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Abstract

The purposeof this paperis to addresghe prob-

lemof maintainingcoherenperceptuainformation

in a mobile robotic systemworking over extended
periodsof time, interactingwith a userandusing

multiple sensingmodalitiesto gatherinformation

aboutthe environmentand speci c objects. We

presenta systemwhich is ableto use spatialand

olfactory sensorgo patrol a corridor and execute
userrequestedasks.To copewith perceptuaimain-

tenancewe presentan extensionof the anchoring
framawork capableof maintainingthe correspon-
dencebetweensensordataand the symbolic de-

scriptionsreferringto objects.It is alsocapableof

tracking and acquiringinformation from obsena-

tions derived from sensordataaswell asinforma-

tion from a priori symbolicconcepts.The general
systemis describecandanexperimentalalidation

onamobilerobotis presented.

1 Intr oduction

Considera scenariovherea mobile robotis patrollinga cor
ridor. Its taskis to discoser new objectsand gatherinfor-
mationaboutthemusingboth traditional modalitiessuchas
vision andsonarandalsonon-traditionalmodalitiessuchas
anelectronicnose. A useris ableto monitor the robot, sug-
gestactionsto improve perceptuaperformanceandrequest
therobotto performspeci c tasks. Tasksarerequestedrom
theuserusinga symbolicrepresentationonsistingof natural
languageconcepts.While no requestdy the useraregiven,
the robot autonomoushprioritisestasksalternatingbetween
patrollingthe corridorandinspectingobjectsor simply wait-
ing on stand-by

An importantfacetto this scenarioandscenario®f asimi-
lar nature s theability to maintaincoherenperceptuainfor-
mation. This meanshat the systemshouldbe ableto main-
tainthe correspondencleetweerthe symbolicrepresentation
of objects(requestérom theuser)andtheperceptuatiatathat
refersto them. The systemshouldcollectinformationfrom
differentsensingmodalitiesworking concurrentlyand/orse-
guentiallyandcorrectlyattribute thatinformationto its inter-
nal representationf the object. The systemshouldinclude

the presenration of objectconsistenyg, sothatnew informa-
tion aboutpreviously seerobjectsis alsocorrectlyattributed.
All the while, the insertionand/orremoval of objectsfrom
the ervironmentneedsto be consideredand accountedor.
Froma cognitive perspectie, the maintenancef perceptual
informationis anintegral partof the bindingproblem[Black-
more,200d. Thatis, how the conjunctionof propertiesare
representedrangingfrom the binding of shapeand colour
in detectingblue trianglesor red squarego the binding that
mustoccurbetweerandwithin thesenses‘the waythesmell
andtouchandsightof the sandwichin your handall seento
belongto the sameobject” [Blackmore 2009 (p.250).

For robotic systemsanimportantingredientfor maintain-
ing perceptualnformationis an internal structureto storea
representationf an object. Suchaninternalstructureneeds
to satisfya seriesof requirementsOn onehand,perception
managementRonnieet al., 2003, an extensionof sensor
managementAdrian, 1993, is requiredto integrate high-
levelinformationaboutthestateof theobjectin orderto make
situationdependentlecisionsdirectcontrolandselectsens-
ing actions.On the otherhand,trackinganddataassociation
are alsofundamentaingredientsnecessaryo propagaten-
formationaboutcoherenperceptionsvertime [D.Schulzet
al., 2003. A third requirementgspeciallyin the context of
a cognitive robot, involves processeswhich can createand
maintainthe link betweerhigh-level information(e.g. sym-
bols)andlow-level percepts.

In this paper we shav how the conceptof anchoringcan
be usedasa tool to confrontsomeof the issuesrelatingto
perceptiormanagementThe anchoringframewvork [Corade-
schiand Safotti, 2004 aimsat de ning a theoreticalbasis
for groundingsymbolsto perceptsoriginatingfrom physical
objects. We presentan extensionof the framework that is
ableto copewith perceptiormanagementonsideringmulti-
sensingesourcesndtemporalfactors.The pivot of this ex-
tensionis the use of anchorsas internal representationsf
objectsthat integrate symbolic and perceptualinformation
acrosgime andacrosssensingmodalities. Our ultimateaim
is to shedlight on this importantaspecbf cognitive robotics
asapplicationsextendinto realistic environmentsinvolving
human-robointeractionsandlifelong acquisitionof knowl-
edge.

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



modi cation of the anchoringframeawork in Section3 which
is adaptedor the task of perceptionmaintanance We pro-
ceedby detailingthe robotic systemarchitectureusedin our
experiments.Section5 givesthe implementatiordetailsand
providesa performance&xampleof thecompletesystem.The
paperconcludesvith a summaryof the presenteavork.

2 The Anchoring Framework

To date,the anchoringframeavork presentedy [Coradeschi
andSafotti, 2000 hasmainly beenconsideredn thecontext
of abstractiorof perceptualnformation. This includesasso-
ciationof wordsto visually recogniseabjects[Knoblauchet
al., 2004, managingof dynamicobjectanchoringfor high-
level reasoning Chellaet al., 2004 and preliminary works
consideringpeopletracking applications|Kleinehagenbrock
etal., 2004. A goodoverviewn of the rangeof applications
of the anchoringconceptis foundin 2004 Roboticsand Au-
tonomousSystemspeciaissueonanchoringsymbolgto sen-
sordata[CoradeschandSafotti, 2003.

Before we presentour extensionof the framework, we
summarisénerethe basicelementsf the computationathe-
ory of anchoring.See?? for afull account.Thetheorycon-
sidersan autonomousystemthat includesa symbolsystem
and a perceptualsystem,and it focuseson the problem of
creatingandmaintaininga correspondencketweersymbols
andperceptghatreferto the samephysicalobject. Themain
ingredientsof anchoringare the following [Coradeschand
Safotti, 2000:

A symbolsystemincluding: asetX = fxji;Xz;:::g
of individual symbols(variablesand constants);a set
P = fpy;p2;:::g of predicatesymbols;and an infer-
encemechanisnwhosedetailsarenot relevanthere.

A perceptualsystenincluding: aset = f 1; »2;:::g
of perceptsiaset = f 1; »;:::g of attributes;and
perceptuatoutineswhosedetailsare not relevant here.
A percepis a structureccollectionof measuremeniss-
sumedto originate from the samephysicalobject; an
attribute ; is a measurablgropertyof perceptswith
valuesin thedomainD;.

The symbol systemmanipulatesndividual symbols,like
‘cup-21', which aremeantto denotephysicalobjectsandas-
sociatesachindividual symbolwith a setof symbolicpred-
icates,like 'red’, that assertpropertiesof the corresponding
object. The perceptualsystemgenerategperceptsand as-
sociateseachperceptwith the obsened valuesof a set of
measurablattributes. The task of anchoringis to create,
andmaintainin time, the correspondencieetweerindividual
symbolsandperceptghatreferto the samephysicalobjects.

The symbol-perceptorrespondencks rei ed in aninter-
nal datastructure , calledanandcor. Sincenew percepts
aregeneratedontinuouslywithin the perceptuasystemthis
correspondencis indexed by time. It is importantthat the
connectiongredynamic,sincethesamesymbolmaybecon-
nectedto new perceptsavery time a new obsenation of the
correspondingbijectis acquired.

At everymomentt, (t) contains:a symbol,meantto de-
noteanobject;a perceptgeneratedby observingthatobject;

anda signaturea collectionof propertyvaluesmeantto pro-
vide the (best)estimateof the valuesof the obsenableprop-
ertiesof the object.

3 Anchoring for Perception Management

In this section,we presentour extensionto the anchoring
framawvork. What makesthis contribution uniqueis thatwe
extend the applicationsof anchoringbeyond its traditional
useof dataabstractiorto alsoinclude perceptdrom differ-
entmodalitiesthatmaybe accessiblat differenttimes.

To effectively presentour extension,we referto the three
abstractfunctionalitiesde ned by [Coradeschand Safotti,
200d. usedto manageanchorsnamely Find, Reacquire,
andTrack. The functionalitieshave beendevelopedfor the
consideratiorof top-dovn approachefor informationacqui-
sition (i.e. imposedapriori symbolicconcepts)In this paper
we revise theseexisting functionalitiesto include bottom-up
approachesothatanchorscanbe createdby perceptuabb-
senations derived from interactionswith the ernvironment.
Bottom-upapproachesiave previously beenconsideredon
anchoringframevorks [Knoblauchet al., 2004 but never
in conjunctionwith top-dovn approachesWe adwocatethe
presencef bothapproachesn particularfor roboticsystems
interactingwith a humanuser To accomplishthis, an addi-
tional Acquir e functionalityis introduced.

3.1 Creationof Anchors

The creationof anchorscan occurin both a top-dovn and
bottom-upfashion. Bottom-up acquisitionis driven by an
eventoriginatingfrom a sensingresourcge.g. the recogni-
tion of a sgmentedregionin animage)whenperceptualn-

formationwhich cannotbe associatedio arny existing anchor
is perceved. Top-dovn acquisitionoccurswhena symbol
needgo be anchoredo a perceptsucha call may originate
from anexternaluseror atop-level module(e.g. planner).

Acquire Initiates a newv anchorwheneser a perceptis re-
ceivedwhich currentlydoesnot matchary existing an-
chor It takesa percept , andreturnananchor de-
ned att andunde nedelsavhere. To male this prob-
lem tractable a priori informationis givenwith regards
to which perceptsto consider In bottom-upacquisi-
tion, a randomlygeneratedsymbolis attributedto the
anchor Furthermorejnformationaboutthe objectand
its propertiesareincludedinto the world modelusedby
theplannerin thisway theobjectcanbereasonecbout
andactedupon.

Find Takesa symbolx anda symbolic descriptionandre-
turnsananchor de ned att (andpossiblyunde ned
elsavhere). It checksif existing anchorsthat have al-
readybeencreatedoy the Acquir e satisfythe symbolic
descriptionandin thatcaseijt selectoone.Otherwisejt
performsa similar checkwith existing perceptgin case,
thedescriptiordoesnotsatisfythe constrainof percepts
consideredoy the Acquire). If a matchingperceptis
found ananchoris created.Matchingof anchoror per
ceptcanbe eitherpartial or complete.lt is partial if all
the obsened propertiesin the perceptor anchormatch
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Figure 1: Graphicalillustration of the extendedanchoring
functionalitieswherebottom-upandtop-dovn informationis
possibleanddifferentsensingnodalitiesareused.

the description but thereare somepropertiesn the de-
scriptionthathave notbeenobsened.

3.2 Maintenanceof Anchors

At eachperceptuakycle, whennew perceptuainformation

is receved, it is importantto determindf the new perceptual
information should be associatedo existing anchors. The

following functionalityaddressethe problemof trackingob-

jectsover time. In this extension,we include the previous

Reacquire functionalityasanintegral part of the Track and

male no specialdistinctionfor it.

Track Thetrackfunctionalitytakesananchor de ned for
t k andextendsits de nition to t. Thetrackassures
thatthe perceptpointedto by theanchoris the mostre-
centand adequateperceptuarepresentatiomf the ob-
ject. We considerthatthe signaturecanbe updatedas
well asreplacedbut by preservingthe anchorstructure
we afrm the persistencef the objectsothatit canbe
usedeven whenthe objectis out of view. This facili-
tatesthe maintenancef informationwhile the robotis
moving aswell asmaintaininga longertermandstable
representationf the world on a symboliclevel without
cateringto perceptuaglitches.

3.3 Deletionof Anchors

By having ananchorstructuremaintainedvertime, it is pos-
sibleto preserethe perceptuainformationevenif theobject
is not currentlyperceved (causedy the objectbeingout of
view and/orby theinaccurag in the measuremerdf percep-
tual data). The challengeis to determineif the association
of new perceptss justi ed or whethercertainanchorsshould
be removed. Mechanismdor destrging anchorswhenthe
correspondingbjecthasbeenremoved needto bein place.
Thisisadif cult problembecauseonceptuallyit is notclear
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Figure2: Overview of the robotic systemwhich usesthe an-
choringmodule.Arrows indicatethe o w of information.
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whenit is appropriateto remove anchorsfrom the system.
Anchorscould be removed if they are not relevant for the
currenttask, becausehe objectto which it refershasbeen
physicallyremovedfrom the environmentor thereliability of

the perceptualinformation hasexpired. Anchorsmay also
needto be removedif they have beenassociatedo invalid

perceptuabatasuchassensoryglitches. We currentlyadopt
simplesolutionsin which objectsthatarenot percevedwhen
expecteddecreasén a “life” valueof the respectre anchor
When the anchorhas no remaininglife, the anchoris re-

moved. The conversecould be implementedvhereanchors
are createdwith initially lowlife valuesand persistentper

ceptsincreasats life value. Thedecreasindjfe of anchords

shavn in Figure4. A moreadequatestratgyy to handlethe
maintenancef anchoramayalsobeto includea“long term”

memorywhereanchoranay be storedfor futureuse.

3.4 Integration of the Functionalities

Theevent-basedunctionalitiesarenow restrictedo theFind
andAcquir ewhile theTrack functionalityis regularly called.
Figurel shovsanoverview andanexampleof theframework
andits functionalities. In the example,anchorsare created
bottom-upfrom thevisualpercept®f acup. Later, additional
featureof thatobjectarerequired for example theolfactory
property Thesefeaturesare storedin the anchor Whena
top-donvn requestis sentto the anchormoduleto nd a cup
with matchingpropertiesdenotedby the symbol “cup-22”,
the Find functionality anchorsthe symbolto the perceptual
data.

As seenin the gure, propertiescanbe collectedat differ-
enttime pointsusingdifferentmodalities.Evenwhencertain
perceptuapropertiesareupdatedsuchasthe smellproperty
which may changeover time, otherperceptuapropertiesare
maintained Corversely if thevisualperceptof ananchoris
replacedthe smell propertypreviously obtainedis not lost.
In this way, theanchoris usedto compensatéor arny dynam-
ically changingfeaturesof an object. Furthermorethe per
ceptualdescriptiomof anchorcanbeaccessedy theplanner
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Figure3: (Left) Thelocal spaceshavs the detectecbbjects,therobotis locatedin the centerof the space.Grey areasin the
spaceareregionsthatareunexplored. Objectsarerepresentedby their visual perceptsandare placedwithin the local space.
In this screentherobotidenti es 2 garbagecans,denotedoy the perceptsar-1 andGar-2. (Middle) Thea priori mapof the
of ce ervironmentto be patrolled. The robot startingpositionis shavn at point X anda pathof the robotis denotedby the

dottedline. (Right) Theolfactoryinterface.

to reasomaboutperceptuaknowledge. In certaincasesthis
may resultin speci c callsto perceptuakctionsin orderto
disambiguatdetweersimilar objects.

4 The SystemAr chitecture

In this section,we presentour own instantiationof the ex-
tendedanchoringframework discussed. We begin our de-
scriptionat the sensorevel andproceedo the higherlevels
whichincludea planneranduserinterfaces.An overview of
theroboticsystemis givenin Figure2.

4.1 Sensingmodalitiesand control

Our physicalrobotis a MagellanPro compactrobot andin
the experimentswe useits infrared sensorssonarsandtac-
tile sensors.In addition,a CCD camerais mountedon the
robot and the robot is able to recognisepre-de ned signa-
turesof objectsusing standardvisual techniques. Perhaps
the mostnovel of sensorsn the robotis an electronicnose.
Theelectronicnoseconsistof 32 conductingblack polymer
sensors patternrecognitionand classi cation components,
andan electronicrepositoryof odoursstoredin theon-board
computerin therobot. The classi cationalgorithmusesthe
odour repositoryas a training setfor online recognitionof
new odours. To navigatethe robot, a collectionof basicbe-
havioursis used.Theseébehaioursarebasednfuzzycontrol
techniquesaindcanbe combinedandreasonedboutthrough
useof a behaiour planner(B-plan) explainedin [Safotti et
al., 1999.

4.2 Anchoring Module

The anchoringmodule,besidesxreatingand maintainingthe
anchor data structure, also senes a secondarypurposeto

functionasa ag betweentop-level tasksgiven by a plan-
nerandlow-level sensodata.Althoughnotimmediatelyevi-

dentthis functionis importantin orderto co-ordinatepercep-
tual processesuchasa smellingactionwhich may take up
to several minutes. In sucha case,speci c callsto percep-
tual actionse.g. “Smell gar22” aregeneratedrom the top-

level planner which thentranslatednto several behaiours
beingactivatede.g. “Go nearto Gar22, Touch Gar2” and
callsto anodoursenerwhich activatestherespectie pumps
on valveson the nose. The odourclassi cation providesthe
smell descriptione.g. “gar-22 smellsethanol” and the per

ceptualinformation is updated. Here the anchoringmod-
ule “polices” eacheventsignallingto the respectire modules
whencertainprocessieedio beactivatedandwhenthey have

reacheccompletion.

In ourinstanceof theanchoringnodule thetrackfunction-
ality is achieved by performinga fuzzy matchingalgorithm
betweennewly createdperceptsand previously storedan-
chorsin orderto partly dealwith sensomoise.However, the
purposeof the anchoringframework allows different strate-
giesfor thetrack functionality. A partof the future aimsto
integratemoreadwancedsolutionsinto the existing platform.

4.3 Planner

PTLplannefKarlsson2001] is aplannerfor partially observ-
abledomainswith uncertainty(probabilities). It searchedn

a spaceof epistemicstatespr e-statedor short,whereane-

staterepresentshe agents incompleteanduncertainknowl-

edgeabouttheworld atsomepointin time. Althoughmuchof

the planningcomponenis standardijt is still worth empha-
sising that the plannercan reasonaboutperceptve actions,
suchaslooking at or smellinganobject. The consequencis

thatcallsto perceptuahctionsmaybemadein orderto gather
moreinformationaboutthe ervironment.

4.4 Interfaces

In additionto the computationamentionedin the previous
sectionfor control,perceptiorandautonomythe systemalso
hasa numberof processefor displayingthe internalstateof
therobotaswell asits currentmodel of the externalworld.
This model of the externalworld includeslocally perceved
objectsanda gridmapof the erwvironmentbuilt from sensor
data.Thisis shovn in Figure3. In theleft window, the local
view of the robot shows the incoming perceptof the vision
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Figure4: Thetop row shawvs the cameraimagesat differenttime points,the middle row shows the actwity at the anchoring
level. Grey barsindicateanchorswith olfactory properties.The bottomrow shavs the correspondindocal perceptuakpace

giventhe changingepresentatioof visualpercepts.

andspatialmodules.In the center gure, a mapof the ervi-

ronmentis shovn. Additional interfacesincludea live feed
of theimagesviewedfrom the CCD cameraandanolfactory
interfacewhich shaws clustersand datapointsfor a loaded
repository(Figure 3 (Right). Certainpointscanbe interac-
tively selectedo generatenew plansfor perceptuahctions.
It alsoshovsthesymbolicrepresentatiopreservingheelec-
tronic perceptiorof odoursusedto classifynew odours.More
informationaboutthe olfactoryinterfaceandthe cateyorisa-
tion of odourscanbefoundin [Lout andCoradeschi2004;
2009.

5 Experiments

The generalexperimentis performedn a seriesof corridors.
In eachcorridor there may be several objects,in this case
garbagecans. The robot automaticallytogglesbetweenthe
taskof patrollingthecorridor, inspectingobjectsandwaiting
for commandd$rom theuser Patrolling the corridorinvolves
moving from corridorto corridorin a discovery for new ob-
jectsandrecognitionof previous objects. Whenan inspect
is invoked, the robot visits eachobject collectingthe odour
property Theinspectis usuallyautonomouslynvokedwhen
new objectsaredetected.

The purposeof the experimentis to evaluatethe ability
of the extendedanchoringframewvork to maitainan internal
representationf the objectsin the corridorsfor an extended
period of time. Throughoutthe autonomousactiity of pa-
trolling the corridor, a usermay interrupttasksby requesting
the acquisitionof speci c objects. Objectrequestscan be
given by usingthe imagefeedfrom the cameraanddirectly
selectingaregionin the screen.The sensorysignatureof the
objectwill be matchedagainstcurrentanchorsand current
executionof the patrolwill beinterruptedo includea planto
visit andinspectthe selectedbject. Objectcanberequested

by giving to therobota sampleof the smellingobjectandre-
questto nd similar objects. Finally top-davn requestsan
be givento nd objectsby giving to the systema symbolic
descriptionof the object. The anchorthatmostmatcheghe
descriptionwill bereturned.

5.1 Results

The a priori information given to the systemconsistsof a
roughmap of the ervironment,shavn in Figure 3 (Middle),
anda repositoryof interestingobjects,namelygarbagecans
placedoutsideof ces. The robot patrolledthe corridorsfor
a period of 4 days,with intermittentbreaksduring the day
and longer breaksduring the evening for chaiging the bat-
teries. At ary giventime, garbagecanswould be removed,
displacedpr addedinto the ernvironment. The total distance
coveredby therobotis approximatelyl.2 km without thein-
clusionof theextramovementcausedy smellingactionsand
over 70 odoursamplesverecollected.

Thelocal spaceof therobottogethemwith thevisualimage
from the cameraaswell asthe creation,deletionandupdat-
ing of anchorsis depictedin Figure4. The gure contains
four snapshotshroughoutan experimentalrun describedas
follows:

Scenel - The robot begins patrolling the corridor, two
visualperceptsaredetectecandtwo anchordenotedy
Gar-1 andGar-2, arecreated.An inspectis performed
andboth anchorsobtain olfactory properties shovn in
the Figureby the grey colouring. Sincethe anchorsare
createdn abottom-upfashiontheir labelsarearbitrary

Scene? - As the robot continuesdts patrol, anotherob-
jectis insertednto theernvironmentatalatertime. Note
however, that the previous two anchorsare still main-
tained by the track functionality. Although the local
spaceshaws only the current percepts,the anchoring



moduleupdateghelink betweerthe anchorGar-1 and
theperceptGar-27. A new anchoiis alsocreatedor the
third objectdenotedby Gar-3 with visual perceptGar-
24,

Scene3 - Therobotapproachetheobjectin orderto ac-
quire its odour propertyand the resultis storedin the
correspondinganchor Sometime later, the objectis
removed from the ervironment. The life of the anchor
slowly decreasewhenanexpectedpercepts nolonger
detected.

Scened - The anchoris removed from the systemand
unlessit is percevedagain,its propertiescannotbe ac-
cessedy the nd functionalitiesdescribedabore.

This scenarioshovs how the anchoringmodule is used
to createan internal structurewhich canthen maintainthe
perceptuatoherencef objects,consideringeachobjecthas
bothspatialandolfactoryproperties Evenwhenvisual prop-
ertiesof anchorsarebeingupdatedthe storedsmellproperty
remainsuntil a new odourcharacteiis acquiredby the next
inspectaction. The previousodourcharacteis thenstoredin
theodourrepository

6 Conclusion

“Take acoin, tossit, andcatchit againin your hand...yolsee
asingleobjecty upin theair, twist overandover, andlandin

onepieceonyour hand.Bits don't y off. Thesilverdoesnt

departfrom the shapeandthe shapedoesnt lag behindthe
motion? [Blackmore 2003 (p.244).

Maintainingperceptuatoherencef objectsoverextended
periodsof time involvesthe managemenif perceptuainfor-
mationfrom differentsensingsourcestrackingovertime and
maintainingobjectpersisteng. In this paperwe shoved how
a modi ed anchoringframework could be usedasa tool to
satisfy theserequirements.Experimentson a mobile robot
wereperformedvherearobotusedbothspatialandolfactory
sensordo monitor an of ce ervironmentover an extended
periodof time.

The problemof perceptiormanagemenis far from being
solved. In this paperwe have “scratchedts surface”by rec-
ognizingthe needto considerthis problem,highlightingim-
portantissueghatariseon anembeddedystemandpresent-
ing a rst implementedsolution.
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