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Abstract

In this papera dynamicperspectiveon conceptdor in-
telligent agentsis propagated. The discussionon the na-
ture of conceptscan be simpli ed to a dichotomybetween
objective/statiand subjective/dynamiappmacdes. In the
objectivecase conceptsare the samefor all individuals.
Undera dynamicperspectiveconceptslependon different
factors like the learning processthe ervironment,i.e. the
situationalsetting It is indispensabldéor anagentto create
individual conceptghat adhee to restrictionsimposedby
the ervironmentand the societyit is living in. It is shown
that changesin the ervironmentlead to changesin exist-
ing conceptsandto establishinghew oneswith onlya small
irritation in the useof theold ones.

1 Intr oduction

If intelligent agentsinteract with a complex environ-
ment,thanthis environmentwill be dynamicaswell. Han-
dling dynamicervironmentsposeshe challengeof a suit-
ableinternalrepresentatioto suchanagent.In this article,
a systemis presentedvhich makes useof mechanism®f
multi-modalconcepformationthattake dynamiccognitive
structuringsinto account. The agentssensoryequipment
consistsof a visual sensorsupplyingthe agentwith a 3D
imageof its surroundingand a naturallanguagenterface,
whichis usedby the userto supplythe agentwith descrip-
tionsof the currentscene .Dynamicconceptsanbe found
on differentlevelsin the systemLOCATOR. i.) In asingle
agent,conceptsvary over time, becomingmore and more
speci ¢ andconsistentvith the history of experienceof the
agent.ii.) Becausdlifferentagentshave differenthistories
of experiencetheirindividual conceptsnay differ to acer
taindegree evenif they wereconfrontedwith thesametype
of input. iii.) Onecrucialaspecbf theagents ervironment

is thelanguagaisedn its peergroup. Framef spatialref-

erence([5]; [13]) arechoserasthe domainfor the simula-
tionsin LOCATOR. Cross-linguisticndings in thisdomain
shav a greatvariancebetweendifferentlanguages. This

dynamicsin thelanguageusecanbefound betweeragents
of differentlanguagegroups([10]). Currently Germanand
Marquesah are examined. iv.) The mostinterestingform

of dynamicconceptss describedn moredetailin this pa-

per: adaptingexisting conceptsandcreatingnew onesdue
to radicalchangesn the ervironment.

2 RelatedWork

Sun([16]) proposesnapproactto the questionof con-
ceptformationthatis in line with thework describedn this
paper Conceptsareformedin thecontet of theagentSin-
teractionswith the world. The agentstartswith minimum
built-in structureghatdevelopaccordingo the speci ¢ ex-
periencesof a single agent. To implementthis kind of
conceptformation, Sundevelopeda hybrid computational
model(CLARION) consistingof differentlevelsthathandle
learningof comportmenbn the onehandandrule learning
ontheotherhand,bothin abottom-upfashion.

A more theoreticalapproachis describedby Madole and
Oakes([7]) who propagat@atask-andcontext-orientedoro-

cessof conceptformation. In a numberof experiments,
SchynsandRodet([12]) showv that subjectscreatethe nec-
essandiscriminativefeaturego categorizenew inputonthe
basisof their previous knowledgeand context-speci ¢ ex-

periencewith theencounteredbjects.

Regier ([9]) proposesan abstractconnectionisitnodelthat
combinessomekind of perceptuabndconceptuainputto

learnthe conceptsof spatialprepositionsn differentlan-
guagedike Russian,English, or Mixtec. While learning

IMarquesaris a Polynesianlanguage. Spealkrs emply a x ed di-
rectedreferenceaxis tai — uta (sea— inland) and an orthogonalundi-
rectedaxisko (across)For furtherdetailson Marquesarsee[2].



Figure 1. The Simulation system: An Agent
explores its 3D-environment. The small win-
dow (Lokator: Vision) inside the main gives
an impression of the agent's visual input
(depth information missing). On the left, the
NL interface is shown, where the user pro-
vides linguistic input to the agent.

takes place, necessaryfeaturesare createdand modi ed.
Problematids the useof the conceptuabr “linguistic” in-
put. The outputnodesof the modelarelabeledwith prepo-
sitions of the speci ¢ languageunderconsideration.This
interpretationof the outputnodesaslinguistic symbolsis
veryarti cial andnotinherentto themodelitself.
Cangelosiand Harnad([3]) focuson the role of language
during the acquisitionof new perceptualcateyories. In
their simulationgthey usetwo typesof agentqforagersand
thieveg thatinhabita 2D ervironmentwherea numberof
mushroomscan be found. Some mushroomssupply the
agentswith enegy, someof themarepoisonousTheagents
have to learnthe featuresof the mushrooms After having
establishedasiccateyoriesby being confrontedwith the
actualmushroomsandtheir effects, the foragerslearn ad-
ditional categoriesin the sameway. The thieveslearnnew
catgyoriessolely on the basisof linguistic communication.
The categgoriesdo not changeduring the simulationsand
areidenti able by x edsetsof features.Thus,althoughthe
agentsform multi-modal conceptstheseconceptsare not
dynamic.

3 LocAToOR — A model of situated concept
formation

The simulationsystemL 0CATOR? implementsa model
of situatedconceptformation. Autonomousanthropomor
phicagentexploretheircomplex 3D-ervironment(seeFig.
1). Theideaof autonomousagentsfollows Franklin and
Graesses (1996)de nition ([4]). Theagenterceve this
ervironmentwith a visual sensorand they have a natural

2| ocATOR s basedn the systemlL ok UTOR which wasdevelopedby
Milde (e.g.,[8]) atBielefeld University

languagenterface whichis usedby theuserto describehe
spatialarrangemenbf currently percevable objects,e.g.,
Der Baumstehtredchts vom Haus (The treeis right of the
house).

Modeling the processof conceptformation makes use of
ideasby Steels(e.g.,[14]), who hasproposeddiscrimina-
tion gamesto modelthe procesof situatedacquisitionof
objectconcepts. While agentsplay discriminationgames
they build up discriminationnetsfor the sensorchannels
they possessgependingon the experiencednput (seeFig.
3for somenets).Everynodein suchanetis afeaturedetec-
tor. A detectolcangetactivatedin aspeci c situationby the
incominginformationandis passedsinputto further pro-
cessingteps.In Locator, featuredetector@renotoperating
on the valuesof sensorchannelshut on ve preprocessed
perceptualfeatures. Two of thesedescribethe distance
(ABS) andthe alignment(AUS) betweentwo objects.The
other three supply information concerningthe three main
axisof spatialcognition,i.e. thehorizontal(H), thevertical
(V), andthe 2. sagittal(2S). First, the vectorbetweenthe
centerof massof two objectsis calculated COM). Theper
ceptualfeaturesarethe anglesbetweereachreferenceaxis
andthisvector For eachperceptuafeaturea corresponding
initial featuredetectorexists. This initial detectorranges
over the whole value rangeof the correspondindeature.
Consequentlyit alwaysgetsactivatedwhenavaluefor this
featureis encounteredDuring the procesof conceptfor-
mationtheinitial featuredetectorsareelaboratedresulting
in a numberof differentdiscriminationnets,onefor each
perceptuafeature(seeFig. 3). Eachnodeis itself a fea-
ture detectorthatcorrespondso partsof the valuerangeof
the given perceptuafeatureandis activatedif a valuefalls
into this range. The numberandkind of featuredetectors
employedby aspeci c agentemepgesduringthe conceptu-
alizationprocessandis dueto the experiencednulti-modal
input,i.e. to thevisualaswell asto thelinguisticinput.
The pressurgo modify an existing discriminationnet re-
sultsin Steels'approacHrom theassumptionthatnoiden-
tical objectsexist. Thus,a distinctive setof featurescanbe
determinedor every object. Discriminationnetsare build
uponly ontheinformationsuppliedby theavailablesensors
without taking linguistic input into account.In a laterver-
sion ([15]), Steels'agentsplay so-calledlanguage games
But thesegamesareindependenprocessemappingwords
on conceptsand have no impacton the conceptformation
processin LOCATOR thelinguisticinputis anintegral part
of this processfollowing an usage-basedpproacho lan-
guageacquisition(e.g.,[1]). Thelinguisticinputis seenas
a deliberatelyproducedutteranceby a memberof the lan-
guagegroupthe agentis partof. This utterancerealizesa
generallyacceptedwvay of structuringthe spatialdomain.
By meansof the utterancethis way of structuringis given
asa positive exampleto thelearner Consequentlyl oca-



TOR utilizestheinformationinherentin this positive exam-
ple for the conceptformation processij.e., for building up
discriminationnets(see[10]).

4 Simulations and Results

LOCATOR is a testbedfor questionsconcerningthe ac-
quisition of conceptslike the interplay betweendifferent
modalities(e.g.,visionandspeechpr theacquisitionof dif-
ferentframesof referencesee[10]). Focusingon dynamic
conceptsthreesimulationsaredescribedn this article. In
the rst two, theervironmentis not subjectto changeslur-
ing acquisitionand useof concepts.The third simulation
focuseson the dynamic natureof concepts. It replicates
the rst simulationand then addsernvironmentalchanges
thatleadto the sameconditionsasin simulationtwo. The
generakettingof the simulationss identical. An agentau-
tonomouslyexploresits ervironment,i.e. it follows a ran-
dompaththroughits environmentbasecdon local behaiors
to avoid collisionswith objects.Fromtime to time the user
describeghe spatialarrangementywhich the agentis able
to perceve with its visual sensor The userinput triggersa
cateyorizationattemptand,if thisfails, alearningstep.
Thesuccessf this categorizationattemptis measuredThe
visual andlinguistic input activate conceptghat represent
thejoint meaningof the differenttypesof input. If asingle
conceptis activated,the catgorizationattemptis success-
ful.

4.1 Simulation 1: rechtsvslinks

During their exploration, ve agentswere confronted
with utteranceghat emplgy a relative frame of reference.
The relations were links and rechts  Each agentexpe-
rienced 1600 utterances. The number of specic rela-
tions eachagentwas confrontedwith variesbetween790
(49.38%) and 808 (50.5%) for links and between792
(49.5%)and810(50.63%)for rechts

4.1.1 Results

Becausethe number of trials per relation varies across
agentsananalysisof covariances necessaryFor thisanal-
ysistheaverageperformancever all agentds calculatecht
eachreadingpoint. If aninput cannot be cateyorizednon-
ambiguousthenthis attemptis notinterpretedasa success-
ful categyorizationattempt. Becausewo different phases
can be distinguishedn regardto performancethe analy-
sisis repeatedvith thelasthalf of thereadingpoints.

3Todistinguishbetweerrelationsand CONCEPTS they aregivenin two
differentfonts. Becausdinguisticinputwasgivenin Germanthe German
wordsfor relationsandconceptareemplg/edin thisarticle: rechtg(right),
links (left), vor (front), hinter (back).

Trials 1-1600 || Trials 801-1600

df F df F
Trials 9,79 | 27.02 4,39 | 0.77
Relations| 1,79 | 0.82 1,39 | 0.02
TxR 9,79 0.42 4,39 | 0.09

Figure 2. Simulation 1: Categorization perfor-
mance during trials.

Theresultscanbefoundin gure 2 which alsodepictsthe
catgorizationperformancef thesystem_ocator A signif-
icanteffect shovs up betweerdifferenttrials if all reading
points aretakeninto account: F(9,79)= 27.02,p  0.01.
The effect vanishedf the analysisis limited to the stable
phase.

4.1.2 Discussion

Cateagorizationperformancés low atthebeginning. By and
by, i.e. whenconceptdbecomeanorestable thisis reversed.
Consequentlyasigni cant effectcanbefoundif all reading
pointsareconsideredThis is dueto thefact,thatanagent
startswithout ary concepfatall. Thusthe performanceate
is zeroat the beginning. Over time, the agentmodi es its
perceptuasystento createsuitablefeaturedor concepfor-
mation. As a result,conceptsecomebettersuitedfor the
taskat hand,i.e. categorizing relationsthat hold between
objects. Figure 2 shows that the agentshave established
"working” conceptsi.e. conceptghataresuitedfor thecat-
egorizationtask. The performanceatevariesbetweerf5%
and100%afterconcepthave stabilized( 800trials).

Of speciainterests thequestionhow theagenthave mod-
i ed theirinitial perceptuakystem|.e., theirinitial feature
detectorselueto theexperiencednput. Theperceptuasys-



Figure 3. Simulation 1: The perceptual sys-
tem of one agent.

tem of oneagentafter 1600trials is depictedin gure 3.4
The vefeaturedetectordhave beenmodi ed to analyzethe
perceptuafeaturesappropriately In the rst row, the fea-
ture detectorsvhich analyzetheanglebetweenCOM anda
referencedirectionare shown, i.e. from left to right V, H,
and 2S. The secondrow depictsthe detectorgesponsible
for thefeaturegdistanceandalignment.

All agentsof this grouphave modi ed their respectie per
ceptualsystemin slightly differentways. The modi ca-
tions dependon the experiencedsituationsthat vary be-
tweenagents.A morethoroughanalysisof the established
conceptsshows that one featuredetectoris usedprimarily
for concepformation. This detectorevaluategheanglebe-
tweenCOM andthe horizontal. Thusit correspondso one
of the main axis of humanspatialcognition, which is an
expectedresult.

4.2 Simulation 2: rechts,links, vor, hinter

In this simulation,eachagentgot 3200 utterancesiur-
ing its exploration. Roughly a quarterof theseutterances
realizedoneof thefour relationslinks, redhts vor, andhin-
ter. The exactnumbersarefoundin a rangebetween782
(24.44%)and842(26.31%)(rechts), 758(23.69%)and815
(25.47%) (links), 773 (24.16%)and 837 (26.16%) (vor),
and761(23.78%)and827 (25.84%)(hinter).

4.2.1 Results

Theresultsaremoreor lessthe sameasin simulationone.
A signi cant effect shavs up betweentrials if all reading
pointsareconsideredvhich vanishesf theanalysess con-
strainedo the stablephase Additional effectsshav up this

4To testthe acquisitionof differentframesof spatialreferencd6], it is
necessaryo know theorigin of thecoordinatesystemin whichfeaturesare
calculatedIn all simulationsdescribedn this papertheorigin is obj1000
(theagentitself), Thisis indicatedin every gure ontheleft side.Seee.g.,
[11] for simulationsconcerningabsolutdramesof reference.

Trials 1-1601 | Trials 1601-3200
df F df F
Trials 9,159 | 45.9 4,79 | 0.65
Relations| 3,159 | 6.93 3,79 | 8.22
VxR 27,159| 0.89 12,79| 1.49

Figure 4. Simulation 2: Categorization perfor-
mance during trials.

timebetweerrelationghatdonotvanishin thestablephase:
and
. Figure 4 shaws that performancds on the average
betterfor the relationsrechts andlinks (0.87,0n the aver-
age, 800)thanfor vorandhinter(0.79,ontheaverage,
800).

4.2.2 Discussion

The agentswere successfuln establishingconcepts. The
performances not as high asin the rst simulationand
thereis a signi cant effect betweenrelationsthat persists
overall trials. A thoroughanalysisof the situationsexperi-
encedby the agentgevealsthatthis effectis attributableto
thelow depthresolutionof thevisualsensor

The visual sensorconsistsof differentsensonayersthat
registerobjectsin differentrangesfrom the agent. Sensor
layersare combindedinto a single represenationstarting
with thosethathave alongerrange.In thefovealareaof the
sensoyresolutionof theselayersis high but their rangeis
restricted.In thethe parafosrealareathe resolutionis lower
but therangeis highet In bothareas, ve layersexist that
correspondo ve differentdepthlevels (seeFig. 6). Be-
causethey overlap to someextent, there are eight depth
levelsin all. This low depthresolutionespeciallyaffects
the discriminationbetweenthe relationsvor andhinter. If
two objectsare in a vor-/hinter-relation and nearto each
other it is verylik ely thattheagentpercevesthemasbeing



Figure 5. Simulation 2: Perceptual system of
one agent.

15:10

NS

Figure 6. Visual sensor of the Locator agents.
The white area marks the foveal part of the
sensor. The parafoveal area is given in grey.
Pf2:16 denotes, e.g., parafoveal sensor layer
2, whic h has arange of 16.

equallyfaraway. To successfullyapply sucharelationit is
inevitablethatthisis notthecase.Suchsituationsarecalled
ambiguoudn this context. Roughly 15 % of the encoun-
teredsituationswere ambiguousn this sense(vor: 15.68
%; hinter. 15.11%).

In contrastto the rst experiment,the perceptuakystems
of the agentsare more elaboratedFig. 5). The analysis
of the establishedtonceptsndicatethat the modi cations
of the perceptuakystemsin simulationone are not suf-
cientto solve the more complex learningproblemin this
simulation. On the one hand, it is necessaryo differenti-
atethe initial featuredetectordurther. On the otherhand,
it is not sufcient to concentraten a singlefeaturefor the
taskat hand. Instead,a combinationof relevantfeatureds
neededHere,it is acombinationof thefeaturesH and2S.
H wasprimarily usedin simulationoneto establistthecon-
ceptLINKS andRECHTS. In afurther simulationwhichis
not reportedhere, it was shavn that 2S is primarily used
in establishinghe conceptsvVor andHINTER. This clear

Figure 7. Simulation 3: Development of cat-
egorization performance of one agent during
trials 1600-3200.

assignmenbetweenconceptsaandfeaturesdoesnot persist
in this simulation. Both featuresconstituteall of the con-
ceptswhile differentvaluerangesemege for the different
concepts.

Comparingthe conceptdrom simulationone andtwo, the
sameconceptsarestructurallydifferent. Thesedifferences
arisefrom theexperiencedsituationsj.e.,dependenbnthe
visual and linguistic input. If the links-/rechts-dichotomy
hasto be learned— like in simulationone — the feature
2S containsno relevantinformation. Contrastingthe rela-
tions vor andhinter — like in simulationtwo — this fea-
turedoesnotonly becomeelevantto establistthe concepts
VOR andHINTER but alsoto establistthe conceptd. INKS
andRecHTS. Thecontentof aconceptsanthusnotbere-
strictedto asocalledconceptuatore. Thestructureandthe
contentof a conceptcanonly be determineddependingon
thespeci c taskandcontext theconcepis usedin. Thetask
in simulationtwo is morecomplex dueto a larger number
of conceptghat have to be acquired. Consequentlymore
aspect®f theencounteredituationsbecomerelevant.



Figure 8. Simulation 3: Development of the
perceptual system of one agent during trials
1600-3200.

4.3 Simulation 3: Dynamic conceptformation

The rst two simulationsshavedthat LOCATOR imple-
mentsa successfumodelof situatedandindividual multi-
modal conceptformation which is a pre-requisitefor the
claim of dynamicconcepts Simulationthreeexamineghis
claimin moredetail.

A numberof agentswas confrontedwith linguistic input
duringtheir explorationof the environment. This time, the

linguistic input was changedafter conceptshad stabilized.

In the rst partof thisexperimentsimulationonewasrepli-
catedj.e.,theagentgot 1600utteranceshatemployedthe
relationsrechtsandlinks. Afterwards,4800utterancesvere
presentethatusedvor andhinterasadditionalinput. Thus,
the agentservironmentwassubjectto a radicalchangebe-

causetotally new structuringsof the visually percevable
reality areintroducedvia thelinguistic input.

In the rst part, the resultsfrom the rst simulationwere
replicated. The sameholdstrue for the stablephaseof the
secondpart (from 3200trials onwards)concerningthe re-
sultsof the secondsimulation. Theinterestingthingshap-
penin betweeni.e. from thebeginningof theuseof thenew
relationsuntil conceptsave stabilizedagain(from 1600—
3200trials).

Figures7 and8 shav the developmentf the categyorization
performanceand of the perceptuakystemof oneagentas
anexample. The useof new andunknown relationsin the
linguisticinputcausest rst abreakdevnin cateyorization
performanceFor this agent,performancelropsfrom 95%
to 70%. During the next 1600trials, performancencreases
steadilydueto a modi cation of the perceptuakystemand
stabilizesat the level that is known from simulationtwo.
The modi cation concentratesn two features.On the one
hand,the featureH is mademorespeci c. It wasalready
usedin the rst partof the simulation. On the otherhand,
thefeature2Sis usedadditionally Thisfeaturewasnotsig-
ni cant in the rst part of the simulation. Consequently
modifying the perceptualsysteminvolves a restructuring
of the alreadyestablisheadtoncepts.The featureshat have
constitutedhe conceptd. INKS andRECHTS sofar, canno
longerguarantea successfutategorization.Otherfeatures
becomenecessarytoo. In the courseof this restructuring
the cateyorizationperformancdor theconceptd INKS and
RECHTS decreaseat rst beforeincreasingon the perfor
mancelevel known from simulationtwo. The overall de-
creases thus not solely attributableto the unknown rela-
tionsfor which new conceptdave to be established.
Categorizationperformanceshouldnot be affectedfor the
alreadyexisting conceptgatleastafterrestructurings com-
plete). Unfortunately this cannotbe fully guaranteedn
LocATOR becauseof the limitation of the available sen-
sory equipment(seesimulationtwo). Thus, performance
stabilizeson a level known from simulationtwo. This is
a directresultof a situatedand embodiedapproacho the
problemof conceptformationandis thusanadwantageand
notafault of thesystem.

A differencein performanceduring the acquisitionof the
conceptsvVor and HINTER wasfound comparingsimula-
tions two andthree. The unstablephaseat the beginning,
thatwasregisteredin all simulationdonesofar, is missing
here.Instead performancestabilizesvery rapidly onahigh
level. Theonly differencebetweerthe rst two simulations
andthis oneis foundin a sgmentatiorof thelearningprob-
lem. AcquiringtheconceptL INKS andRECHTS causedhe
agentdo modify their perceptuasystemsi.e., theirmecha-
nismsto analyzehevisualinput,in awaythatis compatible
with the experiencednput. Thelinguistic input tradesthe
generallyaccepteadonceptuatonstraint®f theagentslan-



guagegroup,in this casen thedomainof spatialreferences
in arelative system. Consequentlythe agents perceptual
systemis alreadypre-structuredor analysesn sucharela-
tive frameof reference Acquiring furtherconceptghatare
in accordance&vith the needf sucha systemcanbebased
on this alreadyestablishedknowledge. Thus,forming new
conceptds alleviatedbecausehey arecompatiblewith the
alreadyestablishedonceptuaktructuring.

5 Conclusion

Intelligent agentsare usedin more and more comple
ervironments. Complex ervironmentsare also alwaysin-
herentlydynamic. This posesnew challengego therepre-
sentationahbilities of agents. LOCATOR is a systemthat
realizesa procesf multi-modalconceptformationwhich
takestheinherentlydynamicnatureof the ervironmentinto
account.Thisis inevitableto be ableto reactto changesn
the ervironmentor to previously unsupposedonditions.It
wasshawn thatthe agentsin L OCATOR reactto suchradi-
cal changedy adaptingtheir existing conceptsandif nec-
essanby creatingnew ones.No additionalmechanismare
neededo achievethisresult.Insteadjn thecaseof anervi-
ronmentakchangegxisting conceptsarejustre-enterednto
theconcepformationprocessAn interestingesultwasthe

nding thatacertainpre-structuringllows for amorerapid
learningof new conceptghatfollow the samestructuring.

Furtherresearctwill be conductednainly in onedirec-
tion. In the context of dynamicconceptst is very interest-
ing to seewhich effectswill ariseif anagents forcedto ac-
quire a secondanguagethat structureshe spatialdomain
in a differentway. Suchanagentwill e.g., rst learnthe
Germanspatialconceptsaandafterwardswill be confronted
with linguisticinputin MarquesanSuchanagentwill have
to be contrastedo a bilingual one,thatis exposedto both
language$rom the beginning.
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