceve color stimuli, to catgorizethe stimuli andto lexicalize the cateyoriesin or-
der to communicatewith otheragentsin the population. During theseinteractions
theagentsadapttheirinternalrepresentation® be moresuccessfuin futureinterac-
tions. Thecateyorizationof thecolor perceptions individualisticandinfluencedonly
by the natureof theagents’perceptiorandits environment. The color cateyoriescan
be associatedvith word forms with which the agentscommunicatecolor meanings.
The pressureo successfullyconvey color meaninggivesrise not only to coherent
color lexicons,but alsoto a coherentcategorizationof color perception.The results
addto theview thatcertainaspect®f languagebehae ascomplex dynamicsystems,
benefitingfrom self-oganizationandculturalinteractions.

1 Introduction

Humancolor perceptionand relatedcognitive processesiave beenextensively studied
and have beenthe topic of mary discussionsn philosophy psychology anthropology
and linguistics. Although the focus hasalways beenon descriptve analysisof color
cognition, this paperinvestigatesaspectsof color using experimentsdonein artificial
andwell-controlledexperimentsto simulatecolor categorizationand color namingin a
populationof agentsResultsaregiven,andsomespeculatioris offeredon how theresults
canshednew light onold discussions.

Color perceptioncan be studiedat differentlevels. At the physicallevel, electro-
magneticenegy is convertedin the photoreceptorsf the retinainto neuralsignalsthat
arethencorveyedto the brain. Humanshave threetypesof color sensitie photorecep-
tors: onetype being sensitve to long (reddish)wavelengths,one to middle (greenish)
wavelengthsandoneto short(bluish) wavelengths. Thesechromaticphotoreceptorare
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coneshapedandarethereforecalledrespectiely the L-, M-, and S-cones.Humansare
thusatrichromaticspeciesPsychologicallyhowever, humangeactto color stimuliin an
opponentashion: humancolor perceptiorhasan antagonistimature,with red opposed
to greenandblueopposedo yellow. Combiningthetrichromaticphysiologicalandoppo-
nentpsychologicahatureof color perceptiorgave rise to the two-stagecolor perception
theoryof humans:in the first stagelight enegy is obsened by threedifferentkinds of
receptorsafter subtractvely combiningthe resultingsignalsin a secondstage the per
ceptionrunsalongopponenthannels However, color perceptions still continuousand
canbeusedfor little morethanreactize behaior; handlingcolorinformationassymbols
requiresa division of the spectrumn meaningfulcategories.

Now color perceptioris indeeddividedinto categories;this is immediatelysuggested
by thefactthathumanlanguagesll have a numberof colortermsto namesomeof those
catggories. The namingof color categjoriesandthe catgyories’referentshave beeninves-
tigatedthoroughlyoverthelastdecenniaOf all researchthe mostwell known is that of
Berlin andKay [2]. They concludedthat therearea minimum of two anda maximum
of elevenbasiccolor termsin every language Thefactthat color cateyoriesagreedvery
well over differentcultures,suggestshatcolor categjoriesareuniversal.Berlin andKay’s
theoriesarewidely acceptedand later researchmostnotablyby Rosch[7], hasrecon-
firmedtheir conclusionsThe universalagreemenbn color cateyoriesis attributedto the
natureof humancolorperceptiongulturalandervironmentainfluenceshave playedonly
aminor (if ary) role atexplainingBerlin andKay’s results.

Recentlysomedisparagingopinions have beenpublished[9, 11]. The critique is
mainly focusedon the methodologyof the experiments(the omissionof context in the
colorsamplestheprejudicednterpretatiorof theresults)andthe conclusiongthe desire
to have every languageconformto the evolutionary order, the maximumboundaryof
elevenBCTs,the useof the opponentolor spaceo fit theresultson)

Investigatingcolor cateyorizationand color namingcanindeedshedlight on topics
in linguisticssuchasconcepformation,groundingof meaningandtheinfluenceof pop-
ulation dynamicson sharedconcepts.For example,the relation betweenlanguageand
thoughthasoften beenthe subjectof debate Whorf [14] claimedthatlanguageactsasa
mouldto which thoughtadaptdtself. The strongversionof thethesisis not widely sup-
ported,but the weakversion,claimingthatlanguaganfluenceshe way humansobsene
the world haswon generalacclaim. Color naminghasbeenusedas a testfield for the
SapirWhorf thesig[5], thereindicationshave beenfoundthatlanguagendeedinfluences
color perception.

It is generallyagreedthatcolor perceptionis geneticallydefinedandidenticalfor all
humansapartfrom somevariationin the sensitvity of color pigmentsin the photorecep-
torsandnot considerincghumanswith geneticdefects(e.g. dichromatism).However, the
universalityof the categorizationof color hasonly beenidentifiedthroughpsychological
experiments and mostexplanationsof theseuniversaltendenciegocuson the identical
build of thevisual pathways,completelyignoring culturalandernvironmentalinfluences.

The experimentsdescribecheredrav on theoriesby Luc Steels[12, 13] explaining
languagehroughcultural evolution. Steelsconsiderdanguageo be a distributed,com-
plex dynamicsystem;in which self-organizationin the representatiof the individual
andin thedynamicsof the languagecommunityis responsibldor stablestates.Thethe-
ory hasbeenusedto successfullystudy certainaspectof languageandto offer viable



alternatve explanationsfor linguistic phenomenaseefor example[6] on the formation
of vowel systemsTheresearctpresentedn this paperfollows the sametradition. In the
following sectionthe constructiorandresultsof anexperimentin which artificial agents
discriminateandcommunicateolor arepresented.

2 Thesmulation

An agentin the simulationis ableto perceve andcateyorizeits perceptionandcanas-
sociatecategorieswith word forms. Theword formsarethenusedto communicatesolor
meaningto otheragents.The agentsonly sharethe commonernvironmentandthe word

forms uttered;they have no accesdo the internalrepresentationsf otheragents.They

can adopttheir internal representations the outcomeof linguistic interactions,inter

actionswhich comein the shapeof guessinggames. Throughplaying several of these
gamegheagentscanarrive ata sharedcolor lexicon.

2.1 Theindividual agent

Color stimuli are offeredto agentsas spectralpower distributions (relative light enegy
for wavelengthsn thevisual spectrumfrom 380nmto 800nm). The colorsareofferedin
aperture mode: no contextual information, suchas shapeor texture, is included. Since
humandilter color stimuli throughtwo stagecolor perceptiona mappingis neededrom
the physicalstimulusto a psychophysicatepresentation.

The mappinghasto fulfill threerequirementsfirst, two dissimilar stimuli should
map on differentrepresentationsOnly thenwill discriminationof sensoryperception
be possible. Second,it shouldbe possibleto definea similarity relationshipon it; a
simple distancemeasurecan be sufficient. And third, the mappingshouldbe a good
psychologicamodelof humancolor perception.In the experimentsthe spectralpower
distributionsaremappedo the CIE L*a*b* color spacé. It is a three-dimensionatolor
space jntendedto be perceptuallyequidistant.lt is alsoan uncomplicateccolor space,
which hasprovento work well for categorization[8]. It hasthreedimensions*, a* and
b*; L* representdightness,a* correspondsipproximatelyto redness-greennessnd b*
correspondapproximatelyto yellowness-bluenes3he CIE L*a*b* spacecanrepresent
all humanpercevablecolors,it is however not ableto represenself-luminouscolors.

Theagentsieedo beableto split upthecolorspacen meaningfulcategories,without
catgyoriesit isimpossibleéo communicat@bouttheperceptiorusingwordforms. Instead
of dividing thecolor spacdn discreteclassesa cateyory is representedsinganadaptve
network, inspiredon radialbasisfunctions—seee.g.[4]. An adaptve network hasalayer
of hiddenunits,actingasalocally tunedreceptorsFigurel givesanillustration.

Theinput unit x is a three-dimensionalectorcontaininga L*, a* andb*-value. A
hiddenunit i actsasa Gaussiameceptorfunctionwith centerm; andwidth o;. Theoutput
y(x) is composedf the weightedsumof the outputsof the hiddenunits, divided by the

1Thereademight befamiliar with the RGB color space RGB seneswell for technicalpurposesbut does
a poor job at describinghumancolor perception mainly becauset is extremely hardto definea perceptual
similarity measure



Figure 1. adaptve network for representinga color category, it consistsof one hidden
layerof locally tunedreceptordully connectedo alinearoutputunit.

numberof hiddenunits J, this to make the outputindependenbf the numberof hidden
units.

J (x —m,)?
y (x) = ij €xp <—TZ_]>
j=1 J

Thenetwork canbeadaptedy addingor removing hiddenunits, by shiftingthecenter
andchanginghewidth of thehiddenunits,or by changingheweightsof thehiddenunits.
In the simulationsthewidth is setby defaultto o; = 1 (with i = 1, ..., J), andthe center
m; oncesetis not changedanymore. The network in this way canbe usedfor instance-
basedlearning: whenan exemplarwith positionp belongingto category ¢ is learned,
a hiddenunit j with centerm; = p ando; = 1 is addedto the network representing
category c.

Theweightsw; of thehiddenunitsareadaptedhccordingto the outcomeof theinter-
agentinteractionsandareboundbetween|0, 1].

Thecateyoriescanbelexicalized,thisis doneby attachingvord formsto cateyories;a
word form is a stringchoserfrom afinite alphabet Eachcateyory canbe associateavith
oneor moreword forms, allowing for synorymy; it alsopossiblefor the sameword form
to beassociateavith morethanonecateayory, allowing for polysemy In thisway anagent
A containsasetof associationg (¢4, F/*) , ...}, consistingof pairscontainingacategory
c andasetof wordforms F' = { f;,...}. Notethatnotall cateyoriesarelexicalized:when
thereis no needto communicate particularcategory, noword form is assignedo it.

2.2 Thedynamics

Theagentlay two kinds of games.Onegame the discriminationgame is playedatan
individual level andsenesto createcatagoriesto be ableto successfullydiscriminatethe
ervironment.The othergame theguessinggame,is a simpleinteractionplayedbetween
two agents;aword form is utteredby oneagentandinterpretedby the other, whenboth



agentsaagreeon thereferentof theword form, thegamesucceedsBoth agentsaadaptheir
internalrepresentationto be more successfuht future guessinggames. For detailson
bothgamessee[13].

Thediscrimination game Thediscriminationgamesenesto createsufficient categories
to discriminatethe ervironment. Theernvironmentconsistof a setof color stimuli,
this we call the “context”. The gamefollows a simplescenarioandis completed
by oneagent. After a certainnumberof discriminationgames dependingon the
compleity of theervironment,the agenthasa setof cateyoriesthatis sufficient to
discriminateary contect. For detailson how agentscreatenew color categoriesin
theinternalcolor spacethereaderis referredto [1].

The guessing game Theguessinggameis playedbetweertwo agentsandomlyselected
from the population. One agentactsasthe spealer, the otherasthe hearer The
goal of the gameis for the hearerto guesswvhat objectthe spealer is referringto.
A context is presentedo bothagentsandatopicis selectedrom thecontext (only
the spealer knows thetopic). The spealer triesto discriminatethe topic from the
context by playingadiscriminationgamewhenthis alreadyfails, thentheguessing
gamefails. Whenthe spealer finds a uniquecategory for thetopic, it picks oneof
the word forms associatedvith that category; if the category hasno word forms
associatedvith it yet, theagentcreatesarandomword form andassociateg to the
category.

Thiswordform f is thencorveyedto the hearer Thehearemow looksif it knows

theword form, if it doesnt the gamefails. If the hearerdoesknow theword form,

the cate@yory ¢' associateavith f is tried on all objectsin the context: the hearer
then“points” at the objectwhich reactedbestto ¢’. If this objectis the topic, the
gamesucceedslf not,thetopicis revealedto the hearerandit adaptsts category

¢' to bettermatchthetopic in future gamesthis is doneby addinga hiddenunits
centeredn thetopic.

2.2.1 Adaptinginternal representations

Eachtime anagentis involvedin aguessinggame theweightsof all the hiddenunitsare
decreasedn this way, the contribution of the hiddenunitsto the outputof the category
lessenslf theweightsof all thehiddenunitshave decreasetb 0, thecategoryis removed
from the agents’catgyory set. The samehappendgor unsuccessfulvord forms,if aword
form hasreached certainageandit doesnt succeednoughin corveying meaningthe
word form is removed from the agentsrepertoire. This takes careof the forgetting of
inadequateategoriesandword forms.

Ontheotherhand whena category hasbeensuccessfulljusedfor discriminatingthe
topic, theweightsof its hiddenunitsareincreasedIn addition,if a word form hasbeen
successfulat communicatingthe topic, its successscoreis increased.In this way, the
linguistic interactionhasan influenceon the internalrepresentationsf the agents(cfr.
Whorf).
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Figure2: (a) Averagediscriminative andcommunicate succesdor a populationof 10
agents. The context containsbetweentwo andfour stimuli andis chosenfrom the full
setof Munsell chips. (b) The coherenceaveragedover five runswith communication
(full curve) andfive runswithout communicatior(dottedcurve); for eachcurve the stan-
darddeviation is added.Thethird curve shavs theratio betweerthe cateyory coherence
without communicatiorandwith communication.

3 Reaults

The datasetusedfor the experimentsconsistsof spectralmeasurementef over 1200
Munsell color chips[10]. A context is selectedrom this dataset, with the constraint
thatall color stimuli in the context shouldhave a certaindistancefrom eachother By
this we avoid thatthe context containssimilar colors;the motivationfor this constraints
thathumanswill notresortto colorinformationfor discriminatingobjectsif thecolor dif-
ferencesarenot apparenenough:colorsshouldbe distinct beforediscriminationmakes
sense Note thatthe context compleity increasesf therearemary elementsn it andif
thedistancebetweerthe context elementds small.

The resultsshowv that agentcreatecategorieswith which they candiscriminateary
contet offered, andthat the agents’lexicons are coherentenoughto enablesuccessful
communication. Figure 2a shavs the populationaverageof the discriminative success
(theratio of the numberof gameghatanagentdiscriminatedhetopic correctlyover the
last 50 games)andthe communicatie succesgrepresentingts successn the guessing
games). The discriminative succesgjuickly risesto 100%, the communicatie success
risesandoscillateshetweerB0en90%,this is dueto thedynamicsof thesimulation.The
apriori communicatie success$s 28.6%,this is the successateif the hearemwould take
ablind guesdor thetopic.

The factthatthe communicatie successs high indicatesthatthe agentsachhave a
lexicon coherenenoughto allow the transferof meaning.The coherencésee[1]) is an-
othermeasurdor this; it shovs how similar the categoriesareoverthe population.Figure
2b shaws theinterpretatiorcoherencef two runs. In onerun the agentsdo not commu-
nicatewith eachother, althoughthe discriminative succeswill be high, the coherence



betweenthe categoriesstaysratherlow sinceonly the sharedernvironmentaccountgor
somerisein thecoherenceln thesecondun, the agentsareallowedto communicatéin
the form of guessinggames)andthis significantlyincreaseghe coherencef the color
catgyories. The agentsall reacha coherentategorizationof the color spaceandfor this
thelinguistic interactionsarein avery significantway responsible.

4 Discussion and conclusion

Whenthereis no communicatiorandwhenno biasis introduced(for exampleto have a
preferencdor categoriesat the opposingocationsin the color space)the cateyorization
of the color spaceis entirely opportunistic. Only the sharedenvironmentmanagego
introducea slight coherencéetweenthe color cateyories. However, whenthe needis
introducedto communicatecolor, this —togethemwith the adaptve representationsfirst
drivestheagentto developa sharedexicon, but particularlyit alsointroducescoherence
in the color categoriesof theagent.

However, thedistribution of thecategoriesin thecolorspaceloesnothavetheregular
ity obsenedin humancolor categyories. Theagentswill in mostcaseshave a cateyory for
light-warmandfor dark-coolcolors,but this is asfar asthe analogygoes.Whenno bias
isimposedon the ervironmentor onthe context, thereis no pressurdor the cateoriesto
resemblecolor categoriesasobsenedby Berlin andKay.

It is ofteninjudiciousto extrapolateresultsfrom artificial simulationsto real-world
phenomendhut ofteninsightcanbegainedandnew approachesanbe offeredto explain
why things are aswe obsene them. The experimentsillustrate that linguistic interac-
tions candrive coherenceén a populations color perceptionhowever it is problematic
to explain the universality of humancolor categoriessolely by cultural factors. Infants
for exampleseemto have a preferencdor color cateyoriesat an agewherethey do not
yet possesary form of languagd3]. Therearetwo endsto the spectrumof explana-
tionsfor thenatureof humancolor categyories:eitherthe preferencdor certaincategyories
emegesfrom the neurologicalbuild of our color perceptionor thereare nearuniversal
ervironmentalconstraintavhich shapeour color perception. The mostwidely accepted
explanationsaarebasedntheformer. Indeed biology doesaccountfor alargeamountof
obsenations,but still someinconsistenciesemain;see[11].

The experimentconsistof a populationof artificial agents—eachableto perceve,
categorize andlexicalize color stimuli— involvedin simple linguistic interactions. It is
shavn how throughadaptatiorandthroughthe dynamicsof the interactions the agents
arriveacommonlexiconwith whichthey cancorvey colormeaningo eachother Whatis
remarkablés thatwhile theagenthave noaccesso theinternalrepresentationsf others,
their color catggoriesbecomecoherenty interacting.Although not demonstrategh this
paperthecolorlexiconsandcateyoriesstabilizeunderalargerangeof parametesettings.
Theresultinglexiconsandthenatureof the categoriesdepencdon externalfactors,suchas
the compleity of the context andthe biasin the colorsusedin the context; andinternal
factors suchasthelearningparameters.

Therearestill plentyof possibilitiesfor furtherinvestigation.For example,the influ-
enceof ernvironmentbiason the characteof the color cateyoriescanbe studiedfurther.
In addition,thecircumstanceanderwhich cateyoriesandword formsemegethatresem-



ble the onesobsenedin humanlanguageshouldbe furtherlooked into, aswell asthe
influenceof contextual informationon color cateyorizationandthe possiblelink to color
constany.
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