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Abstract

In large scalesurveillanceapplications,coheentpresenta-
tion of data comingfrom myriad sensos becomes prob-
lem. For example taskssud as “locate an intruder” are
no longer easywhenthe useris facing a roomof monitors
connectedo hundedsof cameas. Theefore, ther is a
needfor a systenthatallowsthe userto easilynavigatethe
dataspace Duetothescaleoftheapplication,suc systems
shouldalsoberobustwith respecto hardware andsoftwae
failures,aswell asto varyingbandwidthconditions.

Our strategy is to r st build softwae units that provide
sensorabstractions(e.g., location of a person, noiselevel
of a prede nedregion) to lesserthe burdenof dealingwith
individual sensos fromtheuser Secondweprojectthisab-
stract sensorinformationinto an augmentedirtual reality
interfacefor presentatiorto the user TheAVRinterfaceof-
fersa commommediunto displayabstractinformationcon-
structedfrom multiple sensos, as well as allowing access
to raw sensorinformationsud asvideostreams,or a mix-
ture of both. Also, the AVR interfacecan synthesizeriews
not servicedby the physicalcamens. Thesensorabstac-
tion and the smoothtransitionbetweersensos enablethe
userto intuitively navigatethe data space Further more,
throughthisinterface theusercandynamicallyrecon gure
the systenresouces. We will demonstate three scenarios
highlightingthe above mentionedeatutes.

1. Intr oduction

With the availability of costeffective sensorsand proces-
sors,penasve sensosystemswvith hundredof sensorsare
now becomingareality. As aresult,applicationsnow have
to dealwith theexplosionof sensoinformation.In thecon-
text of surwillance thetraditionaluserinterface(Ul) , such
asa room of monitorseachshowing a live video stream
from acorrespondingameradoesnot scaleasthe number

of sensorgrows.

In traditional Uls, switching betweendifferent camera
streamson a singlemonitor is unavoidablewhenthereare
fewer monitorsthancamerasSwitchingacrossmary cam-
erascan becomeextremely confusingwhen following an
event of interest. For example, gure 1 shaws a cluttered
scenefrom the perspectie of 3 differentcameras.Many
people nd locatingthe personcircledin Camera2's view
(the middle picture)in the othertwo cameragquickly dif-
cult. This imageexampleonly has3 cameraswe can
imaginethis problembecomesven moreevidentif we are
monitoring 20 monitors connectedhundredsof cameras.
The delayin the users reactionis causedy the fact that
the camerasare locatedin different cornersof the room,
or in otherwordsthey are spatially disconnected When
abruptlyswitchedfrom onecameraviewpoint anotherone
needgime to regainthe comprehensionf elementf the
surroundingervironment (this is called situation aware-
ness[3]). The“spatialdisconnecof sensors’problemun-
derminesthe users ability to achieve situationawareness
quickly. The importanceof situation awarenessis even
moreapparentvhenthesensoraresteerablee.g.,cameras
mountedon mobile robotsor pan-tilt units. Only whenthe
useracquiresa goodspatialsenseof the currentviewpoint
canheefciently operatesuchsensorsemotely More im-
portantly without a continuoustransitionbetweersensors,
theuserwould needto remembensequencef eventsusing
symbolicnamessuchas"in room250” or “I saw this event
throughcamera15”. Thesesymbolichamesionotexplic-
itly corvey ary spatialrelationshipsFor longertermmem-
orization,the userwould have to mentally establishspatial
relationshipbetweenthesesymbolicnames. This requires
more effort from the user drivesup training costsandin-

1in the rst cameraview, thetamgetis in the upperright cornerof the
image(partially occluded far away from the camera);jn thethird camera
view, heis in themiddleof image.
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Figurel: The“spatialdisconnecbf sensors’problemwith thetraditional“room of monitors” userinterface- try to quickly
locatethe persorcircledin the middle picture)in the othertwo cameraviews (differentperspectie of the samescene).The

answercanbefoundin thefootnote.

creasesesponsgime to time-criticalevents.

Our approachto theseproblemsis to rst build soft-
ware units that provide sensorabstractions.For instance,
by groupingsetsof camerago track a personor multiple
personsn aspaceandreportingonly the 3D locationof the
trackedobject,we summarizeseveralcameramagestreams
into one abstractsensor- the tracked objectlocation. The
usercan now simply focus on the tracked feature,rather
thantrying to analyzethe scenedrom individual cameras
simultaneously Like real sensorswe would like our ab-
stractsensorg¢o work reliably. However, large scalesensor
networks are proneto routinefailuresin uenced by hard-
ware,software,or the ervironment. Thereforejn orderfor
sensorabstractionunits to work reliably, we populatethe
ervironmentwith redundantsensors.By having multiple
overlappingsetsof sensorabstractiorunits, we caneasily
switchunitsor recon gurethe currentunit to recover from
failures.

With sensorabstractiorevailable,a suitableinterfaceis
neededto corvey the abstractsensoryinformationto the
userandto assistthe userin directing the datagathering
process.A numberof researctefforts in the aviation and
military domainshave shavn that betterunderstandingf
terrainscan be achieved by navigating through 3D inter
faces[1l, 9, 1]. Cockhurn and Mckenzie[2] have shavn
spatialarrangementf documentsallows for rapid docu-
mentretrieval. The gamingindustrylong agomovedfrom
2D to 3D to provide a richer and more immersie world
thatthe playerscanfreely explore. Theseprovide evidence
to the assertiorthat sincewe live in a 3D world, the most
intuitive way to interactwith remotespacess througha
3D virtual erwvironment. Througha virtual world, the user
is ableto explore the spatialcon guration of the environ-
ment,engagehis naturalabilities to interactwith the ervi-
ronmentandconstructnternalcognitive mapsof the space
[6]. Thereforewe implementecan AugmentedVirtual Re-

ality (AVR) interface. A virtual sceneis usedto display
abstracinformationin 3D, andis augmentedvith real-life
video streamswvhen necessary Suchan interfaceoffers a
commonmediumto displayabstracinformation(e.g. sys-
temstatus)in a spatiallyrelevantmanner

In the upcomingsectionswe will discussin detail the
framework we usefor constructingabstracsensor¢o sum-
marizeinformationin a scendn afaulttolerantmanor We
will shav how anAVR interfacecanbeanef cient medium
thatenableghe userto navigatethe seaof datain a seam-
lessfashion,aswell asto recon gure systemresourceso
recoverfrom faults. Exampleswill be givento demonstrate
thefeaturesof our system.

2. Fault Containment Unit Hierar chy

In small scaleapplications the userhasno trouble moni-
toringindividual sensorsHowever, thisis nottruein large
scaleapplicationsvhenthe userhasto dealwith thousands
of sensorge.g., camerasmotion sensorsheatsenorsor
mobile robots). In orderto alleviate the burdenon the user
from having to speci cally deal with individual sensors,
someform of sensombstractioris needed We canachiere
this by building high-level software modulesthat canad-
dresstop-level task objectives. For instance taskssuchas
“track arny persornwhenthey enterthisregion; or “alert me
whenthereis arny noiseabove suchthresholdn thisregion”
canbe speci ed andallow the systemto dealwith how to
bestallocatesensorsandresourceso accomplishthe task.
Thisdelegationrequireghesystemo berobustwith regard
to variouslow-level hardwareandsoftwarefailures. In our
implementationwe have adoptedan existing robust sen-
sorabstractiorandfault-toleranframework calleda “Fault
ContainmentJnit” (FCU)[5].

Complex systemsare designedusing redundantre-
sourceswith the expectationthat failurescausedby some



subsebf resourcesanbe overcomeby othersubsetsWe
formalizethis dynamicreallocationof redundantesources
in the event of failuresby de ning a Fault Containment
Unit. A Fault ContainmenUnit is a constructof software
moduleswith ataskspeci cation,a setof resourcesieeded
to accomplishits taskanda setof built-in rulesfor handling
failures.In the extremecasewherefault containments not
possiblethecontainmentinit communicatea statuseport
to its instantiatingprocess.Also, a fault containmenunit
with a higherlevel taskspeci cation canhave subordinate
containmentinitsasits resourcesThus,by forming a hier
archyof containmentnitswe canperformvarioustasksin
our smartspacesuchaslocalizationof peopleandrobots,
andrecognitionof people.In our smartspacefaultsoccur
dueto failure of hardware(sensorstobots,CPU),software
(algorithms controllers)andcommunication.

Below we give aglimpseof how fault containmentnits
areusedto manageresourcesn our system. Althoughin
this examplewe speci cally talk aboutcameracontrollers,
theframework canbe easilyextendedo othertypesof sen-
sorsandactuatorsuchasacousticsensor®r mobilerobots.
Two low level controllersthat run on our pan-tilt-zoom
(PTZ) camerasarethe saccadecontroller( ) that moves
the cameratowardsthe direction of an interestingfeature
e.g. motion, andthe foveatecontroller( ) thatbringsthe
featureof interestto the centerof the eld of view. Figure
2 shavs a schemathat can perform the saccaddollowed
by thefoveatetask. This schemalsogenerateseportsthat
describeits own behaiour like hardware fault, no target,
targetlostandheadingreport If atargetfeatureis detected
andfoveatedthenthe sensorachievesstate ~ wherethe
featureis actively tracked. As long asthe actionsof the
foveationcontrollerpreserethis state aheadingo thefea-
ture is reported. In all other casesan appropriatereport
describinghe natureof failureis generated.

Whentwo instance®f the SACCADE-FO/EATE FCUs
aresimultaneouslyn state  andthey aredrivenby fea-
turesderivedfrom the samesubject thenthereis oftensuf-
cient informationfor triangulatingthelocationof the sub-
ject. A higherlevel containmentunit called LOCALIZE
FCU recevesthe event streamsgeneratedy two subor
dinateSACCADE-FOV/EATE FCUsunderits management
andproducesa reportregardingthe locationof the subject.
The subjectof interestmay at timesbe moving or station-
ary. In theformercase the LOCALIZE FCU mayhave to
actively managethe subordinate=CUs, while in the latter
caseit caninstantiatea MONITOR FCU thatjust con rms
the presencef the stationaryfeaturein the lastknown lo-
cation.

At the highestlevel a FCU supervisormay instantiate
multiple LOCALIZE FCUseachof which areresponsible
for maintaininga robust track of a single subjectof inter-
est.Overtime, the eventstreamsomingfrom lower levels

[ Target Lost ]

State:

p:(ps’pf)

[ No Target ]

[ Sensor
Fault ]

[ Report Heading ]

Figure?2: Fault ContainmentJnit wrapperfor the saccade-
foveatemodel. This schemgerformsthe saccaddollowed
the foveatetask.  is a saccadecontroller while  is a
foveatecontroller v arepossiblestatesof
the controllers. The schemagenerateseportsthatdescribe
its beha/iour suchasno target, andheadingreport. Errors
arehandledhroughthehierarchyof FCUs.

areusedto build andupdatea collectionof featureghatde-
scribeeachsubject. Whena LOCALIZE FCU reportsalost
track, the annotationof featuresto the correspondingub-
jectis handedoff to a new instantiationof the LOCALIZE
FCU with a differentsetof resourceshatarebestplacedto
take overthetracking. This hierarchyis shovnin gure 3.

2.1 User astop level in Fault Containment
Unit
hierarchy

Whenthe numberof resourcesvailableto a containment
unit is large, thereis an exponentialincreasen the choices
for resourceallocation. Therefore,of ine hand-codingor
prioritizing different coursesof actionsis quite dif cult.
Furthermore thesemethodswill fail whenan unforeseen
error occursandthe prede nedFCUscannotrecover from
the fault. Thereforewe proposeto adduserto the highest
level of the hierarchysincehumanscanreactto situations
usingprior experienceandrecon gurea FCUto recoverthe
systemfrom afault state.This removesthe needto presup-
poseall but the mostroutinely anticipatedcontexts. Figure
3 shaws the useracting asthe top level in the FCU hier
archy The userinterfaceprovidesa way to corvey infor-
mationabstractedy the FCU hierarchyaswell asa direct
meango interactwith it.
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Figure 3: Fault ContainmentUnit Hierarchy
At thecenterof thehierarchyis the FCU super
visor. In this example,it is responsibldor in-
stantiatingmultiple LOCALIZE FCUsto main-
tain a robust tracking of a subjectof interest.
Whena LOCALIZE FCU reportsa lost track,
anew LOCALIZE FCU with a differentsetof
resourcess instantiatecto take over tracking.
When the subjectis stationary a MONITOR
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FCU is instantiatedo simply con rm the pres-
enceof the stationaryfeaturein the lastknown
location.WhenFCU supervisoffailsto recover
from afault state throughanuserinterface the
useris ableto dynamicallyrecon gure FCUs
to help the systemrecover from fault. For in-
stancehe canrecruita mobile robotto form a

A
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3. AugmentedVirtual Reality
Interface

With FCUsworkingto collectabstracsensoryinformation,
a suitableinterfaceis neededo both corvey this informa-
tion effectively to the userandto enablethe userto direct
the information gatheringprocess.In the context of large
scalesuneillance thespatialdisconnecbf sensorsnakesit
dif cult for theuserto quickly acquireanunderstandingf
the surroundingervironmentafter a sensorswitch. There-
fore, delayingthe reactiontime whenthe useris following
a streamof events. The new interfacemustalsodealwith
thisissue.Spatialcognitionstudieshave shovn navigating
through3D interfacescanhelptheuserto betterunderstand
the ervironment[11, 9, 1], aswell asto accessnforma-
tion faster[2]. Therefore we implementedan Augmented
Virtual Reality (AVR) interface,in which a virtual scene
displaysabstractinformationin 3D, andthe virtual scene
is augmentedvith real-life video streamswvhennecessary
TheproposedAVR interfaceworksin 3 modes:

apurevirtual world modethatdisplaysabstracinfor-
mationextractedby the sensors,

afull videostreanmodethatstreamsealvideosfrom
eachcameraand

amixedmodethatoverlayspartialvideostreamdgrom
therealworld on top of the virtual world. Thevirtual
world corveysthe context andthe spatialrelationships
within the scenewhile the dynamicwindow displays
thereal-timeimageryof scengsee gure 4).

new TELEOPERAE FCU.

3.1 The Virtual Reality Mode

AugmentedVirtual Reality(AVR) is notanew concept Ac-

cording to the taxonomyof mixed reality by Tamuraand
Yamamotg10], AVR belongsto the de nition of ClassB

(Videosee-throughpr ClassC (On-line tele-presenceaje-
pendingon whetherthe real world imagery comesfrom

sceneddirectly in front of the useror a remotesite. In

fact, our implementatiorfalls into the cateyory of classC

- Online tele-presencé. Tamuraand Yamamoto[10] also
describecan applicationfor the mixed-realityinterface- a
virtual shoppingmall wherethe shoppingmall is a virtual

ervironmentwhile thesaledtemsaredisplayedn high def-
inition images. This applicationcreatesa virtual shopping
experiencethatis closeto a real-life experiencewherethe
shoppercanfreely walk betweenstoresfor itemsthey de-
sire.

Similar to the virtual mall experiencea virtual erviron-
mentinterfacein the contect of suneillanceis immersie,
i.e., the usercanfreely move aboutwithout abruptspatial
changes.As aresult,the usercanhop betweenislandsof
“sensoryinformationhubs” while maintainingthe senseof
spatialrelationshipdetweersensorsin our AVR interface
implementation the user can monitor the scenefrom the
viewpoint of a certaincamerausingthe Full-screenVideo
streamingasin thetraditionalUl' s case.However, whena
cameraswitchingeventoccurs(eitherinitiated by the user
or by the system) the sceneseamlesslyadesinto a virtual
world scenethat is in-syncwith the real-life scene. Then
theuser”ies” from theview of the sourcecamera(in the

2meging video imagestransmittedrom a remotesite andvirtual im-
agesgiving theobserer amixedview of two differentdifferentworlds



virtual scene)o thatof thenext camergthisis calledavir-
tual y-through(Figure6b)). Lastly, the scenetransitions
backto the real-life video streaming. The smoothtransi-
tions using virtual y-thr ough enablesthe userto synthe-
sizethoseviews that are not servicedby real world cam-
eras. Therefore the useris ableto move betweenthe sen-
sorswhile maintaininghis spatialrelationshipwith the ob-
jectsandeventshappeningn the world. This is very im-
portantfor achieving and maintainingsituation awareness
andallows the userto exploit his naturalspatialcognition
abilities.

A continuous virtual work space provides a com-
mon mediumfor displayingreal world information (video
streams)abstracsensoinformationaswell assysterrstate
information (e.g. “lost track” or “intruder found”). With
a virtual ervironmentinterface, information can now be
storedandaccessedpatially For example,missedevents
canbestoredattheoccurrencdocationandcanthenbeac-
cessedater for analysis. This naturallyengageshe users
spatialmemory ratherthanforcing the userto remember
room numberor cameralD, and thereforecanreducethe
cognitive loadontheuser

Traditionalmonitoringsystemgenerallyhave dedicated
bandwidth requirementsin order to streamfull screen
videos.However, in certainsituationsdedicatedbandwidth
may not always be available. For example,in a scenario
where security personnelequippedwith wireless mobile
computerare pursuinga potentialintruder, accesgo full
video streamsmay not be possible. With a virtual envi-
ronmentinterface,network bandwidthrequirementganbe
greatlyreduced.Only abstractnformationsuchas(x,y,z)
coordinates,or the color of the tracked subject, are sent
acrosghenetwork. Thesearelighterweightrepresentations
thantheraw videodatastream.Moreover, the virtual ernvi-
ronmentoffersthe e xibility of usingdifferentlevelsof de-
tail whenpresentingnformationto the user thusavoiding
informationoverload.For example,whenmultiple subjects
moving aboutan areaare beingpreciselytracked, the sys-
tem doesnot needto displaytheseavatarsin the interface
unlessary of thesubjectanoveinto arestrictedarea.How-
ever, whentracking-qualitydeterioratestheusercanswitch
backto full videostreamingnodeto ensureracking.

3.2 Full screenVideo Mode and Mixed Mode

Whenmonitoringfrom a x ed cameraview, dependingon
thecontet, theusermaychooseeitherthefull screervideo
modeor the mixedmodeto continuemonitoringthe scene.
Thefull screernvideomodeworksthe sameway asthetra-
ditional Ul. However, in our systenfull screernvideomode
canalsobe usedto display abstractinformation extracted
by the sensorshy overlaying boundingboxes aroundthe
trackedobjectto attractattentionof theuser

A majoradwantageof mixed modeis thatit enableghe

userto monitor the ervironmentin boththe abstractnfor-
mationspaceandtherealspace Suchamix takesadvantage
of the bestof both interfaces. For example,this is useful:
1)whenthe userwishesto keepan eye on a personand a
mobilerobotatthesameime. Sincehe caresaboutthemo-
tion of personavideostreamnis necessaryHowever, for the
robothe just needsto be aware of its location. In anAVR
interface,the personcanbe monitoredthroughthe overlay
video clips while the robot is displayedasa virtual avatar
in the VR scene.Thisway, whentherobotmovesbehinda
desk,in a VR scenethe deskcaneitherbecometranspar
entor simply disappeato allow the userto maintaintrack
of both objectswithout needingto switch to anothercam-
eraview. 2) Usinga cleaned-up/R sceneasbackdroppne
canoverlay more abstractinformationon the screenwith-
outoverloadingit. For example text overlayscanbeeasily
perceved on a cleanVR scenethanon a clutteredvideo
scene.

Tracking System

Virtual World

Real World

Dynamic Window

Figure4: Mixedmode- Usinginformationextractedby the
trackingsystemthe AVR interfaceoverlaysthe real world
imageryof thetracked objecton top of thevirtual world.

4. Systemlimplementation

TheUMassSmartSpacehas ve Sory PTZEVI-D100cam-
erasmountedon the walls and an ATRVJr mobile robot
equippedwith a x edcamera.Our computerrack consists
of a clusterof six VMIC singleboardcomputersachwith
a928Mhz processoand256 MB RAM. The nodesin the
clustersharea 100Mbpsanda 1000Mbpsethernetink and
awirelessaccespointto communicatevith therobot. Us-
ing the NDDS real-timepublish-subscribeniddlevare[8],
eachnodeactsasasenerof videoandtrackinformationex-
tractedfrom the camera.To createthevirtual versionof the



smartspaceroomdimensiorandcamergositionmeasure-
mentsweretakenby hand.Prominenbbjectssuchastables
wereplacedin virtual spaceroughlyin alignmentwith the
placemenbf the real objects. The robot control interface
wasimplementedusing Player/Stagg7]. The AVR inter-
facewasimplementedisingGenesis304].

At startup,the AVR interfacerendersthe virtual world,
andsubscribeso sensordor relevantinformationfrom the
smart space(e.g., roll-pitch-yav anglesand zoom level
from the cameras).The virtual cameramodelsin the AVR
interfacearethussynchronizedvith their realworld coun-
terparts. This featureenablessmoothtransitionsbetween
realandvirtual views. Whenthe userrequests full video
streamfrom ary camerain the AVR interface,a subscrip-
tion is activatedto thecorrespondingideostream.Moving
objectlocationspublishedby the FCU supervisorareren-
deredn the AVR userinterfaceasavatarsor aspartialvideo
streamsn themixedmode.Otherabstractnformationsuch
assystenstate(e.g.,"lost track” events)andhow to recover
the eld of view of the tracked objectcanbe overlayedon
top of the AVR interface. The useralsocanremotelyop-
eraterobotsin the smartspaceusingthis interface. Each
robot's stateis updatedusingboth its publishedodometry
aswell asits trackinformationfrom the FCU supervisor

5. Example Tasks

We presenthreereal-life scenariogn whichoursystemwas
testedo highlightthe ef cacy of our systemin thesesitua-
tions.

The rst scenariodemonstratethe summarizatiorand
abstractionof imageryfrom 4 live video streamsinto the
3D locationof a tracked objectusinganappropriatedesign
of FCUs. We alsoshav how the couplingof the FCU sen-
sor abstractionwith the AVR interface can help the user
easilykeeptrack of an eventof interest. Our smartroom
is equippedwith 5 PTZ cameras.Thereis no single pair
of cameraghat cancover the entireroom. In orderto ro-
bustly tracka moving object,two overlappingcontainment
units FCU1 and FCU2 wereinstantiatedwvith two cameras
each(Figure5). In VR mode,ratherthan manuallygoing
from camerao camerao make surethereis nothingmov-
ing aboutin thespacetheusercannow simply requesthat
ary moving subjectsbe tracked andmonitor the abstracted
objectlocationthatis renderecbn the AVR interface. Fur
thermore whenone FCU fails to track the target, an error
signalis raisedthroughthe FCU hierarchyandthehierarchy
automaticallyswitchesto the otherFCU to maintaintrack-
ing. Theseeventsaretransparento the user On theinter-
faceside,whenthetracked objectmaovesout of the eld of
view of the currentcamerathe assistve AVR interfaceau-
tomaticallysuggests next camergwith awhite arrow) for
theuserto switchto in orderto maintain eld of view of the

FCU2 Coverage Area

/

FCU1 Coverage Area Cam3
=

yuwep

- *Cam1"

Figure5: This illustratesthe designof two FCUsto caover
mostof thereachablepacewithin arectangularoom. This
enableghe systemto reliably trackingmoving subjectsin
this room. Two containmentunits FCU1 and FCU2 are
instantiatedwith two camerasach. The light-shadedand
darker-shadedoverlaysindicatethe valid triangulationre-
gions for FCU1 and FCU2 respectiely. The two FCU
regions overlap eachother (highlighted with the darkest
shade). In general,the camerasdo not have x ed orien-
tation,andotherFCU instantiationsare possible.

target(Figure6).

The secondscenarioshaws that using the AVR inter-
facethe usercanoperaten boththerealworld andvirtual
world: monitor a persons motionsthroughthe partial real
life video streamwindow while remotedriving a robotin
virtual mode.Thus,evenwhentherobotbecome®ccluded
in therealvideostreamtheusercanstill nd andoperatat
dueto thetransparentlisplayof the AVR interface(Figure
7).

Thelastscenarishovnin Figure8 demonstratethedy-
namicrecon gurationof a FCU with userinterventionin
the FCU hierarchy (a) Initially, the smartspacetracksa
moving personwho latertriesto avoid thetrackingsystem
by hiding underatable,out of the view of all the cameras.
Whenthe systemlosestrack of the person,it noti es the
usersinceit is unableto recoverfrom thisfaultby itself. (b)
Playingthe assistve role, the userreactsby teleoperating
thecamerasswitchingbetweercamerasndtriesto recover
thelost object, but fails sincethe intruderis hiding beyond
theview of any wall-mountedcameras(c) After arriving at
thetargetcamerathe userswitchesto the full videomode
andattemptsto locatethe missingperson.(d) Not nding
the lost person,the userdecidesto recruit a mobile robot
into the currentthe FCU in attemptto recover from fault.
He teleoperatethe mobile robotto explore the vicinity of
thelasttrackedlocationusingviews from therobot-carried
cameranddifferentwall-mountedcamerasTheimportant
thing to notehereis thatdueto the smoothtransitions the
useris ableto maintaina goodspatialsenseof the environ-
ment,andtherefores ableto operatethe robotwithout arny
delay after eachcamerachange. Finally, he uncoversthe
personhiding underthe deskandthusrecoversthe system



from the fault state. The systemresumedracking of the
subject. We choseto teleoperatehe robotto demonstrate
the e xibility andthe smoothtransitionsof the interface. It
is alsopossibleto simply recruitthe robotandhave it au-
tonomouslyscantheareawherethe systemosttrackof the
subject.Thisscenariaddemonstratetheachiezemeniof suc-
cessfultrackingfault containmenthroughthe useof AVR
interface, and the effectivenessof placingthe userin the
loop.

Thevideosfor theabove scenariozanbe accessedt
http://www-  robotics.cs.umass.edu/

Research/Distributed_Control/PerC ommO04

6. Conclusionsand Future Work

In the context of large scalesureillanceapplications this
paperintroducesa novel AugmentedVirtual Reality user
interfaceto corvey informationto the usereffectively. The
AVR interfaceis anidealmediumto displayabstracinfor-
mationaswell asraw sensoinformation,or a mix of both.
Also, it hasthe advantageof beingableto synthesizeviews
not servicedby the physicalcameraausingvirtual reality.
The smoothtransitionbetweensensorsenableghe userto
intuitively navigatethe dataspace.The Fault Containment
Units framework is usedto build robust, fault tolerantab-
stractsensorghatalsoalleviatesthe users burdenof deal-
ing with myriad individual sensorsThis allows the userto
focusmoreon solving high-level problems,especiallyun-
foreseersystemerrors,in which humansaremorecapable
thanmachinesThis alsoin turn helpsto strengtherthero-
bustnes®f the entire systemsincewe cantreatthe useras
thetop-mostevel of the Fault Containmentierarchy This
systemhelpsusersto be more ef cient at handlingtime-
critical eventssuchaslocating and containingan intruder
by recon guring systemresource®nline. We have demon-
stratecthe useof our systemwith threereal-life scenarios.
User interactionprovides valuabledynamiccontrol in-
formationfor ef cient reactiongo urgentunanticipatedit-
uations.For futurework, wewouldlik e suchinformationbe
learnedby the system allowing interactionin similar con-
texts to be minimized. We planuserstudiesto evaluatethe
effectivenes®f the AVR interfaceunderreal-life largescale
sensometwork conditions. We would alsolike to explore
theusefulnes®ur systemin otherpenasive computingap-
plicationsuchasremotetouring.
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Figure6: Exampletaskl - robusttrackingwith FCUs. In this scenariotwo overlappingcontainmentinits FCUlandFCU2
wereinstantiatedvith two cameragach(Figure5). (a) Theusergivesthe command'track any moving targetin thisroom”.
The systemautomaticallychooseghe appropriateFCU in orderto maintainan accuratetracking of the subject; (b) the
abstracteabjectlocation,aswell asotherabstracinformation(e.g. FCU ID) arerenderedn the AVR interface.Whenthe
tracked objectmovesout of the eld of theview of the currentcamerathe assistie AVR interfaceautomaticallysuggests
next camerathe white arrow at the bottom)for the userto switchin orderto maintain eld of view of thetarget; (c)virtual
ythr oughduringthe cameraswitch allows the userto keeptrack of the subjectandmaintainshis spatialsenseduringentire
transitionprocess(d) afterthe cameraswitch, the useris ableto monitortherestof the motionof the subject.



Figure7: Exampletask?2 - advantageof mixedmode.Usingthe AVR interfacetheusercanwork in boththerealandvirtual
worlds: in this scenariothe useris remotelydriving a mobile robot, while monitoringa persons motionthroughthe mixed
modes partial video streamwindow. Later, the userlosessightof the robotdueto occlusion.Without needingto switchto
anothercameratheuseris ableto nd therobotthanksto thetransparentlisplayof the AVR interface.
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Transition to live-video mode

© (d)

Figure8: Exampletask3 - dynamicrecon gurationof FCU with userinterventionin the FCU hierarchy

(a) The smartroomtracksa moving personwho tries to avoid the tracking systemby duckingdown undera table, out of

theview of all thecamerasWhenthe systemlosestrack of the personjt noti es theusersinceit is unableto recover from

this fault by itself; (b) Playingthe assiste role, the userreactshy teleoperatinghe camerasswitchingbetweendifferent
streamingmodesandtries to recover the lost object, but is unableto do so. (c) This gure shaws the transitionfrom the
purevirtual modeto full video modeandattemptto locatethe missingperson;and(d) Not nding thelost persontheuser
decidego recruita mobilerobotinto the currentthe FCU in attemptto recover from fault. He teleoperatethe mobile robot
to explore the vicinity of the last tracked location using views from the robot-carriedcameraand differentwall-mounted
cameras.The importantthing to notehereis that dueto the smoothtransitions the useris ableto maintaina good spatial
senseandtherefores ableto operateherobotwithoutany delayaftereachcamerachange.
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