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Abstract

The paperexaminesthe formationof color categoriesandcolor termsin a pop-
ulation of autonomousindividuals, i.e. simulatedagents.Eachagentis modeledto
perceive color stimuli, to categorizethestimuli andto lexicalizethecategoriesin or-
der to communicatewith otheragentsin the population. During theseinteractions
theagentsadapttheir internalrepresentationsto bemoresuccessfulin futureinterac-
tions.Thecategorizationof thecolorperceptionis individualisticandinfluencedonly
by thenatureof theagents’perceptionandits environment.Thecolorcategoriescan
beassociatedwith word formswith which theagentscommunicatecolor meanings.
The pressureto successfullyconvey color meaninggives rise not only to coherent
color lexicons,but alsoto a coherentcategorizationof color perception.Theresults
addto theview thatcertainaspectsof languagebehave ascomplex dynamicsystems,
benefitingfrom self-organizationandculturalinteractions.

1 Introduction

Humancolor perceptionand relatedcognitive processeshave beenextensively studied
andhave beenthe topic of many discussionsin philosophy, psychology, anthropology
and linguistics. Although the focus hasalways beenon descriptive analysisof color
cognition, this paperinvestigatesaspectsof color using experimentsdonein artificial
andwell-controlledexperimentsto simulatecolor categorizationandcolor namingin a
populationof agents.Resultsaregiven,andsomespeculationis offeredonhow theresults
canshednew light onold discussions.

Color perceptioncan be studiedat different levels. At the physical level, electro-
magneticenergy is convertedin the photoreceptorsof the retinainto neuralsignalsthat
arethenconveyedto the brain. Humanshave threetypesof color sensitive photorecep-
tors: one type beingsensitive to long (reddish)wavelengths,one to middle (greenish)
wavelengthsandoneto short(bluish)wavelengths.Thesechromaticphotoreceptorsare�
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coneshapedandarethereforecalledrespectively theL-, M-, andS-cones.Humansare
thusa trichromaticspecies.Psychologicallyhowever, humansreactto colorstimuli in an
opponentfashion:humancolor perceptionhasanantagonisticnature,with redopposed
to greenandblueopposedto yellow. Combiningthetrichromaticphysiologicalandoppo-
nentpsychologicalnatureof color perceptiongave riseto thetwo-stagecolor perception
theoryof humans:in the first stagelight energy is observedby threedifferentkinds of
receptors,after subtractively combiningthe resultingsignalsin a secondstage,the per-
ceptionrunsalongopponentchannels.However, color perceptionis still continuousand
canbeusedfor little morethanreactivebehavior; handlingcolor informationassymbols
requiresa divisionof thespectrumin meaningfulcategories.

Now colorperceptionis indeeddividedinto categories;this is immediatelysuggested
by thefactthathumanlanguagesall haveanumberof color termsto namesomeof those
categories.Thenamingof colorcategoriesandthecategories’referentshavebeeninves-
tigatedthoroughlyover thelastdecennia.Of all research,themostwell known is thatof
Berlin andKay [2]. They concludedthat therearea minimum of two anda maximum
of elevenbasiccolor termsin every language.Thefactthatcolor categoriesagreedvery
well overdifferentcultures,suggeststhatcolorcategoriesareuniversal.Berlin andKay’s
theoriesarewidely accepted,andlater research,mostnotablyby Rosch[7], hasrecon-
firmedtheir conclusions.Theuniversalagreementon color categoriesis attributedto the
natureof humancolorperception;culturalandenvironmentalinfluenceshaveplayedonly
aminor (if any) roleat explainingBerlin andKay’s results.

Recentlysomedisparagingopinionshave beenpublished[9, 11]. The critique is
mainly focusedon the methodologyof the experiments(the omissionof context in the
colorsamples,theprejudicedinterpretationof theresults)andtheconclusions(thedesire
to have every languageconform to the evolutionary order, the maximumboundaryof
elevenBCTs,theuseof theopponentcolorspaceto fit theresultson)

Investigatingcolor categorizationandcolor namingcanindeedshedlight on topics
in linguisticssuchasconceptformation,groundingof meaningandtheinfluenceof pop-
ulation dynamicson sharedconcepts.For example,the relationbetweenlanguageand
thoughthasoftenbeenthesubjectof debate.Whorf [14] claimedthat languageactsasa
mouldto which thoughtadaptsitself. Thestrongversionof thethesisis not widely sup-
ported,but theweakversion,claimingthat languageinfluencestheway humansobserve
the world haswon generalacclaim. Color naminghasbeenusedasa testfield for the
Sapir-Whorf thesis[5], thereindicationshavebeenfoundthatlanguageindeedinfluences
colorperception.

It is generallyagreedthatcolor perceptionis geneticallydefinedandidenticalfor all
humans;apartfrom somevariationin thesensitivity of colorpigmentsin thephotorecep-
torsandnot consideringhumanswith geneticdefects(e.g. dichromatism).However, the
universalityof thecategorizationof color hasonly beenidentifiedthroughpsychological
experiments,andmostexplanationsof theseuniversaltendenciesfocuson the identical
build of thevisualpathways,completelyignoringculturalandenvironmentalinfluences.

The experimentsdescribedheredraw on theoriesby Luc Steels[12, 13] explaining
languagethroughculturalevolution. Steelsconsiderslanguageto bea distributed,com-
plex dynamicsystem;in which self-organizationin the representationof the individual
andin thedynamicsof thelanguagecommunityis responsiblefor stablestates.Thethe-
ory hasbeenusedto successfullystudy certainaspectof languageand to offer viable



alternative explanationsfor linguistic phenomena,seefor example[6] on the formation
of vowel systems.Theresearchpresentedin this paperfollows thesametradition. In the
following sectiontheconstructionandresultsof anexperimentin which artificial agents
discriminateandcommunicatecolorarepresented.

2 The simulation

An agentin thesimulationis ableto perceive andcategorizeits perception,andcanas-
sociatecategorieswith word forms.Theword formsarethenusedto communicatecolor
meaningto otheragents.Theagentsonly sharethecommonenvironmentandthe word
formsuttered;they have no accessto the internalrepresentationsof otheragents.They
canadopttheir internal representationsto the outcomeof linguistic interactions,inter-
actionswhich comein the shapeof guessinggames.Throughplaying several of these
gamestheagentscanarriveat a sharedcolor lexicon.

2.1 The individual agent

Color stimuli areofferedto agentsasspectralpower distributions(relative light energy
for wavelengthsin thevisualspectrumfrom 380nmto 800nm).Thecolorsareofferedin
aperture mode: no contextual information,suchasshapeor texture, is included. Since
humansfilter colorstimuli throughtwo stagecolorperception,amappingis neededfrom
thephysicalstimulusto apsychophysicalrepresentation.

The mappinghas to fulfill threerequirements;first, two dissimilar stimuli should
mapon different representations.Only then will discriminationof sensoryperception
be possible. Second,it shouldbe possibleto definea similarity relationshipon it; a
simple distancemeasurecan be sufficient. And third, the mappingshouldbe a good
psychologicalmodelof humancolor perception.In theexperiments,thespectralpower
distributionsaremappedto theCIE
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color space1. It is a three-dimensionalcolor

space,intendedto be perceptuallyequidistant.It is alsoan uncomplicatedcolor space,
whichhasprovento work well for categorization[8]. It hasthreedimensions,
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spacecanrepresent
all humanperceivablecolors,it is howevernot ableto representself-luminouscolors.

Theagentsneedto beableto split upthecolorspacein meaningfulcategories,without
categoriesit is impossibleto communicateabouttheperceptionusingwordforms.Instead
of dividing thecolorspacein discreteclasses,acategory is representedusinganadaptive
network, inspiredon radialbasisfunctions–seee.g.[4]. An adaptivenetwork hasa layer
of hiddenunits,actingasa locally tunedreceptors.Figure1 givesanillustration.

The input unit � is a three-dimensionalvectorcontaininga
���

,
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-value. A
hiddenunit  actsasaGaussianreceptorfunctionwith center��� andwidth ��� . Theoutput��� ��� is composedof theweightedsumof theoutputsof thehiddenunits,dividedby the

1Thereadermight befamiliar with theRGB color space.RGB serveswell for technicalpurposes,but does
a poor job at describinghumancolor perception; mainly becauseit is extremelyhard to definea perceptual
similarity measure
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Figure1: adaptive network for representinga color category, it consistsof onehidden
layerof locally tunedreceptorsfully connectedto a linearoutputunit.

numberof hiddenunits 0 , this to make theoutputindependentof thenumberof hidden
units. �1� ���32 45687:9<; 6>=�?A@CBED � � D � 6 �GFH � F6 I

Thenetwork canbeadaptedbyaddingor removinghiddenunits,by shiftingthecenter
andchangingthewidthof thehiddenunits,orby changingtheweightsof thehiddenunits.
In thesimulationsthewidth is setby default to � � 2KJ (with L2KJNM�OPOQOPMR0 ), andthecenter� � oncesetis not changedanymore. Thenetwork in this way canbeusedfor instance-
basedlearning: whenan exemplarwith position S belongingto category T is learned,
a hiddenunit U with center � 6 2VS and � 6 2WJ is addedto the network representing
category T .

Theweights; � of thehiddenunitsareadaptedaccordingto theoutcomeof theinter-
agentinteractions,andareboundbetweenX Y�M�JRZ .

Thecategoriescanbelexicalized,this is doneby attachingwordformsto categories;a
word form is astringchosenfrom afinite alphabet.Eachcategorycanbeassociatedwith
oneor moreword forms,allowing for synonymy; it alsopossiblefor thesameword form
to beassociatedwith morethanonecategory, allowing for polysemy. In thiswayanagent[

containsasetof associations\�]^TR_`aM8bc_9ed M	OQOPOgf , consistingof pairscontainingacategoryT anda setof word forms bh2jilk 9nmpopopoPq . Notethatnot all categoriesarelexicalized:when
thereis noneedto communicatea particularcategory, no word form is assignedto it.

2.2 The dynamics

Theagentsplay two kindsof games.Onegame,thediscriminationgame,is playedat an
individual level andservesto createcategoriesto beableto successfullydiscriminatethe
environment.Theothergame,theguessinggame,is a simpleinteractionplayedbetween
two agents;a word form is utteredby oneagentandinterpretedby theother, whenboth



agentsagreeonthereferentof theword form, thegamesucceeds.Bothagentsadapttheir
internalrepresentationsto be moresuccessfulat future guessinggames.For detailson
bothgames,see[13].

The discrimination game Thediscriminationgameservesto createsufficientcategories
to discriminatetheenvironment.Theenvironmentconsistsof asetof colorstimuli,
this we call the “context”. Thegamefollows a simplescenario,andis completed
by oneagent. After a certainnumberof discriminationgames,dependingon the
complexity of theenvironment,theagenthasa setof categoriesthatis sufficient to
discriminateany context. For detailson how agentscreatenew color categoriesin
theinternalcolorspace,thereaderis referredto [1].

The guessing game Theguessinggameis playedbetweentwo agentsrandomlyselected
from the population. Oneagentactsasthe speaker, the otherasthe hearer. The
goalof thegameis for thehearerto guesswhatobjectthespeaker is referringto.
A context is presentedto bothagents,anda topic is selectedfrom thecontext (only
thespeaker knows thetopic). Thespeaker tries to discriminatethe topic from the
context by playingadiscriminationgame;whenthisalreadyfails,thentheguessing
gamefails. Whenthespeaker findsa uniquecategory for thetopic, it picksoneof
the word forms associatedwith that category; if the category hasno word forms
associatedwith it yet, theagentcreatesarandomword form andassociatesit to the
category.
This word form k is thenconveyedto thehearer. Thehearernow looksif it knows
theword form, if it doesn’t thegamefails. If thehearerdoesknow theword form,
the category T�r associatedwith k is tried on all objectsin the context: the hearer
then“points” at the objectwhich reactedbestto TRr . If this objectis the topic, the
gamesucceeds.If not, thetopic is revealedto thehearerandit adaptsits categoryT�r to bettermatchthe topic in futuregames;this is doneby addinga hiddenunits
centeredon thetopic.

2.2.1 Adapting internal representations

Eachtimeanagentis involvedin aguessinggame,theweightsof all thehiddenunitsare
decreased;in this way, thecontribution of thehiddenunits to theoutputof thecategory
lessens.If theweightsof all thehiddenunitshavedecreasedto Y , thecategory is removed
from theagents’category set.Thesamehappensfor unsuccessfulword forms,if a word
form hasreacheda certainageandit doesn’t succeedenoughin conveying meaning,the
word form is removed from the agentsrepertoire. This takescareof the forgetting of
inadequatecategoriesandword forms.

On theotherhand,whenacategoryhasbeensuccessfullyusedfor discriminatingthe
topic, theweightsof its hiddenunitsareincreased.In addition,if a word form hasbeen
successfulat communicatingthe topic, its successscoreis increased.In this way, the
linguistic interactionhasan influenceon the internalrepresentationsof the agents(cfr.
Whorf).
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Figure2: (a) Averagediscriminative andcommunicative successfor a populationof 10
agents.The context containsbetweentwo andfour stimuli andis chosenfrom the full
setof Munsell chips. (b) The coherenceaveragedover five runs with communication
(full curve)andfive runswithout communication(dottedcurve); for eachcurve thestan-
darddeviation is added.Thethird curveshows theratio betweenthecategory coherence
withoutcommunicationandwith communication.

3 Results

The datasetusedfor the experimentsconsistsof spectralmeasurementsof over 1200
Munsell color chips [10]. A context is selectedfrom this dataset,with the constraint
that all color stimuli in the context shouldhave a certaindistancefrom eachother. By
this we avoid thatthecontext containssimilar colors;themotivationfor this constraintis
thathumanswill not resortto color informationfor discriminatingobjectsif thecolordif-
ferencesarenot apparentenough:colorsshouldbedistinctbeforediscriminationmakes
sense.Note that thecontext complexity increasesif therearemany elementsin it andif
thedistancebetweenthecontext elementsis small.

The resultsshow that agentcreatecategorieswith which they candiscriminateany
context offered,andthat the agents’lexiconsarecoherentenoughto enablesuccessful
communication.Figure2a shows the populationaverageof the discriminative success
(theratio of thenumberof gamesthatanagentdiscriminatedthetopic correctlyover the
last 50 games)andthe communicative success(representingits successin the guessing
games).The discriminative successquickly risesto 100%,the communicative success
risesandoscillatesbetween80en90%,this is dueto thedynamicsof thesimulation.The
a priori communicativesuccessis 28.6%,this is thesuccessrateif thehearerwould take
ablind guessfor thetopic.

Thefact that thecommunicativesuccessis high indicatesthat theagentseachhave a
lexicon coherentenoughto allow thetransferof meaning.Thecoherence(see[1]) is an-
othermeasurefor this; it showshow similar thecategoriesareoverthepopulation.Figure
2b shows theinterpretationcoherenceof two runs. In onerun theagentsdo not commu-
nicatewith eachother, althoughthe discriminative successwill be high, the coherence



betweenthe categoriesstaysratherlow sinceonly the sharedenvironmentaccountsfor
somerisein thecoherence.In thesecondrun, theagentsareallowedto communicate(in
the form of guessinggames)andthis significantly increasesthe coherenceof the color
categories.Theagentsall reacha coherentcategorizationof thecolor space,andfor this
thelinguistic interactionsarein a verysignificantway responsible.

4 Discussion and conclusion

Whenthereis no communicationandwhenno biasis introduced(for exampleto have a
preferencefor categoriesat theopposinglocationsin thecolor space),thecategorization
of the color spaceis entirely opportunistic. Only the sharedenvironmentmanagesto
introducea slight coherencebetweenthe color categories. However, when the needis
introducedto communicatecolor, this –togetherwith the adaptive representations–first
drivestheagentto developa sharedlexicon,but particularlyit alsointroducescoherence
in thecolor categoriesof theagent.

However, thedistributionof thecategoriesin thecolorspacedoesnothavetheregular-
ity observedin humancolorcategories.Theagentswill in mostcaseshaveacategory for
light-warmandfor dark-coolcolors,but this is asfar astheanalogygoes.Whenno bias
is imposedon theenvironmentor on thecontext, thereis nopressurefor thecategoriesto
resemblecolor categoriesasobservedby Berlin andKay.

It is often injudiciousto extrapolateresultsfrom artificial simulationsto real-world
phenomena,but ofteninsightcanbegainedandnew approachescanbeofferedto explain
why thingsare aswe observe them. The experimentsillustrate that linguistic interac-
tions candrive coherencein a population’s color perception,however it is problematic
to explain the universalityof humancolor categoriessolely by cultural factors. Infants
for exampleseemto have a preferencefor color categoriesat an agewherethey do not
yet possessany form of language[3]. Therearetwo endsto the spectrumof explana-
tionsfor thenatureof humancolorcategories:eitherthepreferencefor certaincategories
emergesfrom theneurologicalbuild of our color perception,or therearenear-universal
environmentalconstraintswhich shapeour color perception.Themostwidely accepted
explanationsarebasedon theformer. Indeed,biologydoesaccountfor a largeamountof
observations,but still someinconsistenciesremain;see[11].

The experimentconsistof a populationof artificial agents–eachable to perceive,
categorizeandlexicalize color stimuli– involved in simple linguistic interactions. It is
shown how throughadaptationandthroughthedynamicsof the interactions,theagents
arriveacommonlexiconwith whichthey canconvey colormeaningto eachother. Whatis
remarkableis thatwhile theagentshavenoaccessto theinternalrepresentationsof others,
their color categoriesbecomecoherentby interacting.Althoughnot demonstratedin this
paper, thecolorlexiconsandcategoriesstabilizeunderalargerangeof parametersettings.
Theresultinglexiconsandthenatureof thecategoriesdependonexternalfactors,suchas
thecomplexity of thecontext andthebiasin thecolorsusedin thecontext; andinternal
factors,suchasthelearningparameters.

Therearestill plentyof possibilitiesfor further investigation.For example,theinflu-
enceof environmentbiason thecharacterof thecolor categoriescanbestudiedfurther.
In addition,thecircumstancesunderwhichcategoriesandwordformsemergethatresem-



ble the onesobserved in humanlanguagesshouldbe further looked into, aswell asthe
influenceof contextual informationon color categorizationandthepossiblelink to color
constancy.
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