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Abstract

Largesensornetworksin applicationssuchassurveillanceandvirtual classrooms,havetodealwith theexplosion

of sensorinformation. Coherentpresentationof datacomingfrom suchlargesetsof sensorsbecomesa problem.

Thus thereis a needto summarizeeventswhile retainingthe spatial relationshipbetweensensors. Also, such

systemsareproneto routinefailuresin�uenced by hardware,software,or theenvironment.To recover from such

failures,fault containmentcanbeachievedby usingredundantsensors.In this paper, we de�ne Fault Containment

Unit (FCU),which hasbuilt-in alternativeactionsin theeventof failures.However, thecombinatorialexplosionof

alternativesin largescalesensornetworksdictatesthatthedesignof FCU is hard.

Ourstrategy is to provideanaugmentedvirtual reality interfaceto ahumanuserby projectingthecurrentstateof

thesystem,includingcameraorientationandobjectsbeingtracked,ontoavirtual 3D world. Wepresentaninterface

that: (i) offersdifferentlevelsof detailwhenpresentinginformationto user, (ii) allows theuserto maintaina good

spatialsenseduring sensortransitions,(iii) enablesthe userto dynamicallyassembleFault ContainmentUnits in

responseto emergencies,(iv) adaptsto thecurrentbandwidthavailability, (v) providesmobility to theuser, and(vi)

allows sharedinteractionamongusersby immersingthemin thesamevirtual workspace.Finally, we demonstrate

threescenarioshighlightingtheabovementionedfeatures.

1 Intr oduction

With theavailability of costeffective sensorsandprocessors,distributedsensorsystemswith hundredsof sensorsare

now becominga reality. As a result,applicationssuchassurveillanceandvirtual classrooms,now have to dealwith
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theexplosionof sensorinformation.Clearly, in thecontext of surveillance,thetraditionaluserinterface(UI) , suchas

a roomof monitorseachshowing a live videostreamfrom a correspondingcamera,doesnot scaleasthenumberof

sensorsgrows. Switchingbetweendifferentcamerastreamson a singlemonitor is unavoidablewhentherearemuch

fewer monitorsthancameras.Thustheacquisitionof “the perceptionof elementsin theenvironmentwithin avolume

of timeandspace,thecomprehensionof theirmeaning,andprojectionof theirstatusin thenearfuture” [ 4] , alsocalled

situationawarenessbecomesmoredif�cult. Moreimportantly, theengagementof user'sspatialmemoryrequiresmore

effort, sincetheuserwould have to rememberpasteventsin formssuchas“room 315” or “Camera250”, which do

not explicitly convey any spatialrelationships.Switchingacrosslarge numbersof camerascanbecomeextremely

confusingwhile following an event of interest. Thesein turn drive up training costsandincreaseresponsetime to

emergencies. The importanceof situationawarenessbecomeseven moreapparentwhenthe sensorsaresteerable,

i.e. camerasmountedon mobilerobotsor pan-tilt units. Theusercanquickly teleoperatesuchsensorsonly whenhe

acquiresagoodspatialsenseof thecurrentviewpoint bothbeforeandafterasensorswitch.

TraditionalUIs rely on theuser's own recognitionability andjudgmentto analyzethesceneto determinewhat is

interestingor suspicious.Human's cognitionalonecannotberelied to detectsuspiciousactivity from large numbers

of camerasover extendedperiodsof time andin extremelyclutteredenvironments(Figure1).

Figure1: Complex clutteredenvironmentshown from threecameras

Traditionalmonitoring systemsare in generalnot adaptive sincethey have dedicatedbandwidthrequirements.

Userscannotbe mobile while interactingwith sucha system. For example,a night watchmanwalking arounda

building cannotinstantly get accessto what is happeningaroundthe corneror effectively shareinformation with

personnelin thecontrolroom.

Besidesthe problemof explosion of sensorinformation, large scalesensornetworks are also proneto routine

failuresin�uencedby hardware,software,or theenvironment.To recover from suchfailures,faultcontainmentcanbe
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achievedby usingredundantsensors.Weformalizethisnotionin section3 by de�ning FaultContainmentUnit (FCU),

which hasbuilt-in alternative actionsin theeventof failures.However, thecombinatorialexplosionof alternativesin

largescalesensornetworksdictatesthatthedesignof FCUis hard.

A solutionto theproblemis to includehumaninteractionin thedecisionmakingprocess.For instance,a human

usercantake anassistive role in a systemwith adjustableautonomy[16], whenthesystemis incapableof achieving

the task. Even whenAI methodsareapplied,thesystemhasto presenttheuserwith relevant informationaboutthe

progressof the taskbeingundertaken. At the sametime, the datagatheringprocesscanbe in�uenced by the user

throughinteraction.In light of this, we believe that thedesignof an intuitive human-computerinterfaceis crucial to

achieving aharmoniousworking relationshipbetweenhumanandmachine.

We have designeda systemthat canrobustly trackmotion in an environmentwith many cameraslocatedpoten-

tially far from eachother. In thegeneralcase,thecamerascouldbebothstationaryandmobile,theenvironmentcould

becluttered,couldbe indoorsaswell asoutdoors.By trackingmotion from multiple cameras,a system-widerepre-

sentationof theidentityof peoplemaybeconstructedandmaintainedin a consistentmanner. Theindividual cameras

performmotion segmentationandextract blobsthat have signi�cant motion. Using correspondingblobsfrom each

camera,wecantriangulateon theobjectandcomputeits 3D locationandsize.

In section1.1, we review relatedwork in the areasof userinterfacesandtracking. In section2, we introduce

augmentedvirtual reality to overcometheshortcomingof traditionalUI usedin monitoringsystems.In section3, we

describea fault handlingmechanismin systemswith redundantresourcesandemphasizethe dif�culty in designing

suchmechanismsfor large scalesystems.In section4, we presenttheexperimentalsetupandshow somescenarios

whereoursystemwasapplied.Finally, section5, summarizesthework andgivesdirectionsfor futurework.

1.1 RelatedWork

A numberof researchefforts in aviation andmilitary domainshave shown thatbetterunderstandingof terrainscanbe

achievedby navigatingthrough3D interfaces[25, 14, 1]. Resultsfrom studieson spatialmemoryanduserinterfaces

concurthat “measuresof spatialcognitionstronglypredictperformancewith computerinterfaces”[3]. Cockburn and

Mckenzie[3] have shown spatialarrangementof documentsallows for rapidretrieval. Thegamingindustryhaslong

sincemovedfrom 2D to 3D to provideamuchricherandmoreimmersiveworld thattheplayerscanfreelyroamaround

within. Theseprovideevidenceto theassertionthatsincewelive in a3D world, themostintuitive wayto interactwith

remotespacesis througha 3D virtual environmentwheretheuseris ableto explore the spatialcon�guration of the

environment,engagingone's naturalabilitiesto interactwith environmentandconstructinternalcognitive mapsof the

space[8].
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Virtual worlds have beenusedin many applications(especiallyin gaming)to allow multiple users,most likely

from vastlydifferentgeographiclocations,to work or play collaboratively in a sharedimmersive interactive space.In

mostgamingapplications(Quake [15]) , virtual worldsdonot resembletherealworld. On theotherextreme,projects

that build a digital city suchasKyoto, Helsinki or Amsterdam[12] attemptto reconstructa virtual city to matchits

realworld counterpartdown to �ne detail, for examplea conveniencestore,suchthataneffective immersive true-to

life experiencecanbeachieved. In thecaseof surveillanceapplications,althoughit is desirableto modelthespaceas

accuratelyaspossible,we feel it is neitheressentialnorpracticalto do so.

AugmentedVirtual Reality (AVR) is not a new concept.Accordingto thetaxonomyof mixedreality by Tamura

andYamamoto[22], AVR belongsto thede�nition of ClassB (Videosee-through)or ClassC (On-linetele-presence)

dependingonwhetherthereal-world imagerycomesfrom scenesdirectly in front of theuseror a remotesite.Numer-

ousaugmentedreality systemshave beenbuilt to augmentthereal-world scenewith virtual objectsor text to provide

informationto theuser[23, 13, 20, 2].

In recentyears,multi-sensornetworks have beendesignedto do humantrackingand identi�cation ([10], [18],

[17], [19] , [21]). Trivedi et al.[24] have proposedanintegratedsystemof active cameranetwork for humantracking

andrecognition.Matsuyamaet al.[7] presenta practicaldistributedvision systembasedon dynamicmemory. In our

previouswork [26], wehavepresentedapanoramicvirtual stereofor humantrackingandlocalizationin mobilerobots.

However, mostof the currentsystemsemphasizeon vision algorithms,which aredesignedto function in a speci�c

network. Karuppiahetal. [6] presentadistributedcontrolarchitecturein whichrun-timebehavior is bothpre-analyzed

andrecoveredempirically to inform local schedulingagentsthatcommit resourcesautonomouslysubjectto process

controlspeci�cationshasbeenpresented.

2 AugmentedVirtual Reality Interface

2.1 Virtual 3D envir onment

Wehavediscussedin detailtheshortcomingsof traditionallivevideostreamin section1. As opposedto thetraditional

approach,virtual environmentis immersive, i.e. usercan freely move aboutwithout abruptspatialchanges.The

smoothtransitionusingvirtual �y-through (Figure8(b)) enablesusto synthesizethoseviews thatarenot servicedby

real-world cameras.This is very importantfor achieving situationawarenessusingtheuser's naturalspatialcognition

abilities,asshown in themany studiesdiscussedin section1.1. Informationcannow bestoredandaccessedspatially.

For example,missedeventscanbestoredat thecorrectlocationandcanthenbeaccessedlaterfor analysisby utilizing

the user's spatialmemory, ratherthanthe userhaving to remembera room numberor cameraID. This reducesthe
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cognitive loadof theuser.

With virtual environmentinterface,network bandwidthrequirementcanbegreatlyreduced.Only abstractinfor-

mationsuchas(x,y,z) coordinates,or thecolorof thetrackedobject,aresentacrossthenetwork. Thesearemuchmore

light-weightrepresentationsthantheraw videodatastream.Moreover, wecantalk aboutdifferentlevel of detailwhen

presentinginformationto theuser, thusavoiding informationoverload.For example,whenmultiple subjectsmoving

aboutin anareaarebeingpreciselytracked, thesystemdoesnot needto displaytheseavatarsin the interfaceunless

any of thesubjectshasmovedinto or closeto arestrictedarea.Only thenshouldtheuserbealertedto thelocationsof

thetrackedsubject.

Virtual environmentallows multiple remoteusersto work andshareinformationin the samevirtual workspace.

For example,in asurveillancescenario,asecuritypersonnelcanbevirtually transportedto anightwatchman's location

andwork with him throughtheinteractionin thevirtual environment.

However, virtual environmentinterfacesarenot without their disadvantages.To begin with, pre-constructionof

thevirtual environmentis required.Dependingon thetypesof informationneededto beconveyedto theuser, virtual

objectsor avatarswith differentlevelsof detail have to be built. More importantly, eventsmaybe missedsinceVR

interfacerely on sensorsto provide abstractinformationfor display. For example,if someoneis picking a lock, from

thevisual interfacehemayseemto bemerelystandingstill besidea door. This is becausethereis no sensorto detect

thelock-pickingmotion.Evenif therewasone,if we did notmodelthelock-pickingmotionbeforehand,this motion

cannotbedisplayed.

Theproblemsmentionedabovedonotappearin thetraditionallivevideostreamapproach,sinceit doesnotextract

nor throw outany information.

2.2 AugmentingVirtual Reality

In this sectionwe introducethe conceptof AugmentedVirtual Reality (AVR) that enablesthe userto monitor the

environmentin both the abstractinformationspaceandthe real space.Sucha mix takesadvantageof bestof both

interfaces.As describedin section1.1, this is not a new concept.In fact,our implementationfalls into thecategory

of classC - Onlinetele-presence1. However, we feel thatour approachis uniquebecausewe proposeto augmentthe

virtual world with realvideostreamsasopposedto thetraditionalaugmentedreality applications[13, 20] thatoverlay

text or virtual avatarson top of video streams.More importantly, this processhappensin real-time. The proposed

AVR interfaceworksin 3 modes:

� apurevirtual world modethatdisplaysabstractinformationextractedby thesensors.
1mergingvideoimagestransmittedfrom aremotesiteandvirtual images,giving theobserver amixedview of two differentdifferentworlds
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Real World

Virtual World

Augmented Virtual Reality

Tracking System

Dynamic Window

Figure2: Augmentingvirtual reality : Usinginformationextractedby thetrackingsystem,theAVR interfaceoverlays
the real-world imageryof the tracked object on top of the virtual world to both convey spatialsenseand to save
bandwidth.Note thevirtual andreal cameraviews arealignedsuchthat the real-world imageappearsin thecorrect
locationwithin thevirtual view.
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� a full videostreammodethatstreamsrealvideosfrom eachcamera.

� a mixedmodethatoverlaysthemostinterestingportionsof therealworld on top of thevirtual world suchthat

thevirtual world conveys context andspatialrelationshipof thescene,while thedynamicwindow displaysthe

real-timeimageryof scene(see�gure 2).

TheAVR interfaceaugmentsthevirtual world with real-life imageryto adaptto differentbandwidthconditions,

while at the sametime providesthe userwith different levels of detail in presentingthe information. For example,

whenhigh bandwidthis available, the usermay chooseto monitor the spacein either the full-video streammode,

or the mixed modeto block out unwantedinformation,while the virtual �y-through betweencamerasprovidesim-

mersivenessandhelpsto maintainspatialsense.Whenoperatingin mid or low bandwidthconditionsor whenthe

featureextraction in the sensorsarecompletelyreliable , the usermay decideto monitor the sceneusing the pure

virtual environmentaugmentedwith partialdisplayreal-world andonly occasionallyswitch to the live videostream

for veri�cation purposes.

Oneof thedisadvantagesof pureVR is that,boththevirtual environmentandtheavatarsarerequiredto bemodeled

in high-detailin orderto accuratelyrepresentthe real space.This is not requiredin AVR, sinceAVR will introduce

somereal-world detailsthrougheitherthemixedmodeor thefull videostreamingmode.

3 Fault Containment Unit Hierar chy

In general,complex systemsshouldbe designedusingredundantresourceswith theexpectationthat failurescaused

by somesubsetof resourcescanbe overcomeby others. To formalizethis dynamicreallocationof resourceswhile

achieving a task objective, we de�ne a Fault ContainmentUnit [6] as a fundamentalway to specify tasksin our

system. A containmentunit is boundwith a setof resourcesneededto accomplishthe taskwith built-in modesto

handlefailures. In the extremecasewherefault containmentis not possible,a statusreportis communicatedto the

instantiatingprocessof thecontainmentunit. Thusa containmentunit itself canbea resourceto anothercontainment

unit with a higherlevel taskspeci�cation.A hierarchyof containmentunits(Figure4) is usedin this work to perform

varioustasksin our thesmartspacesuchasthe localizationof peopleandrobots,andthe recognitionof people. In

our environment,faultscanbe generatedby failure of hardware(sensors,robots,CPU, etc.), software (algorithms,

controllers,etc.),communication,etc.

Below weshow how containmentunitsareusedto manageresourcesin oursystem.Two low-level controllersthat

run on our pan-tilt-zoom(PTZ) camerasarethesaccadecontrollerthatmovesthecameratowardsthedirectionof an

interestingfeaturee.g. motion,andthe foveatecontrollerthatbringsthe featureof interestto thecenterof the �eld
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of view. Figure3 shows a schemathatcanperforma saccadefollowed by foveatetask. This schemaalsogenerates

reportsthatdescribeits own behavior like hardware fault, no target, target lost andheadingreport. If a target feature

is detectedandfoveated,thenthesensorachievesstate
���

wherethefeatureis actively tracked.As longastheactions

of the foveationcontrollerpreservesthis state,a headingto the featureis reported.In all othercases,anappropriate

reportdescribingthenatureof failureis generated.

SACCADE-FOVEATE B-Pgm:

[ No Target ]

f s f
f f

f

[ Sensor  Fault ]

[ Target Lost ]

[ Report Heading ]

X0

X1XX 1X

state:

p
s

p
f

p=(     ,     )

Figure3: Containmentunit wrapperfor thesaccade-foveatemodel

Whentwo instancesof the SACCADE-FOVEATE FCUsaresimultaneouslyin state
���

andthey aredriven by

featuresderived from the samesubject,then thereis suf�cient information for triangulatingthe subject. A higher

level containmentunit calledLOCALIZE FCU receivestheeventstreamsgeneratedby two subordinateSACCADE-

FOVEATE FCUsunderits managementandproducesa reportregardingthe locationof the subject.The subjectof

interestmayat timesbemoving or stationary. In theformercase,theLOCALIZE FCU mayhave to actively manage

the subordinateFCUs,while in the latter caseit caninstantiatean MONITOR FCU that continuouslycon�rms the

presenceof thestationaryfeaturein thelastknown location.

At thehighestlevel a FCU supervisormay instantiatemultiple LOCALIZE FCUseachof which areresponsible

for maintaininga robust trackof singlesubjectof interest.Over time, theeventstreamscomingfrom lower levelsare

usedto build andupdatea collectionof featuresthatdescribeeachsubject.Whena LOCALIZE FCU reportsa lost

track,theannotationof featuresto thecorrespondingsubjectarehandedoff to anew instantiationof LOCALIZE FCU

with adifferentsetof resourcesthatarebestplacedto take over thetracking.

3.1 User asthe top level in Containment Unit hierarchy

Whenthenumberof resourcesavailableto acontainmentunit is large,thereis anexponentialexplosionin thechoices

for resourceallocation,andof�ine hand-codingor prioritizing differentcoursesof actionsis quitedif�cult. Alterna-

tively, userinteractionat the highestlevel of the hierarchycanbe effective ashumanscanreactto situationsusing
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prior experienceanddynamicallyrecon�gureresourcesin aFCUandtherebyrecover thesystemfrom faultstate.This

removestheneedto presupposeall but themostroutinelyanticipatedfailuremodes.

Theproposeduserinterfaceprovidesadirectmeansto interactwith theFaultContainmentUnit hierarchyasshown

in �gure 4. At thelowestlevel, eachsensoris assignedto aTRACK FCU.TRACK FCUreportsvalid moving objects

in the sensor's �eld of view. Whentrackingis unsuccessful,TRACK FCU generatesfault reportsandreportto the

higherlevel. LOCALIZE FCU receiveseventstreamsfrom subordinateTRACK FCUsto localizemoving objectsby

triangulation.FCUSupervisormanagesits subordinateFCUsby monitoringtheir fault states.At thehighestlevel, the

userinteractswith theFCUhierarchythroughAVR UI, andcantakeactionssuchasmonitoringthestateof LOCALIZE

FCU or instantiatinganew TELEOPERATE FCU.

MONITOR_FCU

TELEOPERATE_FCU

TRACK_FCU TRACK_FCU

TRACK_FCU
TRACK_FCU

LOCALIZE_FCU

LOCALIZE_FCU

TRACK_FCU
TRACK_FCU

LOCALIZE_FCU

TRACK_FCU

AVR UI

CU Supervisor

Cam 1
Cam 2

Cam 2

Cam 3

Cam 1

Cam 4

Cam 2

Cam 5

Rbt 1

Human

Human

Figure4: FaultContainmentUnit Hierarchy

4 Experimental Setup

TheUMassSmartSpacehas� ve Sony PTZ EVI-D100 camerasmountedon thewalls andan ATRVJr mobile robot

equippedwith a �x edcamera.Ourcomputerackconsistsof aclusterof six VMIC singleboardcomputerseachwith a

928Mhz processorand256MB RAM. Thenodesin theclustersharea100Mbpsanda1000Mbpsethernetlink anda

wirelessaccesspoint to communicatewith therobot.EachnodehasaLeutronvisionframegrabberto whichacamera
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is connected.UsingNDDSreal-timepublish-subscribemiddleware[11], eachnodeactsasaserver of videoandtrack

informationextractedfrom thecamera.To createthevirtual versionof thesmartspace,roomdimensionmeasurements

weretaken, andlikewise the positionof the cameras.Prominentobjectssuchastableswereplacedin virtual space

roughlyin alignmentwith theplacementof therealobjectsto functionasreferences.Otherdetailssuchascomputers

on desks,chairswerenot modeled(andnot necessary)for reasonsdiscussedin 2.2. Therobotcontrol interfacewas

implementedusingPlayer/Stage[9]. TheAVR interfacewasimplementedusingGenesis3D[5]. Theoverall system

architectureis shown in �gure 5

At startup,the AVR interfacerendersthe virtual world, andusesNDDS middleware to createsubscriptionsof

relevant informationfrom thesmartspace.Thecameramodelsin theAVR interfacearethussynchronizedwith their

real-world counterparts.This featureenablessmoothtransitionsbetweenrealandvirtual views owing to theidentical

perspective. When the userrequestsfor full video modefrom any camerain the AVR interface,a subscriptionis

activatedto thecorrespondingvideostream.Moving objectlocationspublishedby theFCU supervisorsarerendered

in theAVR userinterfaceasavatars. Using the objectlocations,mixed modeis presentedto theuseruponrequest.

Theuseralsocanteleoperaterobotsin thesmartspaceusingthis interface.Eachrobot's stateis updatedusingbothits

publishedodometryaswell asits trackinformationfrom theFCU supervisor.

We presentthreereal-life scenariosin which our systemwastestedto highlight the ef�cacy of our interfacein

thosesituations.The �rst scenariodemonstratesrobust trackingmaintainedunderusersupervision.Figure 6 shows

the top-down view of our smartspaceroom. Two containmentunits FCU1 andFCU2 were instantiatedwith two

cameraseach.Thegreen(lightshade)andbrown(darkshade)overlaysindicatethevalid coverageareafor FCU1and

FCU2respectively. TheFCU hierarchyautomaticallyswitchesbetweenthefault containmentunitsto tracka moving

subject(redtrail) andpresentsthis informationto theuser. Theuserperformsthesupervisoryroleby ensuringthatthe

instantiatedFCUsareadequatefor thetask.

Figure7 showsanextremelyclutteredenvironmentwith multiplemoving objects.TheAVR interfacein themixed

modeshowstheuserinterestingobjects(rankedbasedontheirmotionhistory)in thescenethroughadynamicwindow

aroundtherealtrackedobjectin real-time.Webelieve suchinterfaceoffersanextramodeof informationpresentation

to theuser, which reducesuninterestingclutterin asceneandthereforereducesuser's cognitive load.

Thelastscenarioshown in Figure8 demonstratesthedynamicrecon�gurationof FCUwith userinterventionin the

FCUhierarchy. Initially, thesmartspacetracksamoving person,wholatertriesto avoid thetrackingsystemby hiding

undera table,out of theview of all thecameras.Whenthesystemlosestrackof theperson,it noti�es theusersince

it is unableto recover from this fault by itself. Playingtheassitive role, theuserreactsby teleoperatingthecameras,

switchingbetweendifferentstreamingmodesandtriesto recover thelostobject,but is unableto do so.Theimportant
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NDDS Player

Sensors Actuators

Fault Containment 
Unit Hierarchy

Figure5: SystemArchitecture

thing to notehereis that in spiteof continuousswitchingbetweencameras,dueto thesmoothtransitions,theuseris

ableto maintaina goodspatialsense.After arriving thecamera,theuserswitchesto thefull videomodeandattempts

to locatethemissingperson.Not �nding the lost person,theuserteleoperatesa mobile robot to explore thevicinity

of thelasttracked locationusinga mixtureof tele-presencein therobotanddifferentwall-mountedcameras.Finally,

heuncoversthepersonhidingunderthedeskandthusrecoversthesystemfrom thefaultstateandthesystemresumes

trackinghim. This demonstratestheachievementof successfultrackingfailurecontainmentthroughtheuseof AVR

interface,andtheeffectivenessof placingtheuserin theloop.

Thevideosfor theabove scenarioscanbeaccessedat

http://128.119. 244 .1 48/R es ear ch /D is tr ibu te d_Cont rol /P er Comm04/

5 Conclusionsand Futur e Work

Thispaperpresentsanimplementationof afault-tolerantaugmentedvirtual realityinteractivemonitoringsystem.Each

camerain thesystemtracksmoving objectsin its �eld of view, andthetriangulated3D locationof objectsaresentto a

virtual reality interfacewhich presentsthis informationto theuserin theform of virtual avatars.Thevirtual interface

is augmentedby partialor full realvideostreamsonaneedbasisresultingin bandwidth�e xibility. Webelieve thatour

11
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Figure6: Robust trackingunderusersupervision.This is a top-down view of a room. Two containmentunitsFCU1

andFCU2areinstantiatedwith two cameraseach.Thegreen(lightshade)andbrown(darkshade)overlaysindicatethe

valid triangulationregionsfor FCU1andFCU2respectively. TheFCU hierarchyautomaticallyswitchesbetweenthe

faultcontainmentunitsto trackamoving subject(redtrail) andpresentsthis informationto theuser. Theuserperforms

theassitive roleby ensuringthattheinstantiatedFCUsareadequatefor thetask.
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1

2

3

4

5

Rank
Cluttered Real World Scene

Virtual World

AVR display

Figure7: AttentionfocusthroughAVR. This �gure shows anextremelyclutteredenvironmentwith multiple moving

objects.TheAVR interfacein themixed modeshows theuserthe interestingobjects(ranked basedon their motion

history)in thescenethroughadynamicwindow aroundtherealtrackedobjectin real-time.
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Lost 
Track

Tracking…

(a)

Virtual Fly-though

(b)

Transition to live-video mode

(c) (d)

Figure8: Dynamicrecon�gurationof FCU with userinterventionin theFCU hierarchy: (a) Thesmartroomtracksa
moving person,who later triesto avoid thetrackingsystemby duckingdown undera table,out of theview of all the
cameras.Whenthesystemlosestrackof theperson,it noti�es theusersinceit is unableto recover from this fault by
itself; (b) Playingtheassitive role,theuserreactsby teleoperatingthecameras,switchingbetweendifferentstreaming
modesandtries to recover the lost object,but is unableto do so. The importantthing to notehereis that in spiteof
continuousswitchingbetweencameras,dueto thesmoothtransitions,theuseris ableto maintainagoodspatialsense;
(c) This �gure shows the transitionfrom thepurevirtual modeto full videomodeandattemptto locatethemissing
person;and(d) Not �nding the lost person,the usersteleoperatesa mobile robot to explore the vicinity of the last
trackedlocationusingamixtureof tele-presencein therobotanddifferentwall-mountedcameras.
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interfaceeffectively engagestheuser's spatialmemory, allowing theuserto quickly acquiresituationawareness.

Theuseof mobilerobotasanactuatorin theFaultContainmentUnit to regaintrackingof thetargetdemonstrates

theutility of having theusermanagethehierarchyof containmentunitswith largenumberof resources.

5.1 Future work

Userinteractionprovidesvaluabledynamiccontrolinformationfor ef�cient reactionsto urgentunanticipatedsituations

thatcouldbelearnedby thesystem,allowing interactionin similarcontexts in futureto beminimized.

As an extensionto the attentionfocusscenario(Figure 7), we canimaginemoresophisticatedmethodsfor the

selectionof the most interestingobject(s). Using supervisedlearningapproach,the usercan teachthe systemto

selectaninterestingobject(s)selectionpolicy thatwouldbalancebetweenguaranteeinghighprobabilityof presenting

suspiciousactivities in the scenewhile not causinginformationoverloadthat would fatiguehim quickly. Further

studiesneedto be carriedout to evaluatethe interfacefor differentparameterslike reductionof userfatigueusing

spatialmemoryor time to acquiresituationawareness.
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