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Abstract

Perceptuaknchoringis the problemof creatingand main-
taining in time the connectionbetweensymbolsand sensor
datathat refer to the samephysical objects. This is one of
thefacetsof the generalproblemof integratingsymbolicand
non-symboligrocesses anintelligentsystem.Géardenfors'
conceptualspacesrovide a geometrictreatmentof knowl-
edgewhich bridgesthe gap betweenthe symbolicand sub-
symbolicapproachesAs such they canbeusedfor thestudy
of theanchoringproblem.In this paperwe proposeacompu-
tationalframework for anchoringbasednconceptuaspaces.
Ourframework exploitsthegeometricstructureof conceptual
spacedor mary of thecrucialtasksof anchoringlike match-
ing perceptgo symbolic descriptionsor trackingthe evolu-
tion of objectsovertime.

Intr oduction

Perceptuabnchoringis the problemof how to createand
maintainin time the right correspondencéetweensym-
bols andsensoratathatrefer to the samephysical objects
(Coradesch& Satotti 2000;2003). Perceptuahnchoring
is animportantaspectbf the connectiorbetweensymbolic
andsensonbasedrrocesses anembeddedhtelligentsys-
tem, e.g.,anautonomousobot. An exampleis the problem
of connectinghesymbolusedby aplannerto referto anob-
jectneededor anaction,say cup-22',to the datathatcor

respondto that objectin the sensori-motorisystem. This
connectiormustbe dynamicsincethe samesymbolmustbe
associatedo new entitiesin the perceptuaktreamin order
to trackthe objectovertime or to re-acquirdt atalatermo-
ment. Anchoringcanbe seenasanimportantspecialcase
of symbolgrounding(Harnard1990)wherethe symbolsde-
noteindividual physicalobjects.

Perceptuahnchoringis but oneof the facetsof the gen-
eralproblemof integratingsymbolicandnon-symboligpro-
cessedn an intelligent system. Conceptualspaceshave
beenrecently introducedas a way to bridge the gap be-
tweensymbolicandsub-symbolicAl (Gardenfor2000)by
providing ageometricdreatmenbf conceptandknowledge
representationA conceptuabpacehasdimensionghatare
relatedwith the conceptsmanagedat the symbollevel as
well aswith the quantitiesprocessedy the sensors.Con-
ceptuakpacesllow usto representliscreteconceptsyhich
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arethemainentitiesmanipulatedatthe symbollevel, inside
astructurewherewe canplacecontinuousobsenablequan-
tities, which are the main entitiesprovided by the percep-
tual system. Conceptuabkpaceshereforeprovide aninter-
mediaterepresentatioimn which both symbolicandsensor
basednformationcanbeintegrated.In addition,conceptual
spaceareendavedwith ageometricstructurethatallowsto
performtopology-andsimilarity-basedeasoningnsidethe
spacdtself. They arethereforewell suitedto formalizethe
typesof reasoningneededor perception,asdemonstrated
by their usein severalvision applicationgChella,Frixione,
& Gaglio 1997). Becauseof thesereasonsijt was pointed
out in (Chella, Frixione, & Gaglio 2003) that conceptual
spacescould offer a fruitful settingfor the study formal-
izationandimplementatiorof perceptuabnchoring.

In this paper we develop a computationalframewnork
for perceptuabnchoringbasedon conceptuakpaces.This
framework buildsontheoneproposedn (Coradesch& Saf-
£otti 2000),reformulatedn aconceptuaspacesetting.As it
turnsout, thenew frameawork bringsanumberof advantages
over the original one. First, it clarifesthe integration be-
tweenperceptuandsymbolicinformationsincebothtypes
of informationarerepresenteéh the sameformal structure.
Secondit clarifesthedynamicaspecbf anchoringoy mod-
eling objectsastrajectoriesin the conceptuakpace. Third
it allows usto replacemostof the domain-dependeritinc-
tions usedin the original framework by genericfunctions
thatexploit the geometricstructureof the conceptuakpace.
For example,in a conceptuakpace the problemof match-
ing a perceved objectto a symbolicdescriptionbecomesa
simpletestfor setinclusionbetweenthe point representing
the perceptiorandthe region representinghe symbolicde-
scription.

In the next sectionwe outlinethe proposedramewvork in
generalterms. We thentranslatet in formal terms,discuss
its usein the larger perspectie of an embeddedntelligent
systemandillustrateit by asimpleexamplerunonamobile
robotequippedvith asymbolicplannerandavision system.

The Conceptual Framework

Conceptualspaces

Gardenfordasintroducecconceptuaspacesn (Gardenfors
2000).Roughly aconceptuatpaces a metricspacevhose



dimensionscalledqualities arerelatedwith the quantities
processetyy therobotsensorsExamplesof dimensionsare
color coordinategHSV) andspatialcoordinates.

Pointsin aconceptuaspacecalledknoxelsrepresenthe
epistemologicallyprimitive elementsat the consideredevel
of analysis.For instancea knoxel canrepresenainindivid-
ual object,which is characterizedby a givenvaluefor each
dimensionof the conceptuakpace.The distanced(k; k»)
betweertwo knoxelsk; andk,, accordingo thegivenmet-
ric, is interpretecasa measuref similarity betweertheen-
titiesrepresentetdy k; andk,.

Conceptsare representedby regions in a conceptual
space:a conceptcorrespondso the region of the spacein
which arelocatedthe pointsthatareconsiderednstance®f
that concept. A specialrole is playedby so called natural
conceptswhich correspondo corvex regionsin a concep-
tual space.For a naturalconceptc, we canselecta knoxel
k. asa prototype: pointscloserto k. correspondo “more
typical” instance®f the concept.

We said that individual objects can be representedy
knoxels in the conceptualspace. However, in a dynamic
perspectie, objectscanbe moreproftablyseenastrajecto-
riesin theconceptuaspacendexedby time. Theproperties
of objectsusuallychangewith time: objectsmay move, an
objectcanalterits shapeor color, andsoon. As the prop-
ertiesof an objectaremodifed,the point representingt in
a conceptualspacemoves, and describesa certaintrajec-
tory. Several assumptiongan be madeon this trajectory
e.g.,smoothnessandobediencdo physicallaws.

The interestof conceptuakpacedor our purposess that
they constitutean intermediatdevel betweenthe symbolic
systemandthe perceptuasystem.Fromtheperceptuaside,
knoxelsin aconceptuaspacecanrepresentheentitiescom-
ing from theperceptuasystemtogethemwith theirmeasured
attributes. Theseknoxelsareabstraction®f thesensodata,
sincethey representa summaryof the information regard-
ing a certainobjectcomingfrom differentsensors.For in-
stancea knoxel canrepresentheinformationaboutthe po-
sition, sizeandcolor of agivendoorasmeasuredby alaser
systemplus a vision system. From the symbolic side, the
conceptuakpacecan be seenas an internal semanticsor
the symbol system. Predicatesn the symbol systemare
mappedto region of the conceptualspace,and individual
constantaremappedo knoxels. This semanticss percep-
tually groundedsincethe elementf the conceptuakpace
aredirectly relatedto perception.

Anchors

Thetaskof anchoringis to createandmaintainin time the
correspondencbhetweensymbolsandsensordatathatrefer
to the samephysical objects.In termsof conceptuabpaces,
this correspondenceanbe seenasalink betweera symbol
that denotesa given physical objectin the symbolsystem,
anda knoxel that representshe entity provided by the per
ceptualsystemwhenobservingthat object. We call sucha
link anandhor.

Fig. 1illustratesthis connection.The conceptuaspacen
this exampleonly hasthe two qualitiesHue andSize. The
meaningof the g and h functionswill becomeclear later

Symbol System

Sensor System

Figurel: Anchoringthesymbol'cup-22'.

in this paper The anchor denotedby ®(t), connectsthe
symbol'cup-22' to aknoxel derived by the obsenationof a
givencup. Theconcept8lueandSmallconstrairtheregion
in the conceptuaspacenherethis knoxel canbefound.

Oncewe have an anchor we mustupdateit in orderto
keepthe symbol alignedto the correspondingperceptual
dataas thosedata changewith time. The anchorshould
thereforeaccountor the objectpersistencén faceof arow
of differentknoxelsfrom the perceptuasystenthatall orig-
inate from the sameobject, andin faceof changesn the
propertiesof the object,e.q.,its position. To do so,we need
to include a statein the anchor We take then an anchor
to betriple hx; k; pi wherex is anindividual constantpis a
knoxel comingfrom theperceptuasystemandk is aknoxel
that representshe systems knowledgeof the currentstate
(propertiespf the object.

Theanchors statecanbeseerasaninternalmodel,atthe
conceptualevel, of the physicalobject. This modelsumma-
rizesboth symbolicinformationandperceptuainformation
abouttheobject. As theanchorevolvesin time, its statede-
scribesatrajectoryin the conceptuakpace.lt is the taskof
theanchoringprocesgo updatethis statesothatit approxi-
matesaswell aspossiblethe actualpropertiesof theobject.

Figuringouttheevolution of anobject(its futureposition,
or the way in which its featuresare going to change)can
be seenasthe extrapolationof a trajectoryin a conceptual
space. To identify again an objectthat hasbeenoccluded
for acertaintime intenal amountgo interpolatets pastand
presenttrajectories. In both cases,the anchoringprocess
canmale hypothesegoncerninghe evolution of the object
usingthe geometricpropertiesof the correspondindrajec-
tory. Severalsource®of informationcanbeusedto constrain
thetrajectoriesn the conceptuakpacejncluding symbolic
knowledge,smoothneshypothesesandphysicallaws.

Fig. 2 illustratestheupdateof theanchorshovnin Fig. 1.
Thenew stateof theanchor(emptycircle) is predictedfrom
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Figure2: Updatingananchorovertime.

the previous one by assumingno changein sizeandcolor.
Two new knoxels(£lled circles)aregeneratedby thepercep-
tual system.Thesemaybedifferentfrom theonesgenerated
atthe previoustime stepbecaus®f sensomoise.Both per
ceptsarerathercloseto the predictedstate. However, only
one of them is acceptableggiven the symbolic constraints
“Blue” and“Small”. Thisis usedto updatethe prediction,
leadingto the new stateshavn by ablacksquare.

The informationcontainedn the anchorintegratessym-
bolic andperceptuaknowledgeovertime. Thisinformation
canbe usedby the differentcomponentof the intelligent
systemto performreasoningandaction. For instance the
positioninformationcanbe usedby a controllerto steerthe
robottowardanintendedobject. Interestingly this informa-
tion is availableevenwhenthe objectis notin view.

The Formal Framework

We now translatdn formal termsthe conceptuaframenork

outlinedabove. We assumeo have asymbolsysten§ anda

sensorsystentS thatthe anchoringsystemshouldconnect.
The detailsof thesesystemsare notimportant,but we pre-

supposéawo things:

2 § includesasetX of individual symbols,like ‘cup-22',
andasetP of predicatesymbolsjike'blue'. Wecall aset
¥s0f unarypredicatessymboliodescriptor Symbolicde-
scriptorscanbe usedto qualify individuals,like a{large,
red,cup}.

2 S producesat eachtimet ameasurementectorv, 2 V,
e.g.,acolorimageor alaserscan.

Ingredients
Anchoringuseshefollowing threemainingredients.

Examplesof qualitiesareHSV values,shapeparameters,
andspatialcoordinates.

The conceptuakpacds meantto provide anintermediate
spacewherewe canrepresenboththe informationcoming
from S andthe onecomingfrom §. To do so,we needtwo
additionalingredientghat establishthe relationbetweerkK
andS andbetweerK and§, respectiely.

2 A conceptuakensomodelh : V | 2X thatassociates
eachmeasuremerih S with a setof knoxels.

The h function transformsa measurementector from
the sensorsysteminto a set of knoxels in the conceptual
space.Eachknoxel corresponds$o an objectthat hasbeen
obsened, togethemwith the obsened valuesof its qualities.
For instancejf v; is acolorimagecontainingaredboxand
awhite door, thenh(v;) mayreturna pair of knoxel whose
HSV qualitiescorrespondo redandwhite, respectiely.

Intuitively, h processetheraw datacomingfrom thesen-
sorysystemin orderto extractandsummarizehedatato be
availableto theanchoringsystem. For example,in (Chella,
Frixione,& Gaglio1997)h performsa 3D reconstructiorof
thepercevedobjectsin a11-dimensionatonceptuaspace.

3 A predicategroundingfunctiong : P ! 2K thatas-
sociatesunary predicatesn 8 to areasin the conceptual
space.

The g functiongivessemanticgo symbolicpredicatesn
termsof obsenable qualitiesin the conceptuakpace. For
example,in Fig. 1 above, thepredicatéblue’ is associatetb
theareaof theconceptuaspaceconsistingof all theknoxels
thathave the Hue valuewithin agivenrange andnorestric-
tion for the otherqualities.

Theg functioncanbeextendedo symbolicdescriptorsn
the obviousway: if %42 27 is a symbolicdescriptor then
g(%) is the setof all therknoxels that satisfy all the prop-
ertiesin ¥ i.e.,g(3) = p2 1,9(p).We alsodenoteby [¥]4
the knoxel in the conceptuakpacethat representshe pro-
totypeof the descriptor¥ In the simplestcase [¥]4 canbe
computeddy takingthe centerof massof the setg(%j.

We nowv defnethe centralnotion of an anchor, a data
structureconnectingg andS viathe conceptuaspaceK .

De£nition 1 Ananchoris a partial function® fromtimeto
triplesin X £ K £ K.

Thus, an anchor® associatest every time t a triple
®(t) = hx;k;pi where: x 2 X is anindividual symbol
denotinga given objectin the symbolsystem;p 2 h(vy) is
aknoxel in K correspondindo an objectperceved by the
sensorsystemat time t; andk is a knoxel in K that rep-
resentsthe current(estimated)stateof the physical object
denotedy x andpercevedasp. We denoteby h®* ; @ ; @Pi
the threecomponent®f ananchor®. Thereasorwhy ® is
apartialfunctionis thatanchorslo notlive forever, but they
canbecreatedanddestryed. Fig. 1 aboveillustratesall the
giveningredients.

An anchoreffectively formalizesa time-dependenlink
betweerna symbolin § andthe perceptuatlatafrom S that

1Currently we do notrepresenthe uncertaintyin the measure-
mentsin h. Thiswill be partof ourfuturework.



refer to the samephysical object. The core of this link,

which guaranteesemporalconsisteny, is the stateinfor-

mationaboutthat object, storedin the conceptuakpaceas
®F. Astime evolves,®(t) describestrajectoryin thecon-
ceptualspaceK . The taskof the anchoringprocesss to
maintainthis trajectory as close as possibleto the trajec-
tory that describeghe actualphysical objectinside K , as
describedabore. Theanchoringprocessloessovia thefol-

lowing functionalities.

Functionalities

Their usewill be illustratedand clarifedin the next sec-
tion. The Find functionality takes as amgumentsa symbol
thatneedgo beanchoredtogethemith a symbolicdescrip-
tor, andreturnsananchorfor thatsymbol.If a matchingan-
chorwith no symbolis alreadypresentjt usesthatanchor
otherwiseit createsanew one.

Find Take a symbolx and a symbolic descriptor¥; and
returnan anchor® defnedat t (and possiblyunde£ned
elsavhere). This functionality is summarizedy the fol-
lowing pseudo-code.

procedure Find (x; %t)
AR f®j@(t) =2 ~ &) 2 g(#Ag
if A6 ;
then® A argmingy a d(®(t); [¥g)
®(t) A hx; @(t); @ (1)i
else® A" NewAnchoK)
PA fp2h(vi)jp29(¥39
ifP 6 ;
thenp A argmingzp d(p;[¥g)
®(t) A hx; p;pi
else ®t) A hx; [¥g; ?i
return ®

First, we checkif thereis any anchorthatis not currently
associatedo a symbol (& (t) = ?) andwhosestatesat-
isEesthe symbolic descriptor(®(t) 2 g(3)). If so, we
selectheoneclosesto the prototype[¥]4 of ¥saccordingo
thedistancdunctiond, associatét to symbolx, andreturn.
Otherwise we createa new anchor andcollectall the per
ceptscurrentlygeneratedy the sensorsystem(h(v,)) that
satisfythesymbolicdescripto?a We thenselectthe percept
p closestio [¥}4 andputit in theanchor We usep to initial-
ize thestateinformation. If no satisfyingperceptwasfound,
we initialize the stateinformationusingthe prototypeof %

Note that situationsof ambiguity like multiple matching
perceptsaresolvedby exploiting the metric structureof the
conceptuakpace.Alternatively, Find might returnonedis-
tinct anchorfor eachmatchingoption, andleave the choice
to thesymbolicsystem.

Our secondunctionalityis somehav the dual of Find: it
createsanew anchorfor a currentlypercevedobject.

Acquire Take aknoxel p, assumingp 2 h(v;), andreturn
ananchor® de£nedatt andunde£nectisavhere.
procedure Acquire(p;t)

®A NewAnchox)
®(t) A hx; p;pi
return ®

The Acquir e functionality allows usto initiate a new an-
chor whenever we receize an “interesting” perceptwhich
doesnot matchary existing anchor What constitutesan
interestingperceptis decidedby the programcalling this
functionality: typically, theseareperceptshatmightbelater
anchoredo a symbolfor usein thereasoningsystem.

The £rsttwo functionalitiescan createnew anchors. In
orderto continuouslyupdatean existing anchor we usethe
following functionality.

Track Take an anchor® defnedfor t | 1 andextendits
de£nitionto t.

procedure Track(®;t)
%A symbolicdescriptorfor ® (t i 1)
K A Predict@;t)
PA fp2h(vi)jp2 K * p2g(%g
if P =fpg
thenk A UpdatéK ; p)
®t) A hx; k;pi
else ®(t) A hx; K;?i
return ®

We £rstextrapolatethe previousstate®* throughthe Pre-
dictfunction. Thisreturnsanareak in theconceptuaspace
wherethe new stateis expectedto be. Then,we consider
thoseperceptsp currently generatedy the sensorsystem
which arecompatiblewith boththis predictionandthesym-
bolic descriptor4 If thereis just onesuchperceptwe set
the new state®«(t) to a combinationof the predictedstates
K andthe obsenation p. Otherwise,we set@(t) to the

prototypek of thepredictionK .

Both the Predictand Updatefunctions can exploit the
metric structureof the conceptuakpace.For instance Pre-
dict cangeneratea neighborhoodf the point computedby
linear extrapolation,and Updatecan computethe centerof
massof its alguments.Finally, the Reacquire functionality
is usedto re-establiskalostsymbol-perceptonnectione.g.,
becausehe objectcouldnot beobseredfor sometime.

Reacquire Take ananchor® defnedfor t j k andextend
its de£nitionto t.

procedure Reacquird®;t)
3/4,5\~ symbolicdescriptorfor ®: (t)
PA fp2h(vi)jp29(¥3g
POA fp2 P j Verify(p;&;9(%)g
if P06 ;
thenp A argming, pod(p;[¥g)
®(t) A hx; p;pi
else fail
return ®

Thisfunctionalityis somehav acombinatiorof the Track
andthe Find ones. We £rst selectall the currentpercepts
that satisfythe symbolicdescriptor For eachsuchpercept
p, then,we checkwhetheror notp is aplausiblecontinuation
of thepreviousstate®* by the Verify function. This function
triesto interpolateatrajectorybetweer®* andp, whichlays
insideg(%), alsoconsideringary physicalconstraintonthe



trajectory Finally, the perceptlosestio [¥]q is selectedand
usedo updateheanchor If nosatishctorypercepis found,
the Reacquire functionalityfails.

As in the caseof the Find, ambiguitiesare solvedinside
this functionality by selectingthe closestcandidateaccord-
ing to the metric structureof the conceptuabkpace Alterna-
tively, we couldreturnmultiple anchorsandleave the selec-
tion problemto thecalling system.

Using the Framework

The above framework gives us the basic ingredientsand
functionalitiesneededor anchoring.In this sectionwe dis-
cusshow to usethis framevork andpresenthe implemen-
tation of the systenthatwe have usedin our experiments.

Anchorsare createdusing two main mechanisms.The
£rstmechanisms Top-dawvn, or goal-driven. This happens,
for instance whenthe symbolic systemneedsto anchora
symbolto perceptuablata,e.g.,in orderto make anaction
executable.Supposedhatthe symbolsystemdecidesto ex-
ecutethe actionto cross"door-22". The symbol“door-22"
needso beconnectedo theperceptuaknowledgeaboutthe
doorin orderto successfullylothecrossing.Theanchorcan
be createdeither whenthe connectionwith the perceptual
knowledgeis acquiredor previously usingthe prior knowl-
edgeaboutthe object. In the caseof the doorthe anchoris
£rstcreatedvhentheplannerdecidego goto thatdoor The
prior knowledgestoredin amapaboutthedooris putin the
anchorandit is usedby the controllerto approactthe door.
Whenthedooris percevedandrecognizeds"door-22" the
actualperceptuatlataof the doorareputin the anchorand
usedby thecontrollerfor executingthecrossingdoorbehar-
ior.

The secondmechanisiro createananchoris bottom-up,
or event-driven. Whenthe perceptuakystempercevesan
objectthatis or could be of interest;it createsananchorus-
ing the Acquirefunctionality Theaimis to keepin memory
perceptuainformationaboutobjectsthat canbe usedlater
onin theanchoringprocess.

Currently eachanchoris consideredndependently A
betterapproachhatwe aregoingto investigatewould con-
sistin £nding the connectionsimultaneouslyof all active
anchorsandavailable perceptsonsideringhe possiblede-
pendenciesmongtheanchors.

Theprocesgo updateananchorin timeto accountor the
expectedchangesn propertiesandto includenew obsena-
tionsis performedby the Track functionality Theremight
be sereral anchorssimultaneouslactive, onefor eachob-
jectof interest:Trackupdatesall of them.

The anchoringmoduleis calling the Track functionality
every time that new perceptuadataare receved. All per
ceptualdatamatchingexistinganchorsareusedby the Track
for updatingtheanchorsTheAcquirefunctionalityis called
for eachof the perceptghatarenot matchedo ary existing
anchorandthatrepreseninterestingobjects.In the Acquire
currentlyimplementedan anchoris createdor all new rec-
ognizableobjects. This simplesolutionis working because
we hard-codein our vision routineswhich objectscan be
recognizedHowever amoregenerakolutionwould require

amechanisnwith which the objectsof interestaredynami-
cally decided.

In general, Track may have a very dif£cult job. For in-
stance,it is not clearhow to performtrackingif thereare
several matchingperceptsor if thereis a large amountof
uncertaintyin thepercevedproperties Thestratgy we cur
rentlyuseisto letthe Trackfunctionalityrecognizeheprob-
lem, but not try to solve thesesituations.Instead a traceof
the problemsis left in the anchoritself by not updatingits
percept. If the symbolic systemis interestedn an anchor
andthisanchoris notupdatedthenthesymbolicsystencan
decideto take actionsin orderto beableto have anupdated
anchoragain. For instancea planningsystemcan perform
informative actionsand call the Reacquirefunctionality to
recover theanchor(Broxvall, Karlsson,& SaEotti 2004).

The Track and Acquire functionalitiesare called inside
the anchoringmodule. The Find andthe Reacquirefunc-
tionalitiesarecalledby thesymbolicsystemandarecreating
andmaintainingthe actualconnectiorbetweerthe symbols
andthe perceptuatiata.

The Find functionalityis usedwhenthe symbolicsystem
wantsto createthe connectiorbetweera symbolanda per
cept. The Find canselectoneof the alreadyexisting anchor
or createa new anchor In principle also anchorsalready
connectedo a symbolcould be selectedfor instance'my
cup” and“a red cup” could denotethe sameobject. How-
ever, we have not consideredhis casein our experiments
yetandwe therefordeave it asanopenproblem.

The Reacquirdunctionality is calledwhenthe symbolic
systemneedsto have updatednformationaboutan object.
FortheReacquirdo succeedheobjectneedgo becurrently
percevedwhile in the Find the objectcould have beenper
ceivedalsopreviously. Thetwo functionalitiescanbe com-
binedtogethey for instancethe Find could be £rst usedto
£ndanobjectappropriatdor anactionandthe Reacquirgo
be surethatthe objectis currentlyperceved.

If we considerthe anchoringmoduleas part of a larger
cognitive system,it canbe interpretedas part of the short
term memorywhere perceptionand prior information (in-
cludedthe oneusedfor prediction)areintegratedovertime,
andwhich providesthenecessarinformationfor actionand
immediatedecision.lt interactswith thelongtermmemory
by accessingheprior informationcontainedhere. Thedual
problemis how to transfertheinformationstoredin the an-
chorsto the long term memory Anchorsthatarenot used
shouldbe remored from the anchoringmoduleand stored
in the long term memoryif they canbe interestingfor fu-
turetasks.Priorinformationcould alsoberevisedgiventhe
perceptuainformationstoredin theanchoringmodule.Cur-
rentlywe donothave amechanisnto transferinformationto
thelong termmemory We simply keepall anchorscreated
during the performanceof a taskin the anchoringmodule
andwe remove themwhenthetaskis £nished We intendto
exploretherelationbetweerlong andshorttermmemoryin
our futurework.

An additionalinterestingissuein the anchoringprocess
is the handlingof ambiguouscaseslin anothemaperin this
proceeding¢Broxvall etal. 2004)we proposeasystemhan-
dling anchoringambiguitiesusing planning. We intendto



Figure3: Ouranchoringscenario.

explore in our future work how ConceptualSpacesanbe
usedto helpresolvingambiguities.

A Simple Example

Theideaspresentedn this paperhave beentestedin a mo-
bile robot system. The systemincludes:a conditionalpro-
gressie planner PTLplan(Karlsson2001),thathasthe ca-
pacity to reasonaboutincompleteand uncertaininforma-
tion, andthe Thinking Cap (SaEotti, Konolige,& Ruspini
1995),afuzzy behaior-baseccontrollerincludinganaviga-
tion planner The systemusessonargo navigateanddetect
obstaclesand vision to perceve objects. The conceptual
spaceusedin our systemincludesaxesfor color parameters
(HSV), for position,andfor shapeparameters.

In this examplea rescueobotis giventhetaskto gointo
aroomin abuilding (for which it hasa map)andlook for
victims — seeFig. 3. If thereis none,it checksfor dangers,
includingred gashbottlescontainingexplosive gases.

The system generatesa plan including the action
“Cross(Door3)”. It createsan anchortop-davn (through
Find) for Door3 from the map information and usesit to
approachthe door  When the door appearsin the image
a knoxel is createdcorrespondingo the door The Track
functionalityrealizeghatthis knoxel canbeusedto updated
the anchorthus completingit with actualperceptualnfor-
mation. There£nedandmorepreciseinformationis usedto
performthe crossingoperation.Whenit is insidetheroom,
the robotlooksfor victims while exploring around.During
this, it seeswo gasbottles,andcreateswo anchordottom-
up (throughAcquire). No victim is found. Therobothasthe
prior informationthattwo red gasbottlesshouldbe present
in the room, Gasbottleland Gasbottle2.1t doesa Find of
Gasbottlelwhosesymbolicdescriptionis {red gas-bottle}.
The areaof the conceptuakpacedeterminedby the predi-
catesred and gas-bottlecontainsthe knoxels associatedo
the two anchorscreatedpreviously bottom-up. One of the
anchorsis selectedandit is then completedby attributing
it the symbol Gasbottlel.Similarly the Find of Gasbottle2
is executed. The £nal task of the robotis to go nearGas-
bottlel. The controllerturnsthe robot toward the position
of the gasbottle. The positioninformationis in the knoxel
containedn theanchor The Reacquirdunctionalityis then
executedto malke surethatthe gasbottleis in view before
startingthe go nearaction. During the go nearactionthe

Trackfunctionality keepsthe anchorupdated.

Conclusions

According to the spirit of Gardenfors'proposal, various
forms of reasoningcan be pro£tably seenas forms of ge-
ometricreasoningoerformedat the conceptualevel. Such
a geometricapproacho knowledgerepresentatioandrea-
soningis believedto befruitful for the designof embedded
intelligentsystems.

In this paperwe have shavn thatthereis muchto gain by

integrating Gardenfors'conceptuakpacesn the anchoring
framavork. Conceptualkpacesoffer an appropriateinter-
mediatelevel in which both symbolicand sensotbasedn-
formationcanbeintegrated;they clarify thedynamicaspect
of anchoringby modelingobjectsastrajectoriesn the con-
ceptualspaceandthey provide a metricsover conceptghat
canbe usedinside the anchoringfunctionalities. The pro-
posedntegrationalsocontrikutesto the studyof conceptual
spacesby investicgating how to represenindividual objects
insideaconceptuaspaceandhow to accounfor theirevolu-
tion in time. This problemhadnotbeenpaidmuchattention
until now.
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