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Abstract

In this papera dynamicperspectiveon conceptsfor in-
telligent agentsis propagated. The discussionon the na-
ture of conceptscan be simpli�ed to a dichotomybetween
objective/staticandsubjective/dynamicapproaches.In the
objectivecase, conceptsare the samefor all individuals.
Undera dynamicperspective, conceptsdependondifferent
factors like the learning process,the environment,i.e. the
situationalsetting. It is indispensablefor anagentto create
individual conceptsthat adhere to restrictionsimposedby
the environmentand the societyit is living in. It is shown
that changes in the environmentlead to changes in exist-
ing conceptsandto establishingnew oneswith onlya small
irritation in theuseof theold ones.

1 Intr oduction

If intelligent agentsinteract with a complex environ-
ment,thanthis environmentwill bedynamicaswell. Han-
dling dynamicenvironmentsposesthechallengeof a suit-
ableinternalrepresentationto suchanagent.In this article,
a systemis presentedwhich makesuseof mechanismsof
multi-modalconceptformationthattakedynamiccognitive
structuringsinto account. The agentssensoryequipment
consistsof a visual sensorsupplyingthe agentwith a 3D
imageof its surroundinganda naturallanguageinterface,
which is usedby theuserto supplytheagentwith descrip-
tionsof thecurrentscene.Dynamicconceptscanbefound
on differentlevels in thesystemLOCATOR. i.) In a single
agent,conceptsvary over time, becomingmoreandmore
speci�c andconsistentwith thehistoryof experienceof the
agent.ii.) Becausedifferentagentshave differenthistories
of experience,their individualconceptsmaydiffer to a cer-
taindegree,evenif they wereconfrontedwith thesametype
of input. iii.) Onecrucialaspectof theagent'senvironment

is thelanguageusedin its peergroup.Framesof spatialref-
erence([5]; [13]) arechosenasthedomainfor thesimula-
tionsin LOCATOR. Cross-linguistic�ndings in this domain
show a greatvariancebetweendifferent languages.This
dynamicsin thelanguageusecanbefoundbetweenagents
of differentlanguagegroups([10]). Currently, Germanand
Marquesan1 areexamined. iv.) The mostinterestingform
of dynamicconceptsis describedin moredetail in this pa-
per: adaptingexisting conceptsandcreatingnew onesdue
to radicalchangesin theenvironment.

2 RelatedWork

Sun([16]) proposesanapproachto thequestionof con-
ceptformationthatis in line with thework describedin this
paper. Conceptsareformedin thecontext of theagent's in-
teractionswith the world. The agentstartswith minimum
built-in structuresthatdevelopaccordingto thespeci�c ex-
periencesof a single agent. To implementthis kind of
conceptformation,Sundevelopeda hybrid computational
model(CLARION) consistingof differentlevelsthathandle
learningof comportmenton theonehandandrule learning
on theotherhand,bothin abottom-upfashion.
A more theoreticalapproachis describedby Madole and
Oakes([7]) whopropagateatask-andcontext-orientedpro-
cessof conceptformation. In a numberof experiments,
SchynsandRodet([12]) show thatsubjectscreatethenec-
essarydiscriminativefeaturesto categorizenew inputonthe
basisof their previousknowledgeandcontext-speci�c ex-
periencewith theencounteredobjects.
Regier ([9]) proposesan abstractconnectionistmodel that
combinessomekind of perceptualandconceptualinput to
learn the conceptsof spatialprepositionsin different lan-
guageslike Russian,English, or Mixtec. While learning

1Marquesanis a Polynesianlanguage. Speakers employ a �x ed di-
rectedreferenceaxis tai — uta (sea— inland) and an orthogonalundi-
rectedaxisko (across).For furtherdetailsonMarquesansee[2].



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

takes place,necessaryfeaturesare createdand modi�ed.
Problematicis theuseof theconceptualor “linguistic” in-
put. Theoutputnodesof themodelarelabeledwith prepo-
sitionsof the speci�c languageunderconsideration.This
interpretationof the outputnodesas linguistic symbolsis
veryarti�cial andnot inherentto themodelitself.
CangelosiandHarnad([3]) focuson the role of language
during the acquisitionof new perceptualcategories. In
theirsimulationsthey usetwo typesof agents(foragersand
thieves) that inhabit a 2D environmentwherea numberof
mushroomscan be found. Somemushroomssupply the
agentswith energy, someof themarepoisonous.Theagents
have to learnthe featuresof themushrooms.After having
establishedbasiccategoriesby being confrontedwith the
actualmushroomsandtheir effects, the foragerslearnad-
ditional categoriesin thesameway. Thethieveslearnnew
categoriessolelyon thebasisof linguistic communication.
The categoriesdo not changeduring the simulationsand
areidenti�able by �x edsetsof features.Thus,althoughthe
agentsform multi-modalconcepts,theseconceptsarenot
dynamic.

3 LOCATOR — A model of situated concept
formation

ThesimulationsystemLOCATOR2 implementsa model
of situatedconceptformation. Autonomousanthropomor-
phicagentsexploretheircomplex 3D-environment(seeFig.
1). The idea of autonomousagentsfollows Franklin and
Graesser's (1996)de�nition ([4]). Theagentsperceive this
environmentwith a visual sensorand they have a natural

2LOCATOR is basedon thesystemLOKUTOR whichwasdevelopedby
Milde (e.g.,[8]) at BielefeldUniversity.

languageinterface,whichis usedby theuserto describethe
spatialarrangementof currently perceivable objects,e.g.,
Der Baumstehtrechts vomHaus(The treeis right of the
house).
Modeling the processof conceptformation makes useof
ideasby Steels(e.g., [14]), who hasproposeddiscrimina-
tion gamesto modelthe processof situatedacquisitionof
object concepts.While agentsplay discriminationgames
they build up discriminationnetsfor the sensorchannels
they possess,dependingon theexperiencedinput (seeFig.
3 for somenets).Everynodein suchanetis afeaturedetec-
tor. A detectorcangetactivatedin aspeci�c situationby the
incominginformationandis passedasinput to furtherpro-
cessingsteps.In Locator, featuredetectorsarenotoperating
on the valuesof sensorchannels,but on � ve preprocessed
perceptualfeatures. Two of thesedescribethe distance
(ABS) andthealignment(AUS) betweentwo objects.The
other threesupply information concerningthe threemain
axisof spatialcognition,i.e. thehorizontal(H), thevertical
(V), andthe 2. sagittal(2S).First, the vectorbetweenthe
centerof massof two objectsis calculated(COM). Theper-
ceptualfeaturesaretheanglesbetweeneachreferenceaxis
andthisvector. For eachperceptualfeatureacorresponding
initial featuredetectorexists. This initial detectorranges
over the whole value rangeof the correspondingfeature.
Consequently, it alwaysgetsactivatedwhenavaluefor this
featureis encountered.During theprocessof conceptfor-
mationtheinitial featuredetectorsareelaborated,resulting
in a numberof differentdiscriminationnets,onefor each
perceptualfeature(seeFig. 3). Eachnodeis itself a fea-
turedetectorthatcorrespondsto partsof thevaluerangeof
thegivenperceptualfeatureandis activatedif a valuefalls
into this range. The numberandkind of featuredetectors
employedby aspeci�c agentemergesduringtheconceptu-
alizationprocessandis dueto theexperiencedmulti-modal
input, i.e. to thevisualaswell asto thelinguistic input.
The pressureto modify an existing discriminationnet re-
sultsin Steels'approachfrom theassumption,thatno iden-
tical objectsexist. Thus,a distinctive setof featurescanbe
determinedfor every object. Discriminationnetsarebuild
uponly ontheinformationsuppliedby theavailablesensors
without taking linguistic input into account.In a laterver-
sion ([15]), Steels'agentsplay so-calledlanguage games.
But thesegamesareindependentprocessesmappingwords
on conceptsandhave no impacton the conceptformation
process.In LOCATOR thelinguistic input is anintegralpart
of this process,following an usage-basedapproachto lan-
guageacquisition(e.g.,[1]). Thelinguistic input is seenas
a deliberatelyproducedutteranceby a memberof the lan-
guagegroupthe agentis part of. This utterancerealizesa
generallyacceptedway of structuringthe spatialdomain.
By meansof theutterance,this way of structuringis given
asa positive exampleto the learner. Consequently, LOCA-



TOR utilizestheinformationinherentin this positiveexam-
ple for theconceptformationprocess,i.e., for building up
discriminationnets(see[10]).

4 Simulationsand Results

LOCATOR is a testbedfor questionsconcerningthe ac-
quisition of conceptslike the interplay betweendifferent
modalities(e.g.,visionandspeech)or theacquisitionof dif-
ferentframesof reference(see[10]). Focusingondynamic
concepts,threesimulationsaredescribedin this article. In
the�rst two, theenvironmentis not subjectto changesdur-
ing acquisitionanduseof concepts.The third simulation
focuseson the dynamicnatureof concepts. It replicates
the �rst simulationand then addsenvironmentalchanges
that leadto thesameconditionsasin simulationtwo. The
generalsettingof thesimulationsis identical.An agentau-
tonomouslyexploresits environment,i.e. it follows a ran-
dompaththroughits environmentbasedon localbehaviors
to avoid collisionswith objects.Fromtime to time theuser
describesthe spatialarrangement,which the agentis able
to perceive with its visualsensor. Theuserinput triggersa
categorizationattemptand,if this fails,a learningstep.
Thesuccessof thiscategorizationattemptis measured.The
visual andlinguistic input activateconceptsthat represent
thejoint meaningof thedifferenttypesof input. If a single
conceptis activated,the categorizationattemptis success-
ful.

4.1 Simulation 1: rechtsvs links

During their exploration, � ve agentswere confronted
with utterancesthat employ a relative frameof reference.
The relations3 were links and rechts. Each agentexpe-
rienced 1600 utterances. The number of speci�c 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
agents,ananalysisof covarianceis necessary. For thisanal-
ysistheaverageperformanceoverall agentsis calculatedat
eachreadingpoint. If an input cannot becategorizednon-
ambiguous,thenthisattemptis not interpretedasasuccess-
ful categorizationattempt. Becausetwo different phases
canbe distinguishedin regard to performance,the analy-
sisis repeatedwith thelasthalf of thereadingpoints.

3To distinguishbetweenrelationsandCONCEPTS they aregivenin two
differentfonts.Becauselinguistic inputwasgivenin German,theGerman
wordsfor relationsandconceptsareemployedin thisarticle: rechts(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
T x R 9,79 0.42 4,39 0.09
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Figure 2. Simulation 1: Categorization perf or­
mance during trials.

Theresultscanbefoundin �gure 2 which alsodepictsthe
categorizationperformanceof thesystemLocator. A signif-
icanteffect shows up betweendifferenttrials if all reading
pointsare taken into account:F(9,79)= 27.02,p � 0.01.
The effect vanishesif the analysisis limited to the stable
phase.

4.1.2 Discussion

Categorizationperformanceis low atthebeginning.By and
by, i.e. whenconceptsbecomemorestable,this is reversed.
Consequently, asigni�cant effectcanbefoundif all reading
pointsareconsidered.This is dueto thefact,thatanagent
startswithoutany conceptatall. Thustheperformancerate
is zeroat thebeginning. Over time, the agentmodi�es its
perceptualsystemto createsuitablefeaturesfor conceptfor-
mation. As a result,conceptsbecomebettersuitedfor the
taskat hand,i.e. categorizing relationsthat hold between
objects. Figure 2 shows that the agentshave established
”working” concepts,i.e. conceptsthataresuitedfor thecat-
egorizationtask.Theperformanceratevariesbetween95%
and100%afterconceptshavestabilized( � 800trials).
Of specialinterestis thequestion,how theagentshavemod-
i�ed their initial perceptualsystem,i.e., their initial feature
detectorsedueto theexperiencedinput. Theperceptualsys-



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

tem of oneagentafter 1600trials is depictedin �gure 3.4

The� vefeaturedetectorshavebeenmodi�ed to analyzethe
perceptualfeaturesappropriately. In the �rst row, the fea-
turedetectorswhichanalyzetheanglebetweenCOM anda
referencedirectionareshown, i.e. from left to right V, H,
and2S. The secondrow depictsthe detectorsresponsible
for thefeaturesdistanceandalignment.
All agentsof this grouphave modi�ed their respectiveper-
ceptualsystemin slightly different ways. The modi�ca-
tions dependon the experiencedsituationsthat vary be-
tweenagents.A morethoroughanalysisof theestablished
conceptsshows that onefeaturedetectoris usedprimarily
for conceptformation.Thisdetectorevaluatestheanglebe-
tweenCOM andthehorizontal.Thusit correspondsto one
of the main axis of humanspatialcognition, which is an
expectedresult.

4.2 Simulation 2: rechts,links, vor, hinter

In this simulation,eachagentgot 3200utterancesdur-
ing its exploration. Roughlya quarterof theseutterances
realizedoneof thefour relationslinks, rechts, vor, andhin-
ter. The exact numbersarefound in 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 lessthesameasin simulationone.
A signi�cant effect shows up betweentrials if all reading
pointsareconsideredwhichvanishesif theanalysesis con-
strainedto thestablephase.Additionaleffectsshow upthis

4To testtheacquisitionof differentframesof spatialreference[6], it is
necessaryto know theorigin of thecoordinatesystemin whichfeaturesare
calculated.In all simulationsdescribedin this paper, theorigin is obj1000
(theagentitself),Thisis indicatedin every �gure ontheleft side.See,e.g.,
[11] for simulationsconcerningabsoluteframesof reference.

Trials 1–1601 Trials 1601–3200
df F df F

Trials 9,159 45.9
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4,79 0.65
Relations 3,159 6.93
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Figure 4. Simulation 2: Categorization perf or­
mance during trials.

timebetweenrelationsthatdonotvanishin thestablephase:
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 . Figure4 shows that performanceis on the average
betterfor the relationsrechts andlinks (0.87,on the aver-
age,� 800)thanfor vor andhinter(0.79,ontheaverage,�

800).

4.2.2 Discussion

The agentsweresuccessfulin establishingconcepts.The
performanceis not as high as in the �rst simulationand
thereis a signi�cant effect betweenrelationsthat persists
overall trials. A thoroughanalysisof thesituationsexperi-
encedby theagentsrevealsthat this effect is attributableto
thelow depthresolutionof thevisualsensor.

The visual sensorconsistsof differentsensorlayersthat
registerobjectsin differentrangesfrom the agent. Sensor
layersare combindedinto a single represenation,starting
with thosethathavea longerrange.In thefovealareaof the
sensor, resolutionof theselayersis high but their rangeis
restricted.In thetheparafovealareatheresolutionis lower
but the rangeis higher. In bothareas,� ve layersexist that
correspondto � ve differentdepthlevels (seeFig. 6). Be-
causethey overlap to someextent, thereare eight depth
levels in all. This low depthresolutionespeciallyaffects
thediscriminationbetweenthe relationsvor andhinter. If
two objectsare in a vor-/hinter-relation and nearto each
other, it is very likely thattheagentperceivesthemasbeing



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

f1: 2

f2: 4
f3: 6

f4: 8

f5: 10

pf5: 30

pf4: 24

pf3: 16

pf2: 6

pf1: 2

Figure 6. Visual sensor of the Locator agents.
The white area marks the foveal par t of the
sensor . The paraf oveal area is given in grey.
Pf2:16 denotes, e.g., paraf oveal sensor layer
2, whic h has a rang e of 16.

equallyfar away. To successfullyapplysucha relationit is
inevitablethatthis is not thecase.Suchsituationsarecalled
ambiguousin this context. Roughly15 % of the encoun-
teredsituationswereambiguousin this sense(vor: 15.68
%; hinter: 15.11%).
In contrastto the �rst experiment,the perceptualsystems
of the agentsaremore elaborated(Fig. 5). The analysis
of the establishedconceptsindicatethat the modi�cations
of the perceptualsystemsin simulationoneare not suf�-
cient to solve the more complex learningproblemin this
simulation. On the onehand,it is necessaryto differenti-
atethe initial featuredetectorsfurther. On the otherhand,
it is not suf�cient to concentrateon a singlefeaturefor the
taskat hand. Instead,a combinationof relevantfeaturesis
needed.Here,it is a combinationof thefeaturesH and2S.
H wasprimarily usedin simulationoneto establishthecon-
ceptL INKS andRECHTS. In a furthersimulationwhich is
not reportedhere,it was shown that 2S is primarily used
in establishingthe conceptsVOR andHINTER. This clear

Figure 7. Simulation 3: Development of cat­
egorization perf ormance of one agent during
trials 1600–3200.

assignmentbetweenconceptsandfeaturesdoesnot persist
in this simulation. Both featuresconstituteall of the con-
ceptswhile differentvaluerangesemerge for the different
concepts.
Comparingtheconceptsfrom simulationoneandtwo, the
sameconceptsarestructurallydifferent. Thesedifferences
arisefrom theexperiencedsituations,i.e.,dependenton the
visual and linguistic input. If the links-/rechts-dichotomy
hasto be learned— like in simulationone— the feature
2S containsno relevant information. Contrastingthe rela-
tions vor andhinter — like in simulationtwo — this fea-
turedoesnotonly becomerelevantto establishtheconcepts
VOR andHINTER but alsoto establishtheconceptsL INKS

andRECHTS. Thecontentof aconceptscanthusnotbere-
strictedto asocalledconceptualcore. Thestructureandthe
contentof a conceptcanonly bedetermineddependingon
thespeci�c taskandcontext theconceptis usedin. Thetask
in simulationtwo is morecomplex dueto a largernumber
of conceptsthat have to be acquired.Consequently, more
aspectsof theencounteredsituationsbecomerelevant.



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 simulationsshowedthat LOCATOR imple-
mentsa successfulmodelof situatedandindividual multi-
modal conceptformation which is a pre-requisitefor the
claimof dynamicconcepts.Simulationthreeexaminesthis
claim in moredetail.
A numberof agentswas confrontedwith linguistic input
duringtheir explorationof theenvironment.This time, the
linguistic input waschangedafter conceptshadstabilized.
In the�rst partof thisexperiment,simulationonewasrepli-
cated,i.e., theagentsgot1600utterancesthatemployedthe
relationsrechtsandlinks. Afterwards,4800utteranceswere
presentedthatusedvor andhinterasadditionalinput. Thus,
theagentsenvironmentwassubjectto a radicalchangebe-

causetotally new structuringsof the visually perceivable
realityareintroducedvia thelinguistic input.
In the �rst part, the resultsfrom the �rst simulationwere
replicated.Thesameholdstrue for thestablephaseof the
secondpart (from 3200trials onwards)concerningthe re-
sultsof thesecondsimulation. The interestingthingshap-
penin between,i.e. from thebeginningof theuseof thenew
relationsuntil conceptshavestabilizedagain(from 1600—
3200trials).
Figures7 and8 show thedevelopmentof thecategorization
performanceandof the perceptualsystemof oneagentas
anexample. Theuseof new andunknown relationsin the
linguistic inputcausesat �rst abreakdown in categorization
performance.For this agent,performancedropsfrom 95%
to 70%.During thenext 1600trials,performanceincreases
steadilydueto a modi�cation of theperceptualsystemand
stabilizesat the level that is known from simulationtwo.
Themodi�cation concentrateson two features.On theone
hand,the featureH is mademorespeci�c. It wasalready
usedin the �rst part of thesimulation. On theotherhand,
thefeature2Sis usedadditionally. This featurewasnotsig-
ni�cant in the �rst part of the simulation. Consequently,
modifying the perceptualsysteminvolves a restructuring
of thealreadyestablishedconcepts.Thefeaturesthathave
constitutedtheconceptsL INKS andRECHTS sofar, canno
longerguaranteeasuccessfulcategorization.Otherfeatures
becomenecessary, too. In the courseof this restructuring
thecategorizationperformancefor theconceptsL INKS and
RECHTS decreasesat �rst beforeincreasingon theperfor-
mancelevel known from simulationtwo. The overall de-
creaseis thusnot solely attributableto the unknown rela-
tionsfor whichnew conceptshaveto beestablished.
Categorizationperformanceshouldnot be affectedfor the
alreadyexistingconcepts(atleastafterrestructuringis com-
plete). Unfortunately, this cannotbe fully guaranteedin
LOCATOR becauseof the limitation of the available sen-
sory equipment(seesimulationtwo). Thus, performance
stabilizeson a level known from simulationtwo. This is
a direct resultof a situatedandembodiedapproachto the
problemof conceptformationandis thusanadvantageand
nota fault of thesystem.
A differencein performanceduring the acquisitionof the
conceptsVOR andHINTER wasfound comparingsimula-
tions two andthree. The unstablephaseat the beginning,
thatwasregisteredin all simulationdonesofar, is missing
here.Instead,performancestabilizesveryrapidlyonahigh
level. Theonly differencebetweenthe�rst two simulations
andthisoneis foundin asegmentationof thelearningprob-
lem. AcquiringtheconceptL INKS andRECHTS causedthe
agentsto modify theirperceptualsystems,i.e.,theirmecha-
nismstoanalyzethevisualinput,in awaythatis compatible
with theexperiencedinput. The linguistic input tradesthe
generallyacceptedconceptualconstraintsof theagent'slan-



guagegroup,in thiscasein thedomainof spatialreferences
in a relative system. Consequently, the agent's perceptual
systemis alreadypre-structuredfor analysesin sucha rela-
tive frameof reference.Acquiring furtherconceptsthatare
in accordancewith theneedsof suchasystemcanbebased
on this alreadyestablishedknowledge.Thus,forming new
conceptsis alleviatedbecausethey arecompatiblewith the
alreadyestablishedconceptualstructuring.

5 Conclusion

Intelligent agentsare usedin more and more complex
environments. Complex environmentsarealsoalways in-
herentlydynamic.This posesnew challengesto therepre-
sentationalabilities of agents. LOCATOR is a systemthat
realizesa processof multi-modalconceptformationwhich
takestheinherentlydynamicnatureof theenvironmentinto
account.This is inevitableto beableto reactto changesin
theenvironmentor to previouslyunsupposedconditions.It
wasshown that theagentsin LOCATOR reactto suchradi-
cal changesby adaptingtheir existing conceptsandif nec-
essaryby creatingnew ones.No additionalmechanismsare
neededto achievethisresult.Instead,in thecaseof anenvi-
ronmentalchange,existingconceptsarejust re-enteredinto
theconceptformationprocess.An interestingresultwasthe
�nding thatacertainpre-structuringallowsfor amorerapid
learningof new conceptsthatfollow thesamestructuring.

Furtherresearchwill beconductedmainly in onedirec-
tion. In thecontext of dynamicconceptsit is very interest-
ing to seewhicheffectswill ariseif anagentis forcedto ac-
quirea secondlanguage,thatstructuresthespatialdomain
in a differentway. Suchan agentwill e.g., �rst learn the
Germanspatialconceptsandafterwardswill beconfronted
with linguistic input in Marquesan.Suchanagentwill have
to be contrastedto a bilingual one,that is exposedto both
languagesfrom thebeginning.
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