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Abstract

The purposeof this paperis to addressthe prob-
lemof maintainingcoherentperceptualinformation
in a mobile robotic systemworking over extended
periodsof time, interactingwith a userandusing
multiple sensingmodalitiesto gatherinformation
about the environment and speci�c objects. We
presenta systemwhich is able to usespatialand
olfactory sensorsto patrol a corridor and execute
userrequestedtasks.To copewith perceptualmain-
tenancewe presentan extensionof the anchoring
framework capableof maintainingthe correspon-
dencebetweensensordataand the symbolic de-
scriptionsreferringto objects.It is alsocapableof
trackingandacquiringinformation from observa-
tionsderivedfrom sensor-dataaswell asinforma-
tion from a priori symbolicconcepts.The general
systemis describedandanexperimentalvalidation
onamobilerobotis presented.

1 Intr oduction
Considera scenariowherea mobilerobotis patrollinga cor-
ridor. Its task is to discover new objectsand gatherinfor-
mationaboutthemusingboth traditionalmodalitiessuchas
vision andsonarandalsonon-traditionalmodalitiessuchas
anelectronicnose.A useris ableto monitor the robot,sug-
gestactionsto improve perceptualperformanceandrequest
therobotto performspeci�c tasks.Tasksarerequestedfrom
theuserusingasymbolicrepresentationconsistingof natural
languageconcepts.While no requestsby theuseraregiven,
the robotautonomouslyprioritisestasksalternatingbetween
patrollingthecorridorandinspectingobjectsor simplywait-
ing onstand-by.

An importantfacetto thisscenario,andscenariosof asimi-
lar nature,is theability to maintaincoherentperceptualinfor-
mation. This meansthat thesystemshouldbeableto main-
tain thecorrespondencebetweenthesymbolicrepresentation
of objects(requestsfromtheuser)andtheperceptualdatathat
refersto them. The systemshouldcollect informationfrom
differentsensingmodalitiesworking concurrentlyand/orse-
quentiallyandcorrectlyattributethatinformationto its inter-
nal representationof the object. The systemshouldinclude

the preservation of objectconsistency, so that new informa-
tion aboutpreviouslyseenobjectsis alsocorrectlyattributed.
All the while, the insertionand/orremoval of objectsfrom
the environmentneedsto be consideredand accountedfor.
Froma cognitive perspective, themaintenanceof perceptual
informationis anintegralpartof thebindingproblem[Black-
more,2003]. That is, how the conjunctionof propertiesare
represented,rangingfrom the binding of shapeand colour
in detectingblue trianglesor red squaresto thebinding that
mustoccurbetweenandwithin thesenses:“the waythesmell
andtouchandsightof thesandwichin your handall seemto
belongto thesameobject” [Blackmore,2003] (p.250).

For roboticsystems,animportantingredientfor maintain-
ing perceptualinformationis an internalstructureto storea
representationof anobject. Suchaninternalstructureneeds
to satisfya seriesof requirements.On onehand,perception
management[Ronnieet al., 2003], an extensionof sensor
management[Adrian, 1993], is requiredto integratehigh-
level informationaboutthestateof theobjectin orderto make
situationdependentdecisions,directcontrolandselectsens-
ing actions.On theotherhand,trackinganddataassociation
arealsofundamentalingredientsnecessaryto propagatein-
formationaboutcoherentperceptionsover time [D.Schulzet
al., 2003]. A third requirement,especiallyin thecontext of
a cognitive robot, involvesprocesses,which cancreateand
maintainthe link betweenhigh-level information(e.g. sym-
bols)andlow-level percepts.

In this paper, we show how the conceptof anchoringcan
be usedasa tool to confrontsomeof the issuesrelatingto
perceptionmanagement.Theanchoringframework [Corade-
schi andSaf�otti, 2000] aimsat de�ning a theoreticalbasis
for groundingsymbolsto perceptsoriginatingfrom physical
objects. We presentan extensionof the framework that is
ableto copewith perceptionmanagementconsideringmulti-
sensingresourcesandtemporalfactors.Thepivot of this ex-
tensionis the useof anchorsas internal representationsof
objectsthat integrate symbolic and perceptualinformation
acrosstime andacrosssensingmodalities.Our ultimateaim
is to shedlight on this importantaspectof cognitive robotics
asapplicationsextend into realisticenvironmentsinvolving
human-robotinteractionsandlifelong acquisitionof knowl-
edge.

We begin our discussionswith a descriptionandreview of
the anchoringframework in Section2. We then presenta



modi�cation of theanchoringframework in Section3 which
is adaptedfor the taskof perceptionmaintanance.We pro-
ceedby detailingtheroboticsystemarchitectureusedin our
experiments.Section5 givesthe implementationdetailsand
providesaperformanceexampleof thecompletesystem.The
paperconcludeswith a summaryof thepresentedwork.

2 The Anchoring Framework
To date,theanchoringframework presentedby [Coradeschi
andSaf�otti, 2000] hasmainlybeenconsideredin thecontext
of abstractionof perceptualinformation.This includesasso-
ciationof wordsto visually recognisedobjects[Knoblauchet
al., 2004], managingof dynamicobjectanchoringfor high-
level reasoning[Chellaet al., 2004] andpreliminaryworks
consideringpeopletrackingapplications[Kleinehagenbrock
et al., 2002]. A goodoverview of the rangeof applications
of theanchoringconceptis found in 2004RoboticsandAu-
tonomousSystemsspecialissueonanchoringsymbolsto sen-
sordata[CoradeschiandSaf�otti, 2003].

Before we presentour extensionof the framework, we
summariseherethebasicelementsof thecomputationalthe-
ory of anchoring.See?? for a full account.Thetheorycon-
sidersan autonomoussystemthat includesa symbolsystem
and a perceptualsystem,and it focuseson the problemof
creatingandmaintaininga correspondencebetweensymbols
andperceptsthatreferto thesamephysicalobject.Themain
ingredientsof anchoringare the following [Coradeschiand
Saf�otti, 2000]:

� A symbolsystemincluding: a set X = f x1; x2; : : :g
of individual symbols(variablesand constants);a set
P = f p1; p2; : : :g of predicatesymbols;andan infer-
encemechanismwhosedetailsarenot relevanthere.

� A perceptualsystemincluding: a set� = f � 1; � 2; : : :g
of percepts;a set � = f � 1; � 2; : : :g of attributes;and
perceptualroutineswhosedetailsarenot relevanthere.
A perceptis a structuredcollectionof measurementsas-
sumedto originatefrom the samephysicalobject; an
attribute � i is a measurablepropertyof percepts,with
valuesin thedomainD i .

The symbolsystemmanipulatesindividual symbols,like
'cup-21', which aremeantto denotephysicalobjectsandas-
sociateseachindividual symbolwith a setof symbolicpred-
icates,like 'red', that assertpropertiesof the corresponding
object. The perceptualsystemgeneratesperceptsand as-
sociateseachperceptwith the observed valuesof a set of
measurableattributes. The task of anchoringis to create,
andmaintainin time, thecorrespondencebetweenindividual
symbolsandperceptsthatreferto thesamephysicalobjects.

The symbol-perceptcorrespondenceis rei�ed in an inter-
nal datastructure� , calledan anchor. Sincenew percepts
aregeneratedcontinuouslywithin theperceptualsystem,this
correspondenceis indexed by time. It is importantthat the
connectionsaredynamic,sincethesamesymbolmaybecon-
nectedto new perceptsevery time a new observation of the
correspondingobjectis acquired.

At every momentt, � (t) contains:a symbol,meantto de-
noteanobject;a percept,generatedby observingthatobject;

anda signature,a collectionof propertyvaluesmeantto pro-
vide the(best)estimateof thevaluesof theobservableprop-
ertiesof theobject.

3 Anchoring for PerceptionManagement
In this section,we presentour extensionto the anchoring
framework. What makesthis contribution uniqueis thatwe
extend the applicationsof anchoringbeyond its traditional
useof dataabstractionto also includeperceptsfrom differ-
entmodalitiesthatmaybeaccessibleat differenttimes.

To effectively presentour extension,we refer to the three
abstractfunctionalitiesde�ned by [CoradeschiandSaf�otti,
2000]. usedto manageanchors,namely, Find, Reacquire,
andTrack. The functionalitieshave beendevelopedfor the
considerationof top-down approachesfor informationacqui-
sition(i.e. imposedapriori symbolicconcepts).In thispaper,
we revisetheseexisting functionalitiesto includebottom-up
approachesso thatanchorscanbecreatedby perceptualob-
servationsderived from interactionswith the environment.
Bottom-upapproacheshave previously beenconsideredon
anchoringframeworks [Knoblauchet al., 2004] but never
in conjunctionwith top-down approaches.We advocatethe
presenceof bothapproaches,in particularfor roboticsystems
interactingwith a humanuser. To accomplishthis, an addi-
tionalAcquir e functionalityis introduced.

3.1 Creationof Anchors
The creationof anchorscan occur in both a top-down and
bottom-upfashion. Bottom-upacquisitionis driven by an
eventoriginatingfrom a sensingresource(e.g. the recogni-
tion of a segmentedregion in animage)whenperceptualin-
formationwhich cannotbeassociatedto any existing anchor
is perceived. Top-down acquisitionoccurswhen a symbol
needsto be anchoredto a percept,sucha call mayoriginate
from anexternaluseror a top-level module(e.g.planner).

Acquir e Initiates a new anchorwhenever a perceptis re-
ceivedwhich currentlydoesnot matchany existing an-
chor. It takesa percept� , andreturnan anchor� de-
�ned at t andunde�nedelsewhere. To make this prob-
lem tractable,a priori informationis givenwith regards
to which perceptsto consider. In bottom-upacquisi-
tion, a randomlygeneratedsymbol is attributed to the
anchor. Furthermore,informationaboutthe objectand
its propertiesareincludedinto theworld modelusedby
theplanner, in thisway theobjectcanbereasonedabout
andactedupon.

Find Takesa symbolx anda symbolicdescriptionandre-
turnsan anchor� de�ned at t (andpossiblyunde�ned
elsewhere). It checksif existing anchorsthat have al-
readybeencreatedby theAcquir e satisfythesymbolic
description,andin thatcase,it selectsone.Otherwise,it
performsasimilarcheckwith existingpercepts(in case,
thedescriptiondoesnotsatisfytheconstraintof percepts
consideredby the Acquir e). If a matchingperceptis
foundananchoris created.Matchingof anchoror per-
ceptcanbeeitherpartialor complete.It is partial if all
the observed propertiesin the perceptor anchormatch
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Figure 1: Graphicalillustration of the extendedanchoring
functionalitieswherebottom-upandtop-down informationis
possibleanddifferentsensingmodalitiesareused.

thedescription,but therearesomepropertiesin thede-
scriptionthathavenotbeenobserved.

3.2 Maintenanceof Anchors
At eachperceptualcycle, whennew perceptualinformation
is received,it is importantto determineif thenew perceptual
information shouldbe associatedto existing anchors. The
following functionalityaddressestheproblemof trackingob-
jects over time. In this extension,we include the previous
Reacquire functionalityasanintegral partof theTrack and
makenospecialdistinctionfor it.

Track Thetrackfunctionality takesananchor� de�ned for
t � k andextendsits de�nition to t. The track assures
that theperceptpointedto by theanchoris themostre-
centandadequateperceptualrepresentationof the ob-
ject. We considerthat thesignaturescanbe updatedas
well asreplacedbut by preservingtheanchorstructure
we af�rm thepersistenceof theobjectso that it canbe
usedeven whenthe object is out of view. This facili-
tatesthe maintenanceof informationwhile the robot is
moving aswell asmaintaininga longertermandstable
representationof theworld on a symboliclevel without
cateringto perceptualglitches.

3.3 Deletionof Anchors
By having ananchorstructuremaintainedovertime,it is pos-
sibleto preservetheperceptualinformationevenif theobject
is not currentlyperceived(causedby theobjectbeingout of
view and/orby theinaccuracy in themeasurementof percep-
tual data). The challengeis to determineif the association
of new perceptsis justi�ed or whethercertainanchorsshould
be removed. Mechanismsfor destroying anchorswhen the
correspondingobjecthasbeenremovedneedto be in place.
Thisis adif�cult problem,becauseconceptuallyit is notclear
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Figure2: Overview of theroboticsystemwhich usesthean-
choringmodule.Arrows indicatethe�o w of information.

when it is appropriateto remove anchorsfrom the system.
Anchorscould be removed if they are not relevant for the
currenttask,becausethe object to which it refershasbeen
physicallyremovedfrom theenvironmentor thereliability of
the perceptualinformation hasexpired. Anchorsmay also
needto be removed if they have beenassociatedto invalid
perceptualdatasuchassensoryglitches.We currentlyadopt
simplesolutionsin whichobjectsthatarenotperceivedwhen
expecteddecreasein a “life” valueof the respective anchor.
When the anchorhas no remaininglife, the anchoris re-
moved. The conversecould be implementedwhereanchors
are createdwith initially lowlife valuesand persistentper-
ceptsincreaseits life value.Thedecreasinglife of anchorsis
shown in Figure4. A moreadequatestrategy to handlethe
maintenanceof anchorsmayalsobeto includea“long term”
memorywhereanchorsmaybestoredfor futureuse.

3.4 Integration of the Functionalities

Theevent-basedfunctionalitiesarenow restrictedto theFind
andAcquir ewhile theTrack functionalityis regularlycalled.
Figure1 showsanoverview andanexampleof theframework
and its functionalities. In the example,anchorsarecreated
bottom-upfrom thevisualperceptsof acup.Later, additional
featuresof thatobjectarerequired,for example,theolfactory
property. Thesefeaturesare storedin the anchor. Whena
top-down requestis sentto theanchormoduleto �nd a cup
with matchingpropertiesdenotedby the symbol “cup-22”,
the Find functionality anchorsthe symbol to the perceptual
data.

As seenin the�gure, propertiescanbecollectedat differ-
enttimepointsusingdifferentmodalities.Evenwhencertain
perceptualpropertiesareupdated,suchasthesmellproperty,
which maychangeover time, otherperceptualpropertiesare
maintained.Conversely, if thevisualperceptsof ananchoris
replaced,the smell propertypreviously obtainedis not lost.
In this way, theanchoris usedto compensatefor any dynam-
ically changingfeaturesof an object. Furthermore,the per-
ceptualdescriptionof anchorscanbeaccessedby theplanner
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to reasonaboutperceptualknowledge. In certaincases,this
may result in speci�c calls to perceptualactionsin orderto
disambiguatebetweensimilarobjects.

4 The SystemAr chitecture
In this section,we presentour own instantiationof the ex-
tendedanchoringframework discussed.We begin our de-
scriptionat thesensorlevel andproceedto thehigherlevels
which includea planneranduserinterfaces.An overview of
theroboticsystemis givenin Figure2.

4.1 Sensingmodalitiesand control
Our physicalrobot is a MagellanPro compactrobot andin
the experimentswe useits infraredsensors,sonarsandtac-
tile sensors.In addition,a CCD camerais mountedon the
robot and the robot is able to recognisepre-de�nedsigna-
turesof objectsusing standardvisual techniques. Perhaps
themostnovel of sensorson the robot is anelectronicnose.
Theelectronicnoseconsistsof 32 conductingblackpolymer
sensors,patternrecognitionand classi�cation components,
andanelectronicrepositoryof odoursstoredin theon-board
computerin the robot. Theclassi�cationalgorithmusesthe
odour repositoryas a training set for online recognitionof
new odours.To navigatethe robot,a collectionof basicbe-
havioursis used.Thesebehavioursarebasedonfuzzycontrol
techniquesandcanbecombinedandreasonedaboutthrough
useof a behaviour planner(B-plan)explainedin [Saf�otti et
al., 1995].

4.2 Anchoring Module
Theanchoringmodule,besidescreatingandmaintainingthe
anchordata structure,also serves a secondarypurposeto
function as a �ag betweentop-level tasksgiven by a plan-
nerandlow-level sensordata.Althoughnot immediatelyevi-
dentthis functionis importantin orderto co-ordinatepercep-
tual processessuchasa smellingactionwhich may take up
to several minutes. In sucha case,speci�c calls to percep-
tual actionse.g. “Smell gar-22” aregeneratedfrom the top-

level planner, which then translatesinto several behaviours
beingactivatede.g. “Go nearto Gar-22, TouchGar-2” and
callsto anodourserverwhichactivatestherespectivepumps
on valveson thenose.Theodourclassi�cationprovidesthe
smell descriptione.g. “gar-22 smellsethanol”and the per-
ceptualinformation is updated. Here the anchoringmod-
ule “polices” eacheventsignallingto therespective modules
whencertainprocessneedto beactivatedandwhenthey have
reachedcompletion.

In ourinstanceof theanchoringmodule,thetrackfunction-
ality is achieved by performinga fuzzy matchingalgorithm
betweennewly createdperceptsand previously storedan-
chorsin orderto partly dealwith sensornoise.However, the
purposeof the anchoringframework allows differentstrate-
giesfor the track functionality. A part of the future aimsto
integratemoreadvancedsolutionsinto theexistingplatform.

4.3 Planner
PTLplanner[Karlsson,2001] isaplannerfor partiallyobserv-
abledomainswith uncertainty(probabilities). It searchesin
a spaceof epistemicstates,or e-statesfor short,whereane-
staterepresentstheagent's incompleteanduncertainknowl-
edgeabouttheworldatsomepointin time. Althoughmuchof
the planningcomponentis standard,it is still worth empha-
sising that the plannercan reasonaboutperceptive actions,
suchaslooking at or smellinganobject.Theconsequenceis
thatcallsto perceptualactionsmaybemadein orderto gather
moreinformationabouttheenvironment.

4.4 Interfaces
In addition to the computationsmentionedin the previous
sectionfor control,perceptionandautonomy, thesystemalso
hasa numberof processesfor displayingtheinternalstateof
the robot aswell asits currentmodelof the externalworld.
This modelof the externalworld includeslocally perceived
objectsanda gridmapof the environmentbuilt from sensor
data.This is shown in Figure3. In theleft window, thelocal
view of the robotshows the incomingperceptsof thevision
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andspatialmodules.In thecenter�gure, a mapof theenvi-
ronmentis shown. Additional interfacesincludea live feed
of theimagesviewedfrom theCCD cameraandanolfactory
interfacewhich shows clustersanddatapoints for a loaded
repository(Figure3 (Right)). Certainpointscanbe interac-
tively selectedto generatenew plansfor perceptualactions.
It alsoshowsthesymbolicrepresentationpreservingtheelec-
tronicperceptionof odoursusedtoclassifynew odours.More
informationabouttheolfactoryinterfaceandthecategorisa-
tion of odourscanbefoundin [Lout� andCoradeschi,2004;
2005].

5 Experiments
Thegeneralexperimentis performedin a seriesof corridors.
In eachcorridor theremay be several objects,in this case
garbagecans. The robot automaticallytogglesbetweenthe
taskof patrollingthecorridor, inspectingobjectsandwaiting
for commandsfrom theuser. Patrolling thecorridorinvolves
moving from corridor to corridor in a discovery for new ob-
jectsandrecognitionof previous objects. Whenan inspect
is invoked, the robot visits eachobjectcollectingthe odour
property. Theinspectis usuallyautonomouslyinvokedwhen
new objectsaredetected.

The purposeof the experimentis to evaluatethe ability
of the extendedanchoringframework to maitainan internal
representationof theobjectsin thecorridorsfor anextended
periodof time. Throughoutthe autonomousactivity of pa-
trolling thecorridor, a usermayinterrupttasksby requesting
the acquisitionof speci�c objects. Object requestscan be
givenby usingthe imagefeedfrom thecameraanddirectly
selectinga region in thescreen.Thesensorysignatureof the
object will be matchedagainstcurrentanchorsand current
executionof thepatrolwill beinterruptedto includeaplanto
visit andinspecttheselectedobject.Objectcanberequested

by giving to therobota sampleof thesmellingobjectandre-
questto �nd similar objects. Finally top-down requestscan
be given to �nd objectsby giving to the systema symbolic
descriptionof theobject. The anchorthatmostmatchesthe
descriptionwill bereturned.

5.1 Results
The a priori information given to the systemconsistsof a
roughmapof theenvironment,shown in Figure3 (Middle),
anda repositoryof interestingobjects,namelygarbagecans
placedoutsideof�ces. The robot patrolledthe corridorsfor
a periodof 4 days,with intermittentbreaksduring the day
and longer breaksduring the evening for charging the bat-
teries. At any given time, garbagecanswould be removed,
displaced,or addedinto theenvironment.Thetotal distance
coveredby therobotis approximately1.2km without thein-
clusionof theextramovementcausedby smellingactionsand
over70odoursampleswerecollected.

Thelocalspaceof therobottogetherwith thevisualimage
from thecameraaswell asthecreation,deletionandupdat-
ing of anchorsis depictedin Figure4. The �gure contains
four snapshotsthroughoutan experimentalrun describedas
follows:

� Scene1 - The robot begins patrolling the corridor, two
visualperceptsaredetectedandtwo anchorsdenotedby
Gar-1 andGar-2, arecreated.An inspectis performed
andboth anchorsobtainolfactoryproperties,shown in
theFigureby thegrey colouring. Sincetheanchorsare
createdin abottom-upfashiontheir labelsarearbitrary.

� Scene2 - As the robotcontinuesits patrol,anotherob-
ject is insertedinto theenvironmentata latertime. Note
however, that the previous two anchorsare still main-
tained by the track functionality. Although the local
spaceshows only the current percepts,the anchoring



moduleupdatesthe link betweentheanchorGar-1 and
theperceptGar-27. A new anchoris alsocreatedfor the
third objectdenotedby Gar-3 with visualperceptGar-
24.

� Scene3 - Therobotapproachestheobjectin orderto ac-
quire its odourpropertyand the result is storedin the
correspondinganchor. Sometime later, the object is
removed from the environment. The life of the anchor
slowly decreaseswhenanexpectedperceptis no longer
detected.

� Scene4 - The anchoris removed from the systemand
unlessit is perceivedagain,its propertiescannotbeac-
cessedby the�nd functionalitiesdescribedabove.

This scenarioshows how the anchoringmodule is used
to createan internal structurewhich can then maintainthe
perceptualcoherenceof objects,consideringeachobjecthas
bothspatialandolfactoryproperties.Evenwhenvisualprop-
ertiesof anchorsarebeingupdated,thestoredsmellproperty
remainsuntil a new odourcharacteris acquiredby the next
inspectaction.Thepreviousodourcharacteris thenstoredin
theodourrepository.

6 Conclusion
“Takeacoin, tossit, andcatchit againin yourhand...yousee
asingleobject�y upin theair, twist overandover, andlandin
onepieceonyour hand.Bits don't �y off. Thesilverdoesn't
departfrom the shape,andthe shapedoesn't lag behindthe
motion.” [Blackmore,2003] (p.244).

Maintainingperceptualcoherenceof objectsoverextended
periodsof time involvesthemanagementof perceptualinfor-
mationfrom differentsensingsources,trackingovertimeand
maintainingobjectpersistency. In this paperwe showedhow
a modi�ed anchoringframework could be usedasa tool to
satisfy theserequirements.Experimentson a mobile robot
wereperformedwherearobotusedbothspatialandolfactory
sensorsto monitor an of�ce environmentover an extended
periodof time.

Theproblemof perceptionmanagementis far from being
solved. In this paper, we have “scratchedits surface”by rec-
ognizingtheneedto considerthis problem,highlighting im-
portantissuesthatariseonanembeddedsystemandpresent-
ing a �rst implementedsolution.
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