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Abstract

Largesensonetworksin applicationsuchassuneillanceandvirtual classroomshave to dealwith theexplosion
of sensolinformation. Coherentpresentatiorof datacomingfrom suchlarge setsof sensordecomesa problem.
Thusthereis a needto summarizeeventswhile retainingthe spatial relationshipbetweensensors. Also, such
systemsareproneto routinefailuresin uenced by hardware,software, or the ervironment. To recover from such
failures,fault containmentanbe achieved by usingredundansensorsin this paperwe de ne Fault Containment
Unit (FCU), which hasbuilt-in alternative actionsin the eventof failures.However, the combinatoriakxplosionof
alternatvesin large scalesensomnetworks dictateshatthe designof FCU is hard.

Ourstrateyy is to provide anaugmentedirtual reality interfaceto ahumanuserby projectingthecurrentstateof
thesystemjncludingcamereorientationandobjectsheingtracked,ontoavirtual 3D world. We presentininterface
that: (i) offersdifferentlevelsof detailwhenpresentingnformationto user (ii) allowstheuserto maintainagood
spatialsenseduring sensortransitions,(iii) enableghe userto dynamicallyassembld-ault ContainmentUnits in
responséo emegencies(iv) adaptgo the currentbandwidthavailability, (v) providesmobility to theuser and(vi)
allows sharednteractionamongusersby immersingthemin the samevirtual workspace Finally, we demonstrate

threescenariosighlightingthe abose mentionedeatures.

1 Intr oduction

With the availability of costeffective sensorandprocessorglistributedsensoisystemswith hundredf sensorsare

now becominga reality As aresult,applicationssuchassuneillanceandvirtual classroomsnow have to dealwith



the explosionof sensoinformation.Clearly, in the context of suneillance thetraditionaluserinterface(Ul) , suchas
aroom of monitorseachshaving a live video streamfrom a correspondingameragdoesnot scaleasthe numberof
sensorgrows. Switchingbetweendifferentcamerastreamson a singlemonitoris unavoidablewhentherearemuch
fewer monitorsthancamerasThusthe acquisitionof “the perceptiorof elementsn the ervironmentwithin avolume
of time andspacethecomprehensioof theirmeaningandprojectionof their statusn thenearfuture”[4] , alsocalled
situationawarenesdecomesnoredif cult. Moreimportantly theengagemeruf users spatialmemoryrequiresnore
effort, sincethe userwould have to remembeipasteventsin forms suchas“room 315" or “Camera250”, which do
not explicitly corvey ary spatialrelationships. Switching acrosslarge numbersof camerascan becomeextremely
confusingwhile following an event of interest. Thesein turn drive up training costsandincreaseresponsdime to
emegencies. The importanceof situationawarenesshecomesaven more apparentwhenthe sensorsare steerable,
i.e. camerasnountedon mobilerobotsor pan-tilt units. The usercanquickly teleoperatesuchsensoronly whenhe
acquiresa goodspatialsenseof the currentviewpoint bothbeforeandaftera sensoswitch.

TraditionalUls rely on the users own recognitionability andjudgmentto analyzethe sceneto determinewhatis
interestingor suspicious.Humans cognitionalonecannotbe relied to detectsuspiciousactiity from large numbers

of camera®ver extendedperiodsof time andin extremelyclutteredernvironmentg(Figure 1).

Figurel: Comple clutteredervironmentshavn from threecameras

Traditional monitoring systemsare in generalnot adaptve sincethey have dedicatedbandwidthrequirements.
Userscannotbe mobile while interactingwith sucha system. For example, a night watchmanwalking arounda
building cannotinstantly get accesgo what is happeningaroundthe corneror effectively shareinformation with
personnein the controlroom.

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

failuresin uencedby hardvare,software,or theernvironment.To recover from suchfailures fault containmentanbe



achiered by usingredundansensorsWe formalizethis notionin section3 by de ning Fault ContainmentJnit (FCU),
which hasbuilt-in alternatve actionsin the eventof failures. However, the combinatorialexplosionof alternatvesin
large scalesensonetworks dictateshatthe designof FCU is hard.

A solutionto the problemis to includehumaninteractionin the decisionmakingprocess.For instancea human
usercantake anassistie role in a systemwith adjustableautonomy{ 16], whenthe systemis incapableof achiezing
the task. EvenwhenAl methodsareapplied,the systemhasto presenthe userwith relevantinformationaboutthe
progressof the task beingundertaken. At the sametime, the datagatheringprocesscanbe in uenced by the user
throughinteraction.In light of this, we believe thatthe designof an intuitive human-computeinterfaceis crucialto
achieving a harmoniousvorking relationshipbetweerhumanandmachine.

We have designeda systemthat canrobustly track motionin an ervironmentwith mary cameradocatedpoten-
tially far from eachother In thegenerakcasethe cameragouldbebothstationaryandmobile,theervironmentcould
be cluttered,could beindoorsaswell asoutdoors.By trackingmotion from multiple camerasa system-wideaepre-
sentatiorof theidentity of peoplemaybe constructedandmaintainedn a consistentmanner Theindividual cameras
perform motion segmentationand extract blobsthat have signi cant motion. Using correspondindglobsfrom each
camerawe cantriangulateon the objectandcomputeits 3D locationandsize.

In sectionl.1, we review relatedwork in the areasof userinterfacesandtracking. In section2, we introduce
augmentedirtual reality to overcomethe shortcomingpf traditionalUl usedin monitoringsystemsin section3, we
describea fault handlingmechanismin systemswith redundanresourcesindemphasizehe dif culty in designing
suchmechanismsgor large scalesystems.In section4, we presenthe experimentalsetupand shav somescenarios

whereour systenmwasapplied.Finally, section5, summarizeshework andgivesdirectionsfor futurework.

1.1 RelatedWork

A numberof researctefforts in aviation andmilitary domainshave shavn thatbetterunderstandingf terrainscanbe
achieved by navigatingthrough3D interfaces[ 25, 14, 1]. Resultsfrom studieson spatialmemoryanduserinterfaces
concurthat“measuref spatialcognitionstrongly predictperformancevith computerinterfaces’[3]. Cocklurnand
Mckenzie[ 3] have shavn spatialarrangementdf documentsllows for rapidretrieval. The gamingindustryhaslong

sincemovedfrom 2D to 3D to provide amuchricherandmoreimmersive world thattheplayerscanfreelyroamaround
within. Theseprovide evidenceto theassertiorthatsincewe live in a 3D world, themostintuitive way to interactwith

remotespacess througha 3D virtual ervironmentwherethe useris ableto explore the spatialcon guration of the

ervironment,engagingones naturalabilitiesto interactwith ernvironmentandconstrucinternalcognitve mapsof the

spacq 8.



Virtual worlds have beenusedin mary applications(especiallyin gaming)to allow multiple users,mostlikely
from vastly differentgeographidocations to work or play collaboratvely in a sharedmmersie interactve spaceln
mostgamingapplicationgQuale [15]) , virtual worldsdo notresembleherealworld. Onthe otherextreme,projects
that build a digital city suchasKyoto, Helsinki or Amsterdam| 127] attemptto reconstruct virtual city to matchits
realworld counterpardown to ne detail, for examplea corveniencestore,suchthatan effective immersie true-to
life experiencecanbe achieved. In the caseof suneillanceapplicationsalthoughit is desirableto modelthe spaceas
accuratelyaspossiblewe feelit is neitheressentiahor practicalto do so.

AugmenteaVirtual Reality (AVR) is not a newv concept.Accordingto the taxonomyof mixed reality by Tamura
andYamamotd 27], AVR belongsto thede nition of ClassB (Videosee-throughdr ClassC (On-linetele-presence)
dependingnwhetherthereal-world imagerycomesfrom sceneslirectly in front of the useror aremotesite. Numer
ousaugmentedeality systemdhave beenbuilt to augmenthereal-world scenewith virtual objectsor text to provide
informationto theuser[23, 13, 20, 2].

In recentyears,multi-sensometworks have beendesignedo do humantrackingandidenti cation ([10], [19],
[17], [19, [21]). Trivedietal.[24] have proposedanintegratedsystemof actve cameranetwork for humantracking
andrecognition.Matsuyamaetal.[/] presenta practicaldistributedvision systembasedon dynamicmemory In our
previouswork [26], we have presented panoramicvirtual steredor humantrackingandlocalizationin mobilerobots.
However, mostof the currentsystemsemphasizeon vision algorithms,which are designedo functionin a speci c
network. Karuppiahetal. [6] presentadistributedcontrolarchitecturen which run-timebehaior is bothpre-analyzed
andrecoveredempirically to inform local schedulingagentsthat commit resourcegutonomouslysubjectto process

controlspeci cationshasbeenpresented.

2 AugmentedVirtual Reality Interface

2.1 Virtual 3D ervironment

We have discussedh detailthe shortcoming®f traditionallive videostreamn sectionl. As opposedo thetraditional
approachyirtual ervironmentis immersve, i.e. usercan freely move aboutwithout abruptspatialchanges. The
smoothtransitionusingvirtual y-through (Figure8(b)) enablesusto synthesizeéhoseviews thatarenot servicedby
real-world camerasThisis very importantfor achieing situationawarenessisingthe users naturalspatialcognition
abilities,asshavn in themary studiesdiscussedh sectionl.l Informationcannow bestoredandaccessedpatially
For example missedeventscanbe storedatthe correctiocationandcanthenbe accessethterfor analysisy utilizing

the users spatialmemory ratherthanthe userhaving to remembera room numberor cameralD. This reduceshe



cognitive load of theuser

With virtual environmentinterface,network bandwidthrequirementanbe greatlyreduced.Only abstractinfor-
mationsuchas(x,y,z) coordinatesor thecolor of thetraclked object,aresentacrosshenetwork. Thesearemuchmore
light-weightrepresentationthantheraw videodatastream Moreover, we cantalk aboutdifferentlevel of detailwhen
presentingnformationto the user thusavoiding informationoverload. For example , whenmultiple subjectsmoving
aboutin anareaarebeingpreciselytracked, the systemdoesnot needto displaytheseavatarsin the interfaceunless
ary of thesubjectdhasmovedinto or closeto arestrictedarea.Only thenshouldthe userbe alertedto thelocationsof
thetracked subject.

Virtual environmentallows multiple remoteusersto work andshareinformationin the samevirtual workspace.
Forexample,in asuneillancescenariogsecuritypersonnetanbevirtually transportedo anightwatchmars location
andwork with him throughtheinteractionin thevirtual environment.

However, virtual environmentinterfacesare not without their disadwantages.To begin with, pre-constructiorof
thevirtual ervironmentis required.Dependingon the typesof informationneededo be cornveyedto theuser virtual
objectsor avatarswith differentlevels of detail have to be built. More importantly eventsmay be missedsinceVR
interfacerely on sensorgo provide abstracinformationfor display For example,if someones picking alock, from
thevisualinterfacehe may seemto be merelystandingstill besidea door Thisis becauséhereis no sensoito detect
thelock-pickingmotion. Evenif therewasone,if we did not modelthelock-pickingmotionbeforehand,this motion
cannotbedisplayed.

Theproblemamentionedabore do notappeain thetraditionallive videostreamapproachsinceit doesnotextract

northrow outary information.

2.2 Augmenting Virtual Reality

In this sectionwe introducethe conceptof AugmentedVirtual Reality (AVR) that enablesthe userto monitor the
ervironmentin both the abstractinformationspaceandthe real space. Sucha mix takes advantageof bestof both
interfaces.As describedn sectionl.], thisis nota new concept.In fact, ourimplementatiorfalls into the cateyory
of classC - Onlinetele-presencé. However, we feel thatour approactis uniquebecauseave proposeto augmenthe
virtual world with realvideo streamsasopposedo thetraditionalaugmentedeality applicationsi 3, 20] thatoverlay
text or virtual avatarson top of video streams.More importantly this processhappensn real-time. The proposed

AVR interfaceworksin 3 modes:

apurevirtual world modethatdisplaysabstracinformationextractedby the sensors.

'meming videoimagestransmittedrom aremotesiteandvirtual imagesgiving the obserer a mixedview of two differentdifferentworlds



Tracking System

Virtual World

Real World

Dynamic Window

Augmented Virtual Reality

Figure2: Augmentingvirtual reality : Usinginformationextractedby thetrackingsystemthe AVR interfaceoverlays
the real-world imageryof the tracked objecton top of the virtual world to both corvey spatialsenseandto save
bandwidth. Note the virtual andreal cameraviews arealignedsuchthatthe real-world imageappearsn the correct
locationwithin thevirtual view.



afull videostreammodethatstreamsealvideosfrom eachcamera.

a mixed modethat overlaysthe mostinterestingportionsof the realworld on top of the virtual world suchthat
the virtual world cornveys context andspatialrelationshipof the scenewhile the dynamicwindow displaysthe

real-timeimageryof scengsee gure 2).

The AVR interfaceaugmentghe virtual world with real-life imageryto adaptto differentbandwidthconditions,
while at the sametime providesthe userwith differentlevels of detailin presentinghe information. For example,
when high bandwidthis available, the usermay chooseto monitor the spacein eitherthe full-video streammode,
or the mixed modeto block out unwantedinformation, while the virtual y-through betweencameragrovidesim-
mersvenessand helpsto maintainspatialsense.Whenoperatingin mid or low bandwidthconditionsor whenthe
featureextractionin the sensorsare completelyreliable, the usermay decideto monitor the sceneusing the pure
virtual environmentaugmentedvith partial displayreal-world andonly occasionallyswitchto the live video stream
for veri cation purposes.

Oneof thedisadwantage®f pureVR is that,boththevirtual environmentandtheavatarsarerequiredo bemodeled
in high-detailin orderto accuratelyrepresenthereal space.This is not requiredin AVR, sinceAVR will introduce

somereal-world detailsthrougheitherthe mixedmodeor thefull videostreamingnode.

3 Fault Containment Unit Hierar chy

In general,complex systemsshouldbe designedusingredundantesourcesvith the expectationthat failurescaused
by somesubsetf resourcexanbe overcomeby others. To formalize this dynamicreallocationof resourcesvhile
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 resourcesieededo accomplishthe taskwith built-in modesto
handlefailures. In the extremecasewherefault containmenis not possible,a statusreportis communicatedo the
instantiatingprocesof the containmenunit. Thusa containmenunit itself canbe a resourceo anothercontainment
unit with a higherlevel taskspeci cation. A hierarchyof containmenunits (Figure 4) is usedin this work to perform
varioustasksin our the smartspacesuchasthe localizationof peopleandrobots,andthe recognitionof people. In
our ervironment, faults can be generatedy failure of hardware (sensorsrobots,CPU, etc.), software (algorithms,
controllers etc.),communicationetc.

Below we shav how containmentnitsareusedio manageesourcesn our system.Two low-level controllersthat
run on our pan-tilt-zoom(PTZ) camerasrethe saccadeontrollerthatmovesthe cameraowardsthe directionof an

interestingfeaturee.g. motion, andthe foveatecontrollerthat bringsthe featureof interestto the centerof the eld
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of view. Figure3 shavs a schemahatcanperforma saccaddollowed by foveatetask. This schemaalsogenerates
reportsthatdescribats own behaior like hardware fault, no target, target lostand headingreport If atargetfeature
is detectedandfoveatedthenthesensolchievesstate  wherethefeatureis actively tracked. As long astheactions
of the foveationcontrollerpreseresthis state,a headingto the featureis reported.In all othercasesanappropriate

reportdescribingthe natureof failureis generated.

SACCADE-FOVEATE B-Pgm:

[ No Target | @

State:

p=( Pg:P f)

[ Target Lost ]

[ Sensor Fault] [ Report Heading

Figure3: Containmentunit wrapperfor the saccade-feeatemodel

Whentwo instancef the SACCADE-FOVEATE FCUsaresimultaneouslyin state  andthey aredriven by
featuresderived from the samesubject,thenthereis sufcient informationfor triangulatingthe subject. A higher
level containmenunit calledLOCALIZE FCU recevesthe eventstreamgeneratedy two subordinateSACCADE-
FOVEATE FCUsunderits managemenand producesa reportregardingthe location of the subject. The subjectof
interestmay at timesbe moving or stationary In theformercasethe LOCALIZE FCU may have to actvely manage
the subordinatd=CUs, while in the latter caseit caninstantiatean MONITOR FCU that continuouslycon rms the
presencef the stationaryfeaturein thelastknowvn location.

At the highestlevel a FCU supervisomay instantiatemultiple LOCALIZE FCUseachof which areresponsible
for maintainingarobusttrack of singlesubjectof interest.Over time, the eventstreamsomingfrom lower levelsare
usedto build andupdatea collectionof featureghat describeeachsubject. Whena LOCALIZE FCU reportsa lost
track,theannotatiorof featuredo the correspondingubjectarehandedff to a new instantiatiorof LOCALIZE FCU

with adifferentsetof resourceshatarebestplacedto take over thetracking.

3.1 Userasthe top levelin Containment Unit hierarchy

Whenthenumberof resourcesvailableto a containmenunit is large, thereis anexponentialexplosionin thechoices
for resourceallocation,andof ine hand-codingpr prioritizing differentcoursesf actionsis quite dif cult. Alterna-

tively, userinteractionat the highestlevel of the hierarchycanbe effective ashumanscanreactto situationsusing



prior experienceanddynamicallyrecon gureresourcesn a FCU andtherebyrecorerthesystemfrom faultstate.This
removestheneedto presupposall but the mostroutinelyanticipatedailuremodes.
Theproposediserinterfaceprovidesadirectmeando interactwith the Fault Containmentnit hierarchyasshavn
in gure 4. At thelowestlevel, eachsensoiis assignedo a TRACK FCU. TRACK FCU reportsvalid moving objects
in thesensor eld of view. Whentrackingis unsuccessfulfRACK FCU generates$ault reportsandreportto the
higherlevel. LOCALIZE FCU receiveseventstreamdrom subordinatefRACK FCUsto localizemoving objectsby
triangulation.FCU Supervisomanage#s subordinatd-CUsby monitoringtheir fault states At the highestevel, the
userinteractswith theFCU hierarchythroughAVR Ul, andcantake actionssuchasmonitoringthestateof LOCALIZE

FCU or instantiatinganev TELEOPERAEFCU.

=
o

AVR UI

MONITOR_FCU

Cam 5

LOCALIZE_FCU
CU Supervisor

TRACK_FCU

TRACK_FCU g

Cam 2
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Cam 1

LOCALIZE_FCU

O

LOCALIZE_FCU TRACK_FCU TRACK_FCU \\ Doy
g i e
TRACK_FCU Human
TRACK_FCU g Cam 1 Cam 2

cam4
Cam2  rpAcK FCu
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Figure4: Fault ContainmentUnit Hierarchy

4 Experimental Setup

The UMassSmartSpacehas ve Sory PTZ EVI-D100 cameragnountedon the walls andan ATRVJr mobile robot
equippedvith a x edcameraOurcomputerack consistof a clusterof six VMIC singleboardcomputersachwith a
928Mhz processoand256 MB RAM. Thenodesn theclustersharea 100Mbpsanda 1000Mbpsethernetink anda

wirelessaccespointto communicatavith therobot. Eachnodehasa Leutronvisionframegrabbeto whichacamera



is connectedUsingNDDS real-timepublish-subscribeniddlevare[ 11], eachnodeactsasa sener of videoandtrack
informationextractedfrom thecameraTo createthevirtual versionof thesmartspacefoomdimensiormeasurements
weretaken, andlikewise the positionof the cameras.Prominentobjectssuchastableswere placedin virtual space
roughlyin alignmentwith the placemenbf therealobjectsto functionasreferencesOtherdetailssuchascomputers
on desks chairswerenot modeled(and not necessarylor reasongliscussedn 2.2. Therobotcontrolinterfacewas
implementedusingPlayer/Stagé®]. The AVR interfacewasimplementedusingGenesis305]. The overall system
architecturas shovn in gure 5

At startup,the AVR interfacerendersthe virtual world, andusesNDDS middlewvare to createsubscriptionsof
relevantinformationfrom the smartspace.The cameramodelsin the AVR interfacearethussynchronizedvith their
real-world counterpartsThis featureenablesmoothtransitionshetweernreal andvirtual views owing to theidentical
perspectie. Whenthe userrequestdor full video modefrom ary camerain the AVR interface,a subscriptionis
activatedto the correspondingideo stream.Moving objectlocationspublishedby the FCU supervisorarerendered
in the AVR userinterfaceasavatars. Using the objectlocations,mixed modeis presentedo the useruponrequest.
Theuseralsocanteleoperateobotsin the smartspaceusingthisinterface.Eachrobot's stateis updatedusingbothits
publishedodometryaswell asits trackinformationfrom the FCU supervisar

We presentthreereal-life scenariosn which our systemwastestedto highlight the ef cacy of our interfacein
thosesituations. The rst scenariocdemonstratesohust trackingmaintainedunderusersupervision.Figure 6 shavs
the top-davn view of our smartspaceroom. Two containmentunits FCU1 and FCU2 wereinstantiatedwith two
cameragach.Thegreen(lightshadeandbrovn(darkshade)verlaysindicatethe valid coverageareafor FCUland
FCUZ2respectiiely. The FCU hierarchyautomaticallyswitcheshetweerthe fault containmentnitsto tracka moving
subject(redtrail) andpresentshis informationto theuser The userperformsthesupervisoryole by ensuringhatthe
instantiated-CUsareadequatdor thetask.

Figure7 shavs anextremelyclutteredernvironmentwith multiple moving objects.The AVR interfacein themixed
modeshaws theuserinterestingobjects(rankedbasedn their motionhistory)in thescenghrougha dynamicwindow
aroundtherealtracked objectin real-time.We believe suchinterfaceoffersanextra modeof informationpresentation
to theuser which reducesuninterestinglutterin a sceneandthereforereducesusers cognitive load.

Thelastscenaricshavn in Figure8 demonstratethedynamicrecon gurationof FCU with userinterventionin the
FCU hierarchy Initially, thesmartspaceracksa moving personwholatertriesto avoid thetrackingsystenby hiding
underatable,out of the view of all the camerasWhenthe systemlosestrack of the person,t noti es the usersince
it is unableto recaver from this fault by itself. Playingthe assitve role, the userreactsby teleoperatinghe cameras,

switchingbetweerdifferentstreamingnodesandtriesto recover thelost object,but is unableto do so. Theimportant
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Fault Containment
Unit Hierarchy

NDDS Player

Sensors / Actuators

Figure5: SystemArchitecture

thing to notehereis thatin spiteof continuousswitchingbetweencamerasgueto the smoothtransitions the useris
ableto maintaina goodspatialsenseAfter arriving the cameratheuserswitchesto thefull videomodeandattempts
to locatethe missingperson.Not nding thelost personthe userteleoperatea mobile robotto explore the vicinity
of thelasttraclked locationusinga mixture of tele-presencen the robotanddifferentwall-mountedcamerasFinally,
heuncorersthe persorhiding underthedeskandthusrecorersthe systemfrom thefault stateandthe systenresumes
trackinghim. This demonstratethe achiezementof successfutrackingfailure containmenthroughthe useof AVR
interface,andthe effectivenesof placingthe userin theloop.
Thevideosfor theabore scenariog€anbe accessedt

http://128.119. 244 .1 48/Resear ch/Dis tr ibu te d_Cont rol /P er Comro4/

5 Conclusionsand Future Work

Thispapempresentanimplementatiorof afault-toleraniugmentedirtual reality interactve monitoringsystem.Each
cameran thesystentracksmoving objectsin its eld of view, andthetriangulated3D locationof objectsaresentto a
virtual reality interfacewhich presentghis informationto the userin theform of virtual avatars.Thevirtual interface

is augmentedby partialor full realvideostreamsn aneedbasisresultingin bandwidth e xibility. We believe thatour
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http://128.119.244.148/Research/Distributed_Control/PerComm04/
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Figure6: Rokusttrackingunderusersupervision.This is a top-davn view of aroom. Two containmentnits FCU1
andFCU2areinstantiatedvith two cameragach.Thegreen(lightshade andbronvn(darkshadepverlaysindicatethe
valid triangulationregionsfor FCUlandFCU2respectiely. The FCU hierarchyautomaticallyswitchesbetweerthe
faultcontainmentnitsto trackamoving subject(redtrail) andpresentshisinformationto theuser Theusemerforms

theassitve role by ensuringhattheinstantiated-CUsareadequatdor thetask.
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Rank Cluttered Real World Scene

Virtual World

AVR display

Figure7: AttentionfocusthroughAVR. This gure shavs anextremelyclutteredervironmentwith multiple moving
objects. The AVR interfacein the mixed modeshaws the userthe interestingobjects(ranked basedon their motion

history)in the sceneghrougha dynamicwindow aroundtherealtracked objectin real-time.
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Virtual Fly-though

Tracking...

(a) (b)

Transition to live-video mode

(© (d)

Figure8: Dynamicrecon gurationof FCU with userinterventionin the FCU hierarchy: (a) Thesmartroomtracksa

moving personwho latertriesto avoid the trackingsystemby duckingdown underatable,out of the view of all the

camerasWhenthe systemlosestrack of the personjt noti es the usersinceit is unableto recorer from this fault by

itself; (b) Playingthe assitve role, the userreactsby teleoperatinghe camerasswitchingbetweerdifferentstreaming
modesandtriesto recover the lost object, but is unableto do so. Theimportantthing to note hereis thatin spite of

continuousswitchingbetweercamerasgueto thesmoothtransitionstheuseris ableto maintainagoodspatialsense;
(c) This gure shaws the transitionfrom the purevirtual modeto full video modeandattemptto locatethe missing
person;and(d) Not nding the lost person,the usersteleoperatega mobile robotto explore the vicinity of the last
traclked locationusinga mixture of tele-presencen therobotanddifferentwall-mountedcameras.
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interfaceeffectively engagesheusers spatialmemory allowing the userto quickly acquiresituationawareness.
Theuseof mobilerobotasanactuatorin the Fault ContainmentJnit to regaintrackingof thetargetdemonstrates

theutility of having theusermanagehe hierarchyof containmentnitswith large numberof resources.

5.1 Futurework

Userinteractionprovidesvaluabledynamiccontrolinformationfor ef cient reactiondo urgentunanticipatedituations
thatcouldbelearnedby the systemallowing interactionin similar contets in futureto be minimized.

As an extensionto the attentionfocus scenario(Figure 7), we canimagine more sophisticatednethodsfor the
selectionof the mostinterestingobject(s). Using supervisedearning approachthe usercanteachthe systemto
selectaninterestingobject(s)selectionpolicy thatwould balancebetweerguaranteeingigh probability of presenting
suspiciousactivities in the scenewhile not causinginformation overloadthat would fatigue him quickly. Further
studiesneedto be carriedout to evaluatethe interfacefor differentparameterdike reductionof userfatigueusing

spatialmemoryor time to acquiresituationawareness.
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