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Abstract

Perceptualanchoringis the problemof creatingand main-
taining in time the connectionbetweensymbolsandsensor
datathat refer to the samephysical objects. This is oneof
thefacetsof thegeneralproblemof integratingsymbolicand
non-symbolicprocessesin anintelligentsystem.Gärdenfors'
conceptualspacesprovide a geometrictreatmentof knowl-
edgewhich bridgesthe gap betweenthe symbolicandsub-
symbolicapproaches.As such,they canbeusedfor thestudy
of theanchoringproblem.In thispaper, weproposeacompu-
tationalframework for anchoringbasedonconceptualspaces.
Ourframework exploitsthegeometricstructureof conceptual
spacesfor many of thecrucialtasksof anchoring,likematch-
ing perceptsto symbolicdescriptionsor trackingthe evolu-
tion of objectsover time.

Intr oduction
Perceptualanchoringis the problemof how to createand
maintain in time the right correspondencebetweensym-
bolsandsensordatathat refer to thesamephysicalobjects
(Coradeschi& Saf£otti 2000;2003). Perceptualanchoring
is an importantaspectof the connectionbetweensymbolic
andsensorybasedprocessesin anembeddedintelligentsys-
tem,e.g.,anautonomousrobot. An exampleis theproblem
of connectingthesymbolusedby aplannerto referto anob-
ject neededfor anaction,say`cup-22', to thedatathatcor-
respondto that object in the sensori-motoricsystem. This
connectionmustbedynamicsincethesamesymbolmustbe
associatedto new entitiesin the perceptualstreamin order
to tracktheobjectover timeor to re-acquireit ata latermo-
ment. Anchoringcanbe seenasan importantspecialcase
of symbolgrounding(Harnard1990)wherethesymbolsde-
noteindividualphysicalobjects.

Perceptualanchoringis but oneof the facetsof the gen-
eralproblemof integratingsymbolicandnon-symbolicpro-
cessesin an intelligent system. Conceptualspaceshave
beenrecently introducedas a way to bridge the gap be-
tweensymbolicandsub-symbolicAI (Gärdenfors2000)by
providing ageometrictreatmentof conceptsandknowledge
representation.A conceptualspacehasdimensionsthatare
relatedwith the conceptsmanagedat the symbol level as
well aswith the quantitiesprocessedby the sensors.Con-
ceptualspacesallow usto representdiscreteconcepts,which
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arethemainentitiesmanipulatedat thesymbollevel, inside
astructurewherewecanplacecontinuousobservablequan-
tities, which are the main entitiesprovided by the percep-
tual system.Conceptualspacesthereforeprovide an inter-
mediaterepresentationin which bothsymbolicandsensor-
basedinformationcanbeintegrated.In addition,conceptual
spacesareendowedwith ageometricstructurethatallowsto
performtopology-andsimilarity-basedreasoninginsidethe
spaceitself. They arethereforewell suitedto formalizethe
typesof reasoningneededfor perception,asdemonstrated
by their usein severalvision applications(Chella,Frixione,
& Gaglio 1997). Becauseof thesereasons,it waspointed
out in (Chella, Frixione, & Gaglio 2003) that conceptual
spacescould offer a fruitful settingfor the study, formal-
izationandimplementationof perceptualanchoring.

In this paper, we develop a computationalframework
for perceptualanchoringbasedon conceptualspaces.This
framework buildsontheoneproposedin (Coradeschi& Saf-
£otti 2000),reformulatedin aconceptualspacesetting.As it
turnsout,thenew framework bringsanumberof advantages
over the original one. First, it clari£esthe integrationbe-
tweenperceptualandsymbolicinformationsincebothtypes
of informationarerepresentedin thesameformal structure.
Second,it clari£esthedynamicaspectof anchoringby mod-
eling objectsastrajectoriesin the conceptualspace.Third
it allows us to replacemostof thedomain-dependentfunc-
tions usedin the original framework by genericfunctions
thatexploit thegeometricstructureof theconceptualspace.
For example,in a conceptualspace,theproblemof match-
ing a perceivedobjectto a symbolicdescriptionbecomesa
simpletestfor setinclusionbetweenthepoint representing
theperceptionandtheregion representingthesymbolicde-
scription.

In thenext sectionwe outlinetheproposedframework in
generalterms.We thentranslateit in formal terms,discuss
its usein the larger perspective of an embeddedintelligent
system,andillustrateit by asimpleexamplerunonamobile
robotequippedwith asymbolicplannerandavisionsystem.

The ConceptualFramework
Conceptualspaces

Gärdenforshasintroducedconceptualspacesin (Gärdenfors
2000).Roughly, aconceptualspaceis ametricspacewhose



dimensions,calledqualities, arerelatedwith the quantities
processedby therobotsensors.Examplesof dimensionsare
color coordinates(HSV) andspatialcoordinates.

Pointsin aconceptualspace,calledknoxels, representthe
epistemologicallyprimitiveelementsat theconsideredlevel
of analysis.For instance,a knoxel canrepresentanindivid-
ual object,which is characterizedby a givenvaluefor each
dimensionof the conceptualspace.The distanced(k1; k2)
betweentwo knoxelsk1 andk2, accordingto thegivenmet-
ric, is interpretedasa measureof similarity betweentheen-
tities representedby k1 andk2.

Conceptsare representedby regions in a conceptual
space:a conceptcorrespondsto the region of the spacein
whicharelocatedthepointsthatareconsideredinstancesof
that concept. A specialrole is playedby so callednatural
concepts,which correspondto convex regionsin a concep-
tual space.For a naturalconceptc, we canselecta knoxel
kc asa prototype:pointscloserto kc correspondto “more
typical” instancesof theconcept.

We said that individual objectscan be representedby
knoxels in the conceptualspace. However, in a dynamic
perspective,objectscanbemorepro£tablyseenastrajecto-
ries in theconceptualspaceindexedby time. Theproperties
of objectsusuallychangewith time: objectsmaymove, an
objectcanalter its shapeor color, andso on. As the prop-
ertiesof anobjectaremodi£ed,thepoint representingit in
a conceptualspacemoves, and describesa certain trajec-
tory. Several assumptionscan be madeon this trajectory,
e.g.,smoothness,andobedienceto physicallaws.

Theinterestof conceptualspacesfor our purposesis that
they constitutean intermediatelevel betweenthe symbolic
systemandtheperceptualsystem.Fromtheperceptualside,
knoxelsin aconceptualspacecanrepresenttheentitiescom-
ing from theperceptualsystem,togetherwith theirmeasured
attributes.Theseknoxelsareabstractionsof thesensordata,
sincethey representa summaryof the informationregard-
ing a certainobjectcomingfrom differentsensors.For in-
stance,a knoxel canrepresenttheinformationaboutthepo-
sition,sizeandcolor of a givendoorasmeasuredby a laser
systemplus a vision system. From the symbolicside, the
conceptualspacecan be seenas an internal semanticsfor
the symbol system. Predicatesin the symbol systemare
mappedto region of the conceptualspace,and individual
constantsaremappedto knoxels. This semanticsis percep-
tually grounded,sincetheelementsof theconceptualspace
aredirectly relatedto perception.

Anchors
The taskof anchoringis to createandmaintainin time the
correspondencebetweensymbolsandsensordatathatrefer
to thesamephysicalobjects.In termsof conceptualspaces,
this correspondencecanbeseenasa link betweena symbol
that denotesa given physical object in the symbolsystem,
anda knoxel that representstheentity providedby theper-
ceptualsystemwhenobservingthatobject. We call sucha
link ananchor.

Fig. 1 illustratesthisconnection.Theconceptualspacein
this exampleonly hasthe two qualitiesHueandSize. The
meaningof the g and h functionswill becomeclear later

Figure1: Anchoringthesymbol'cup-22'.

in this paper. The anchor, denotedby ®(t), connectsthe
symbol'cup-22' to a knoxel derivedby theobservationof a
givencup.TheconceptsBlueandSmallconstraintheregion
in theconceptualspacewherethisknoxel canbefound.

Oncewe have an anchor, we mustupdateit in order to
keep the symbol aligned to the correspondingperceptual
dataas thosedatachangewith time. The anchorshould
thereforeaccountfor theobjectpersistencein faceof a¤ow
of differentknoxelsfrom theperceptualsystemthatall orig-
inate from the sameobject, and in faceof changesin the
propertiesof theobject,e.g.,its position.To do so,we need
to include a state in the anchor. We take then an anchor
to betriple hx; k; pi wherex is anindividual constant,p is a
knoxel comingfrom theperceptualsystem,andk is aknoxel
that representsthe system's knowledgeof the currentstate
(properties)of theobject.

Theanchor'sstatecanbeseenasaninternalmodel,at the
conceptuallevel, of thephysicalobject.Thismodelsumma-
rizesbothsymbolicinformationandperceptualinformation
abouttheobject.As theanchorevolvesin time, its statede-
scribesa trajectoryin theconceptualspace.It is thetaskof
theanchoringprocessto updatethis statesothat it approxi-
matesaswell aspossibletheactualpropertiesof theobject.

Figuringouttheevolutionof 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 object that hasbeenoccluded
for acertaintime interval amountsto interpolateits pastand
presenttrajectories. In both cases,the anchoringprocess
canmake hypothesesconcerningtheevolution of theobject
usingthe geometricpropertiesof the correspondingtrajec-
tory. Severalsourcesof informationcanbeusedto constrain
the trajectoriesin theconceptualspace,includingsymbolic
knowledge,smoothnesshypotheses,andphysicallaws.

Fig. 2 illustratestheupdateof theanchorshown in Fig. 1.
Thenew stateof theanchor(emptycircle) is predictedfrom



Figure2: Updatingananchorover time.

the previous oneby assumingno changein sizeandcolor.
Two new knoxels(£lledcircles)aregeneratedby thepercep-
tualsystem.Thesemaybedifferentfrom theonesgenerated
at theprevioustime stepbecauseof sensornoise.Both per-
ceptsarerathercloseto thepredictedstate.However, only
one of them is acceptablegiven the symbolic constraints
“Blue” and“Small”. This is usedto updatethe prediction,
leadingto thenew stateshown by ablacksquare.

The informationcontainedin the anchorintegratessym-
bolic andperceptualknowledgeover time. This information
canbe usedby the differentcomponentsof the intelligent
systemto performreasoningandaction. For instance,the
positioninformationcanbeusedby a controllerto steerthe
robottowardanintendedobject.Interestingly, this informa-
tion is availableevenwhentheobjectis not in view.

The Formal Framework
Wenow translatein formal termstheconceptualframework
outlinedabove. Weassumeto haveasymbolsystem§ anda
sensorsystemS that theanchoringsystemshouldconnect.
Thedetailsof thesesystemsarenot important,but we pre-
supposetwo things:
² § includesa setX of individual symbols,like 'cup-22',

andasetP of predicatesymbols,like 'blue'. Wecall aset
¾of unarypredicatesasymbolicdescriptor. Symbolicde-
scriptorscanbeusedto qualify individuals,like a {large,
red,cup}.

² S producesat eachtime t a measurementvectorv t 2 V ,
e.g.,acolor imageor a laserscan.

Ingr edients
Anchoringusesthefollowing threemainingredients.

1 A conceptualspaceK including qualitiesf q1; : : : ; qm g
with valuesin thedomainsK 1; : : : ; K m respectively. We
call any point k = hk1; : : : ; km i in K aknoxel.

Examplesof qualitiesareHSV values,shapeparameters,
andspatialcoordinates.

Theconceptualspaceis meantto provideanintermediate
spacewherewe canrepresentboth the informationcoming
from S andtheonecomingfrom § . To do so,we needtwo
additionalingredientsthatestablishtherelationbetweenK
andS andbetweenK and§ , respectively.

2 A conceptualsensormodelh : V ! 2K thatassociates
eachmeasurementin S with asetof knoxels.

The h function transformsa measurementvector from
the sensorsysteminto a set of knoxels in the conceptual
space.Eachknoxel correspondsto an objectthat hasbeen
observed,togetherwith theobservedvaluesof its qualities.
For instance,if v t is acolor imagecontaininga redboxand
a white door, thenh(v t ) mayreturna pair of knoxel whose
HSV qualitiescorrespondto redandwhite, respectively.

Intuitively, h processestheraw datacomingfrom thesen-
sorysystemin orderto extractandsummarizethedatato be
availableto theanchoringsystem1. For example,in (Chella,
Frixione,& Gaglio1997)h performsa3D reconstructionof
theperceivedobjectsin a11-dimensionalconceptualspace.

3 A predicategroundingfunction g : P ! 2K that as-
sociatesunarypredicatesin § to areasin the conceptual
space.

Theg functiongivessemanticsto symbolicpredicatesin
termsof observablequalitiesin the conceptualspace.For
example,in Fig.1 above,thepredicate'blue' is associatedto
theareaof theconceptualspaceconsistingof all theknoxels
thathave theHuevaluewithin agivenrange,andnorestric-
tion for theotherqualities.

Theg functioncanbeextendedto symbolicdescriptorsin
the obvious way: if ¾ 2 2P is a symbolicdescriptor, then
g(¾) is the set of all the knoxels that satisfy all the prop-
ertiesin ¾, i.e., g(¾) =

T
p2 ¾ g(p).We alsodenoteby [¾]g

the knoxel in the conceptualspacethat representsthe pro-
totypeof thedescriptor¾. In thesimplestcase,[¾]g canbe
computedby takingthecenterof massof thesetg(¾).

We now de£nethe centralnotion of an anchor, a data
structureconnecting§ andS via theconceptualspaceK .

De£nition 1 An anchoris a partial function® fromtimeto
triples in X £ K £ K .

Thus, an anchor® associatesat every time t a triple
®(t) = hx; k; pi where: x 2 X is an individual symbol
denotinga givenobjectin thesymbolsystem;p 2 h(v t ) is
a knoxel in K correspondingto an objectperceived by the
sensorsystemat time t; and k is a knoxel in K that rep-
resentsthe current(estimated)stateof the physical object
denotedby x andperceivedasp. Wedenoteby h®x ; ®k ; ®p i
the threecomponentsof ananchor®. Thereasonwhy ® is
apartialfunctionis thatanchorsdonot live forever, but they
canbecreatedanddestroyed.Fig. 1 above illustratesall the
giveningredients.

An anchoreffectively formalizesa time-dependentlink
betweena symbolin § andtheperceptualdatafrom S that

1Currently, we do not representtheuncertaintyin themeasure-
mentsin h. Thiswill bepartof our futurework.



refer to the samephysical object. The core of this link,
which guaranteestemporalconsistency, is the stateinfor-
mationaboutthat object,storedin the conceptualspaceas
®k . As timeevolves,®k (t) describesatrajectoryin thecon-
ceptualspaceK . The task of the anchoringprocessis to
maintain this trajectoryas closeas possibleto the trajec-
tory that describesthe actualphysical object inside K , as
describedabove. Theanchoringprocessdoessovia thefol-
lowing functionalities.

Functionalities
Their usewill be illustratedand clari£edin the next sec-
tion. The Find functionality takesasargumentsa symbol
thatneedsto beanchored,togetherwith asymbolicdescrip-
tor, andreturnsananchorfor thatsymbol.If amatchingan-
chorwith no symbolis alreadypresent,it usesthatanchor,
otherwiseit createsanew one.
Find Take a symbol x and a symbolic descriptor¾, and

returnan anchor® de£nedat t (andpossiblyunde£ned
elsewhere). This functionality is summarizedby the fol-
lowing pseudo-code.

procedure Find (x; ¾; t)
A Ã f ® j ®x (t) = ? ^ ®k (t) 2 g(¾)g
if A 6= ;

then ® Ã argmin®2 A d(®k (t); [¾]g)
®(t) Ã hx; ®k (t); ®p(t)i

else® Ã NewAnchor()
P Ã f p 2 h(v t ) j p 2 g(¾)g
if P 6= ;

then p Ã argminp2 P d(p; [¾]g)
®(t) Ã hx; p;pi

else ®(t) Ã hx; [¾]g; ?i
return ®

First,we checkif thereis any anchorthatis not currently
associatedto a symbol (®x (t) = ? ) andwhosestatesat-
is£esthe symbolic descriptor(®k (t) 2 g(¾)). If so, we
selecttheoneclosestto theprototype[¾]g of ¾accordingto
thedistancefunctiond, associateit to symbolx, andreturn.
Otherwise,we createa new anchor, andcollectall theper-
ceptscurrentlygeneratedby thesensorsystem(h(v t )) that
satisfythesymbolicdescriptor¾. Wethenselectthepercept
p closestto [¾]g andput it in theanchor. Weusep to initial-
ize thestateinformation.If nosatisfyingperceptwasfound,
we initialize thestateinformationusingtheprototypeof ¾.

Note thatsituationsof ambiguity, like multiple matching
percepts,aresolvedby exploiting themetricstructureof the
conceptualspace.Alternatively, Find might returnonedis-
tinct anchorfor eachmatchingoption,andleave thechoice
to thesymbolicsystem.

Our secondfunctionality is somehow thedualof Find: it
createsanew anchorfor acurrentlyperceivedobject.
Acquir e Take a knoxel p, assumingp 2 h(v t ), andreturn

ananchor® de£nedat t andunde£nedelsewhere.

procedure Acquire(p; t)
® Ã NewAnchor()
®(t) Ã hx; p;pi
return ®

TheAcquir e functionalityallows usto initiate a new an-
chor whenever we receive an “interesting” perceptwhich
doesnot matchany existing anchor. What constitutesan
interestingperceptis decidedby the programcalling this
functionality: typically, theseareperceptsthatmightbelater
anchoredto asymbolfor usein thereasoningsystem.

The £rst two functionalitiescancreatenew anchors. In
orderto continuouslyupdateanexisting anchor, we usethe
following functionality.

Track Take an anchor® de£nedfor t ¡ 1 andextend its
de£nitionto t.

procedure Track(®; t)
¾Ã symbolicdescriptorfor ®x (t ¡ 1)
K̂ Ã Predict(®k ; t)
P Ã f p 2 h(v t ) j p 2 K̂ ^ p 2 g(¾)g
if P = f pg

then k Ã Update(K̂ ; p)
®(t) Ã hx; k; pi

else ®(t) Ã hx; k̂; ?i
return ®

We£rstextrapolatethepreviousstate®k throughthePre-
dict function.ThisreturnsanareaK̂ in theconceptualspace
wherethe new stateis expectedto be. Then,we consider
thoseperceptsp currently generatedby the sensorsystem
whicharecompatiblewith boththispredictionandthesym-
bolic descriptor¾. If thereis just onesuchpercept,we set
thenew state®k (t) to a combinationof thepredictedstates
K̂ and the observation p. Otherwise,we set ®k (t) to the
prototypek̂ of thepredictionK̂ .

Both the Predict and Updatefunctions can exploit the
metricstructureof theconceptualspace.For instance,Pre-
dict cangeneratea neighborhoodof thepoint computedby
linearextrapolation,andUpdatecancomputethe centerof
massof its arguments.Finally, theReacquire functionality
is usedto re-establishalostsymbol-perceptconnection,e.g.,
becausetheobjectcouldnotbeobservedfor sometime.

Reacquire Take ananchor® de£nedfor t ¡ k andextend
its de£nitionto t.

procedure Reacquire(®; t)
¾Ã symbolicdescriptorfor ®x (t)
P Ã f p 2 h(v t ) j p 2 g(¾)g
P0 Ã f p 2 P j Verify(p;®k ; g(¾))g
if P0 6= ;

then p Ã argminp2 P 0 d(p; [¾]g)
®(t) Ã hx; p;pi

else fail
return ®

Thisfunctionalityis somehow acombinationof theTrack
andthe Find ones. We £rst selectall the currentpercepts
that satisfythe symbolicdescriptor. For eachsuchpercept
p, then,wecheckwhetherornotp isaplausiblecontinuation
of thepreviousstate®k by theVerify function.Thisfunction
triesto interpolateatrajectorybetween®k andp, whichlays
insideg(¾), alsoconsideringany physicalconstraintsonthe



trajectory. Finally, theperceptclosestto [¾]g is selectedand
usedto updatetheanchor. If nosatisfactoryperceptis found,
theReacquire functionalityfails.

As in thecaseof theFind, ambiguitiesaresolved inside
this functionalityby selectingtheclosestcandidateaccord-
ing to themetricstructureof theconceptualspace.Alterna-
tively, wecouldreturnmultipleanchorsandleave theselec-
tion problemto thecallingsystem.

Using the Framework
The above framework gives us the basic ingredientsand
functionalitiesneededfor anchoring.In thissection,wedis-
cusshow to usethis framework andpresentthe implemen-
tationof thesystemthatwehave usedin ourexperiments.

Anchorsare createdusing two main mechanisms.The
£rstmechanismis Top-down, or goal-driven. This happens,
for instance,when the symbolicsystemneedsto anchora
symbolto perceptualdata,e.g., in orderto make an action
executable.Supposethat thesymbolsystemdecidesto ex-
ecutethe actionto cross"door-22". The symbol"door-22"
needsto beconnectedto theperceptualknowledgeaboutthe
doorin orderto successfullydothecrossing.Theanchorcan
be createdeitherwhen the connectionwith the perceptual
knowledgeis acquiredor previously usingtheprior knowl-
edgeabouttheobject. In thecaseof thedoor theanchoris
£rstcreatedwhentheplannerdecidesto goto thatdoor. The
prior knowledgestoredin a mapaboutthedooris put in the
anchorandit is usedby thecontrollerto approachthedoor.
Whenthedooris perceivedandrecognizedas"door-22" the
actualperceptualdataof thedoorareput in theanchorand
usedby thecontrollerfor executingthecrossingdoorbehav-
ior.

Thesecondmechanismto createananchoris bottom-up,
or event-driven. Whenthe perceptualsystemperceivesan
objectthatis or couldbeof interest,it createsananchorus-
ing theAcquirefunctionality. Theaimis to keepin memory
perceptualinformationaboutobjectsthat canbe usedlater
on in theanchoringprocess.

Currently eachanchoris consideredindependently. A
betterapproachthatwe aregoingto investigatewould con-
sist in £nding the connectionsimultaneouslyof all active
anchorsandavailableperceptsconsideringthepossiblede-
pendenciesamongtheanchors.

Theprocessto updateananchorin timeto accountfor the
expectedchangesin propertiesandto includenew observa-
tions is performedby the Track functionality. Theremight
be several anchorssimultaneouslyactive, onefor eachob-
jectof interest:Trackupdatesall of them.

The anchoringmoduleis calling the Track functionality
every time that new perceptualdataarereceived. All per-
ceptualdatamatchingexistinganchorsareusedby theTrack
for updatingtheanchors.TheAcquirefunctionalityis called
for eachof theperceptsthatarenot matchedto any existing
anchorandthatrepresentinterestingobjects.In theAcquire
currentlyimplementedananchoris createdfor all new rec-
ognizableobjects.This simplesolutionis working because
we hard-codein our vision routineswhich objectscan be
recognized.Howeveramoregeneralsolutionwouldrequire

a mechanismwith which theobjectsof interestaredynami-
cally decided.

In general,Track may have a very dif£cult job. For in-
stance,it is not clearhow to performtracking if thereare
several matchingpercepts,or if thereis a large amountof
uncertaintyin theperceivedproperties.Thestrategy wecur-
rentlyuseis to let theTrackfunctionalityrecognizetheprob-
lem, but not try to solve thesesituations.Instead,a traceof
the problemsis left in the anchoritself by not updatingits
percept. If the symbolicsystemis interestedin an anchor
andthisanchoris notupdated,thenthesymbolicsystemcan
decideto take actionsin orderto beableto have anupdated
anchoragain. For instancea planningsystemcanperform
informative actionsandcall the Reacquirefunctionality to
recover theanchor(Broxvall, Karlsson,& Saf£otti 2004).

The Track and Acquire functionalitiesare called inside
the anchoringmodule. The Find and the Reacquirefunc-
tionalitiesarecalledby thesymbolicsystemandarecreating
andmaintainingtheactualconnectionbetweenthesymbols
andtheperceptualdata.

TheFind functionalityis usedwhenthesymbolicsystem
wantsto createtheconnectionbetweena symbolanda per-
cept.TheFind canselectoneof thealreadyexisting anchor
or createa new anchor. In principle also anchorsalready
connectedto a symbolcould be selected,for instance“my
cup” and“a red cup” could denotethe sameobject. How-
ever, we have not consideredthis casein our experiments
yetandwe thereforeleave it asanopenproblem.

TheReacquirefunctionality is calledwhenthesymbolic
systemneedsto have updatedinformationaboutan object.
For theReacquireto succeedtheobjectneedsto becurrently
perceivedwhile in theFind theobjectcouldhave beenper-
ceivedalsopreviously. Thetwo functionalitiescanbecom-
binedtogether, for instancethe Find could be £rst usedto
£ndanobjectappropriatefor anactionandtheReacquireto
besurethattheobjectis currentlyperceived.

If we considerthe anchoringmoduleaspart of a larger
cognitive system,it canbe interpretedaspart of the short
term memorywhereperceptionandprior information (in-
cludedtheoneusedfor prediction)areintegratedover time,
andwhichprovidesthenecessaryinformationfor actionand
immediatedecision.It interactswith thelong termmemory
by accessingtheprior informationcontainedthere.Thedual
problemis how to transfertheinformationstoredin thean-
chorsto the long term memory. Anchorsthat arenot used
shouldbe removed from the anchoringmoduleandstored
in the long term memoryif they canbe interestingfor fu-
turetasks.Prior informationcouldalsoberevisedgiventhe
perceptualinformationstoredin theanchoringmodule.Cur-
rentlywedonothaveamechanismto transferinformationto
the long termmemory. We simply keepall anchorscreated
during the performanceof a task in the anchoringmodule
andweremove themwhenthetaskis £nished.We intendto
exploretherelationbetweenlongandshorttermmemoryin
our futurework.

An additionalinterestingissuein the anchoringprocess
is thehandlingof ambiguouscases.In anotherpaperin this
proceedings(Broxvall etal. 2004)weproposeasystemhan-
dling anchoringambiguitiesusingplanning. We intend to



Figure3: Ouranchoringscenario.

explore in our future work how ConceptualSpacescanbe
usedto helpresolvingambiguities.

A SimpleExample
Theideaspresentedin this paperhave beentestedin a mo-
bile robot system.Thesystemincludes:a conditionalpro-
gressive planner, PTLplan(Karlsson2001),thathastheca-
pacity to reasonabout incompleteand uncertaininforma-
tion, andthe Thinking Cap(Saf£otti, Konolige,& Ruspini
1995),afuzzybehavior-basedcontrollerincludinganaviga-
tion planner. Thesystemusessonarsto navigateanddetect
obstacles,and vision to perceive objects. The conceptual
spaceusedin our systemincludesaxesfor color parameters
(HSV), for position,andfor shapeparameters.

In this examplea rescuerobotis giventhetaskto go into
a room in a building (for which it hasa map)andlook for
victims— seeFig. 3. If thereis none,it checksfor dangers,
includingredgasbottlescontainingexplosive gases.

The system generatesa plan including the action
“Cross(Door3)”. It createsan anchortop-down (through
Find) for Door3 from the map information and usesit to
approachthe door. When the door appearsin the image
a knoxel is createdcorrespondingto the door. The Track
functionalityrealizesthatthisknoxel canbeusedto updated
the anchorthuscompletingit with actualperceptualinfor-
mation.There£nedandmorepreciseinformationis usedto
performthecrossingoperation.Whenit is insidetheroom,
therobot looks for victims while exploring around.During
this, it seestwo gasbottles,andcreatestwo anchorsbottom-
up(throughAcquire).No victim is found.Therobothasthe
prior informationthat two redgasbottlesshouldbepresent
in the room, Gasbottle1andGasbottle2.It doesa Find of
Gasbottle1whosesymbolicdescriptionis {red gas-bottle}.
The areaof the conceptualspacedeterminedby the predi-
catesred andgas-bottlecontainsthe knoxels associatedto
the two anchorscreatedpreviously bottom-up. Oneof the
anchorsis selectedand it is thencompletedby attributing
it the symbolGasbottle1.Similarly the Find of Gasbottle2
is executed. The £nal taskof the robot is to go nearGas-
bottle1. The controller turnsthe robot toward the position
of thegasbottle. Thepositioninformationis in theknoxel
containedin theanchor. TheReacquirefunctionalityis then
executedto make surethat the gasbottle is in view before
startingthe go nearaction. During the go nearaction the

Trackfunctionalitykeepstheanchorupdated.

Conclusions
According to the spirit of Gärdenfors'proposal,various
forms of reasoningcanbe pro£tablyseenas forms of ge-
ometricreasoningperformedat the conceptuallevel. Such
a geometricapproachto knowledgerepresentationandrea-
soningis believedto befruitful for thedesignof embedded
intelligentsystems.

In thispaper, wehaveshown thatthereis muchto gainby
integratingGärdenfors'conceptualspacesin theanchoring
framework. Conceptualspacesoffer an appropriateinter-
mediatelevel in which both symbolicandsensor-basedin-
formationcanbeintegrated;they clarify thedynamicaspect
of anchoringby modelingobjectsastrajectoriesin thecon-
ceptualspace;andthey provideametricsoverconceptsthat
canbe usedinsidethe anchoringfunctionalities. The pro-
posedintegrationalsocontributesto thestudyof conceptual
spaces,by investigatinghow to representindividual objects
insideaconceptualspaceandhow to accountfor theirevolu-
tion in time. Thisproblemhadnotbeenpaidmuchattention
until now.
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