A Fault-Tolerant Distrib uted Vision System
Ar chitecture for Object Tracking in a
Smart Room*

DeepakR. Karuppiah,ZhigangZhu,
PrashanSheny, andEdwardM. Riseman

Departmenbf ComputerScience,
University of Massachusetts,
Amherst,MA - 01003,USA
{deepak]| zhu| shenoy| ri seman}@s. unass. edu

Abstract. In recentyears distributedcomputervision hasgaineda lot of atten-
tion within thecomputewision communityfor applicationsuchasvideosuneil-
lanceandobjecttracking.The collective informationgatherecby multiple cam-
erasthatarestratgically placedhasmary adwantagesFor example,aggregation
of informationfrom multiple viewpointsreduceghe uncertaintyaboutthe scene.
Further thereis no singlepoint of failure, thusthe systemasawhole could con-
tinue to performthe taskat hand.However, the advantagesarising out of such
cooperatiorncanbe realizedonly by timely sharingof the information between
them.This paperdiscusseshe designof a distributedvision systemthatenables
several heterogeneousensorwith differentprocessingatesto exchangeinfor-
mationin a timely mannerin orderto achieze a commongoal, saytracking of
multiple humansubjectsandmobilerobotsin anindoorsmartervironment.

In our fault-tolerantdistributed vision system,a resourcemanagemanagesn-
dividual camerasand buffers the time-stampedbjectcandidategeceved from
them.A UserAgentwith agiventaskspecificatiorapproachetheresourcenan-
ager first for knowing the availableresourcegcameraspndlater for receving
the objectcandidategrom the resource®f its interest. Thusthe resourceman-
ageractsas a proxy betweenthe useragentsand camerastherebyfreeingthe
cameraso do dedicatedeaturedetectiorandextractiononly. In suchascenario,
mary failuresarepossible For example oneof thecamerasnayhave ahardware
failureor it maylosethetarget,which moved away from its field of view. In this
context, importantissuessuchasfailure detectionandhandling,synchronization
of datafrom multiple sensorsand sensomreconfiguratiorby view planningare
discussedn the paper Experimentatesultswith realscenamageswill begiven.

1 Intr oduction

In therecentyears rapidadwancesn low cost,high performance&omputerandsensors

have spurreda significantinterestin ubiquitouscomputing.Researcherarenow talk-

ing aboutthrowing in alot of differenttypesof sensorsn our homeswork placesand
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evenon people They hopethatthewealthof informationfrom thesesensorsvhenpro-
cessedindinferredcarefully would significantlyenhanceour capacityto interactwith
the world aroundus. For instance today humansrely largely on their innatesensory
andmotormechanism#o understantheervironmentandreactto thevarioussituations
arisingthereof.Thoughour intelligenceis far superiorto today’s Al, the memoryand
numbercrunchingcapacityof anaveragepersoneazesmuchto be desired But with a
distributedbackboneof processorandsensoraugmentingur brainandsensesglabo-
rateinformationgatheringandcomplex andsystematidecision-makingouldbecome
possiblefor everyone A smartervironmentcouldassishumansn their daily actiities
suchasteleconferencingsuneillanceetc. The smartervironmentideais thereforenot
to replacea humanbut to augmenbone’s capacityto do thingsin the ervironment.An
interestingperspectie into this areafrom the machinevision point of view hasbeen
providedin [14].

Distributedcomputewision formsavital componentn asmartervironmentdueto
therich informationgatheringcapability of vision sensorsThe collective information
gatheredby multiple camerashat are stratgically placedhasmary advantagesFor
example,aggreyationof informationfrom multiple viewpointsreduceghe uncertainty
aboutthe scene Further thereis no single point of failure, thusthe systemasa whole
could continueto perform the task at hand. However, the advantagesarising out of
suchcooperationcan be realizedonly by timely sharingof the information between
them. The distributed systemcan then sharethe information to carry out taskslike
inferring context, updatingknowledgebase archiing etc. A distributedvision system,
in generalshouldhave thefollowing capabilities

— Extractionof usefulfeaturesetsfrom raw sensoidata

— Selectionandfusionof featuresetsfrom differentsensors
— Timely sharingof informationamongthe sensors

— Fault-toleranceandreconfiguration

This paperdiscusseghe designof sucha distributed vision systemthat enables
severalheterogeneousensorsith differentprocessingatesto exchangeinformation
in atimely manneiin orderto achieze acommongoal,saytrackingof multiple human
subjectsaswell asmobile robotsin anindoor ervironment,while reactingat run-time
to variouskinds of failures,including: hardwarefailure,inadequateensolgeometries,
occlusion,and bandwidthlimitations. Respondingat run-timerequiresa combination
of knowledgeregardingthe physicalsensorimotodevice, its usein coordinatedensing
operationsandhigh-level procesgescriptions.

1.1 RelatedWork

The proposedvork is relatedto two areadn literature- multi-sensometwork anddis-
tributed self-adaptie software. Researclon multi-sensometwork devotedto human
trackingandidentificationcanbefoundin [4], [13], [17], [14] and[15]. An integrated
systemof active cameranetwork hasbeenproposedn [16] for humantrackingand
facerecognition.In [2], a practicaldistributedvision systembasedon dynamicmem-
ory hasbeenpresentedIn our previous work [17], we have presenteda panoramic



virtual stereofor humantrackingandlocalizationin mobile robots.However, mostof
the currentsystemsemphasizen vision algorithms which aredesignedo functionin
aspecificnetwork. Importantissueoncerningault-toleranceandsensoreconfigura-
tion in adistributedsystemof sensorareseldomdiscussed.

Theseissuesare addressedo someextentin the secondareanamelydistributed
self-adaptie software. Much of currentsoftware developmentis basedon the notion
thatonecancorrectlyspecifya systema priori. Suchaspecificatiormustincludeall in-
putdatasetswhichis impossiblejn generalfor embeddedensorimotoapplications.
Self-adaptie software,however, modifiesits behaior basedon obsened progresgo-
wardgoalsasthe systemstateevolvesat run-time[8]. Currentresearchin self-adaptie
softwaredraws from two traditions,namelycontroltheoreticandplanning.Thecontrol
theoreticapproacho self-adaptie softwaretreatssoftwareasa plantwith associated
controllabilityandobsenability issueq 7]. Time-criticalapplicationgequiretheability
to act quickly without spendingarge amountsof time on deliberation.Suchreflexive
behaior is the domainof the control theoretictradition. Drawing from the planning
community a genericsoftware infrastructurefor adaptve fault-tolerancethat allows
differentlevels of availability requirementgo be simultaneoushsupportedn a net-
workedenvironmenthasbeenpresentedh [6]. In [1], adistributedcontrolarchitecture
in which run-time behaior is both pre-analyzedndrecoreredempirically to inform
local schedulingagentghatcommitresourcegutonomoushgubjectto processontrol
specificationdiasbeenpresented.

1.2 Architecture Overview

The proposeddistributed vision systemhasthreelevels of hierarchy- sensomodes
(S1...Sn), resourcenanager$RM;...RMy), anduseragentqU A1 ..U Apr), asshavn
in Fig. 1. Thelowestlevel consist=f individual sensordike omni-directionalcameras
and pan-tilt-zoomcameraswhich perform humanand face detectionusing motion,
color andtexture cues,on their datastreamsindependentlyin (near)real-time.Each
sensolireportsits time-stampeabjectcandidategbearing,sizes,motion cues)to one
or moreresourcananagerst the next level. Thecommunicatiorprotocolbetweerthe
sensorndtheresourcemanagercould be eitherunicastor multicast.A resourcanan-
ageractsasa proxy by makingtheseobjectcandidatesvailableto the useragentsat
the topmostlevel. Thusthe resourcemanagercould sene mary useragentssimulta-
neously freeingthe sensorgo do dedicatedeaturedetectionandextractiononly. The
useragent,in our application,matcheshe time-stampedbject candidatefrom the
mostfavorablesensorsestimates3D locationsandextractstracksof moving objectsin
theervironment.Therecould be otheruseragentghatusethe sameor differentsensor
informationbut with a differenttaskspecificatioraswell.

All thecomponent®f thesystemcommunicateisingthe Ethernet.AN. ThusNet-
work Time Protocol(NTP) is usedto synchronizethe local clocks of the nodesafter
justifying thatthe synchronizatiomesolutionprovidedby NTPis sufficientfor ourtask.
For furtherdetailsin implementatiorandapplicationsof NTP, the readeris referredto
[10] and[11].
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Fig. 1. SystemArchitecture

2 SensorNodes

Thetypical flow of informationat a sensomodeis showvn in Fig. 2. The lowestlevel
is the sensorlayer. A sensormode consistsof a physicalsensorand a processarin
generalthe sensomnodecould alsohave motorcapabilities for example,a camerahat
could panor a camerathatis mountedon a robot. The processorcould be a desktop
computeror a simple embeddedrocessodependingon the computationaheedsof
the sensorsFor example,a 68HC11processois sufficient for a simple pyro-electric
sensoywhich detectdemperaturehangesBut a powerful desktopcomputetis needed
for running algorithmsfor motion detectionusing vision sensorsn real-time.In ary
casethenodesshouldbeableto connecto aLocal AreaNetwork (LAN). Thisenables
themto communicatewith the layerimmediatelyabove in hierarchy Two suchvision
sensomnodesusedin our humantrackingsystenmwill bediscussedn Sec.6.
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Fig. 2. SensoNode

At the sensotevel, the physicalsensompercevesthe ervironment,typically within
a certainfrequeng spectrunof electromagnetigvaves.Theraw datais then,digitized



by thedevice driversof thesensorThedigitized datais pre-processetb getrid of ran-
domandsystemicnoise(if the noisemodelsareavailable). The noise-freedatais then
usedto extractusefulfeaturesof interest.The featureshusextractedare streamedut
to theresourcananagevwia the ResourceManagernterface(RM-Interface),shavn in

Fig. 2. Theextractedfeaturesetfalls into two classesiamelybasicfeaturesandspecial
featuresTypically, basicfeaturesarecommonto all thesensonodesyequirelow band-
width andare streameddy default to the resourcemanagemvhile the specialfeatures
arenodespecific,requirehigh bandwidthandare provided on-demandy useragents.
For thetaskof trackingandlocalizationof humansubjectsn a smartroom, the basic
featuresncludethe bearingandsizeof moving subjectswhile specialfeaturesnclude
their texture, color andmotion cues.The specialfeaturescanbe usedto matchthe ob-

jectsacrosstwo camerasand therebydeterminetheir 3-D location. Object matching
usingspecialfeatureds furtherelaboratedn Sec.6.

Whena sensorcomesonline, its RM-Interfacereportsto a resourcemanagerthe
sensors uniquelD followed by its locationandgeometryin a global referencdrame.
On receving a confirmationfrom the RM, it activatesthe sensors processingoop,
which doesthemotiondetectiorandperiodicallyreportsthefeature The RM-Interface
is capableof receving commandsrom the resourcemanager Somecommandsare
generalik e pausingoperationor changingthe reportingrate.Othersarespecificto the
resourcdik e motioncommandgo a PTZ platformor a mobilerobot.

3 ResourceManager

A resourcemanagerstructureis shown in Fig. 3. The resourcemanager(RM) is the
via-mediumbetweenthe producersof information (the sensomodes)and their con-
sumergthe useragents).The resourcananagekeepstrack of the currently available
sensorsaandreportstheir statusto the useragentperiodically The useragentchooses
the bestsensorsubsetfrom the available pool to accomplishits goals.The resource
managertherefore actsasa proxy betweerthe sensoraanduseragentsThusthere-
sourcemanagercould sene mary useragentssimultaneouslyfreeing the sensorgo
do dedicatedeaturedetectionandextractiononly. This way the sensorsarenot com-
mitted to a singleagent,but could be sharedamongmary agentsHowever, the motor
functionsof a nodecannotbe sharedbecausehey causeconflictswhenmorethanone
agentattemptsto performa motor taskon the samesensomode.So, a lock manager
manageshe motor functionsof a node.Thereis alsothe facility of maintainingmul-
tiple resourcemanagersimultaneouslyseeFig. 1). This improvesfault-tolerancan
the event of failure of a particularresourcemanageandimprovesperformancen re-
ducingload perresourcemanagerWhile usingmultiple resourcananagersthe better
bandwidthutilization is achiezed by employing multicastcommunicatiorprotocol.In
suchascenarioa sensonodepusheghedataon thewire only onceaddressingf to the
multicastgroupto which theresourcananagerdelong.The multicastbackbonethen,
efficiently routesthe datato all the memberof thegroup.
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3.1 Multi-thr eadedData Buffer

In the RM, the Multi-threadedDataBuffer (MDB) collectsthesetime-stampedeature
setsfrom differentsensorandbuffersthem.Whenthe RM-Interfaceof asensobegins
theregistrationprocessy sendingts uniquesensotD, theMDB checkdor thevalidity
of thelD (i.e.if it is atrustedandknown sensor).This simple securitycheckprevents
the MDB from beingfloodedby unscrupulousequestdor service. After validation,a
threadis spavnedto sene that particulartype of sensorThe buffering procesghatis
crucialfor synchronizatiorof datafrom differentsensorss discussedn Sec.5.

3.2 UserAgent Proxy

UserAgentProxy (UA-proxy) is theendpointin theRM, which senestheuseragents.
Similarto MDB, UA-proxy registersandvalidatesa useragentandathreadis spavned
to begin the information exchangewith the useragent.UA-proxy providesthe user
agentswith thelist of currentlyavailable sensorsDependingon a useragents choice
from this list, the UA-proxy delivers the correspondingsensorparametersnd their

time synchronizedeaturesetsto the useragent.In Fig. 3, the solid lines betweerthe

UA-proxiesandthe databuffersin MDB indicatethe respectre useragents choiceof

Sensors.

Thestatef sensorarepushedo theuseragentsvhenoneof thefollowing occurs

— A new sensothasregisteredor,
— A sensothasfailed.

Dependingon this information,the User Agentmodifiesits choicesetandinforms
the UA-Proxy which thenrespondsaccordingly The UserAgentcanalsorequestpe-
cial featuresn additionto the default featuresetfrom sensors/ia the ResourceMan-
ager

4 UserAgents

UserAgentsareprocessethatachieve a specificgoal by usingmultiple sensorimotor
resourcesWhenthey go aboutdoingthis, the availability of the requiredresourcess
notalwaysguaranteedzvenif all theresourcegreavailable theenvironmentalkcontext
may preventthemfrom reachingthe goal. This may requiresomeactionin the form
of redeplymentof sensordo handlethe new context. Useragentsare thus adaptve
to hardware, software andervironmentalcontexts. A straightforvardway to realizea
useragentis to identify useful systemconfigurationsand assigna behaior to each
configuration Sincethe combinatoricof this proceduras prohibitive whentherearea
largenumberof sensorsaninductive methodcouldbeused.n this method the system
couldlearnfrom pastbehavior andidentify usefulsystemconfigurationsy itself. An
exampleof useragentusedin our systemwill begivenin Sec?.



5 Time Synchronization Mechanism

The ResourceManagerplays a vital role in making the sensorsavailableto the user
agentdn atimely andfault-toleranfashion.n this sectionwe discusshow thefeatures
from multiple sensoraresynchronizedn time. A simplewayto solve thiswould beto
synchronizeall the camerasisingan electronictrigger signal. However, this hardware
solutionis not generalenoughto handleheterogeneousensorsand mobile sensors,
which areaninevitable partof a smartervironment.Evenin the caseof anall camera
network, such synchronizationcould prove to be difficult and expensve, especially
whentherearemary camerascatteredverawide areaWith theobjectiveof providing
asimple,inexpensveyetgenerabkolution,we proposeasoftwaresolutionexploiting the
existing time synchronizatiorprotocol(NTP) runningin today’s computemetworks.

Oncethe computemodesare synchronizedoy NTP, the sensorsattachedo them
could work independentlyand time-stamptheir datasetbasedon their local clocks.
Thesedatasetsare buffered at the multi-threadeddatabuffer (MDB) in the resource
managerWhenareporthasto be sentto a UA, its UA-proxy in theresourcemanager
queriesthe MDB for the currentdatafrom the useragents sensorset. The queryis
parameterizetly the currenttime. Eachsensors featuresetthatis closestin time may
be returned.This methodworks when differentsensorgprocessat approximatelythe
samerate.However, if their processingatesdiffer by a wide maugin, this procedure
couldleadto errors.
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Fig. 4. lllustration of errorsdueto lack of synchronizednatchingacrosstwo sensors.
PANO_2 detectghe objectat white circles1, 3, & 5 while PANO_1 doesat2 & 4. The
darkcirclesshaw thelocationestimatesisingthe mostrecentbearingdrom thesensors
while the gray circle shawvs the estimateattime t wheninterpolationis used

Let'sdemonstrat¢his by a simpleexamplein which only the bearinganglesto the
moving subjectsfrom the sensorsareused.Supposetfwo panoramicsensords?PANO_1



andPANO_2 areregisteredn theRM andthey reporttheir bearinggto asinglemoving
objectin the scene)t differentratesasshavn in Fig. 4. If UA-proxy wereto pushthe
latestreportedfeaturesetsfrom the sensordo the UA, the resultof fusion would be
inaccurate as showvn in Fig. 4, becauseof timing discrepang betweenthe two sets.
Thewhite circlesshav therealpositionsof themoving objectalongthetrack. Thedark
circlesshav theerrorin triangulationcausedlueto matchingdatasetsiotsynchronized
in time.

Soin suchsituationsusingsuitableinterpolationtechniquegpolynomialsor splines),
thefeaturesetsmustbeinterpolatedn time. Interpolationalgorithmmustalsobe aware
of certainpropertieof the featuresetslik e the angularperiodicity in the caseof bear
ings. MDB is capableof interpolatingthe databuffer to returnthe featuresetvalues
for thetime requestedby the UA-proxy (seeFig. 5). This ensureshefeaturesetsbeing
usedto fuseareclosein time. However, it shouldbe notedthatfor doingtheinterpola-
tion, we needto assumeéhatalinearor splineinterpolationwill approximatehemotion
of a humansubjectbetweertwo time instants¢; andt.. In atypical walk of a human
subject,the motion track can be approximatedo be piecavise linear, so the bearing
requestedor time ¢ in PANO_1 canbe calculatedas

(61 — 02)

b= (t1 — t2)

(t—t1)+91. (1)

whereé; andf, arebearingsmeasuredn PANO_1 attime t; and¢, respectiely. The
time ¢ usedin the above equationis the time for which a measuremenof bearing,
¢, is availablefrom PANO_2. The angularperiodicity of bearingangleshasnot been
shavn in Eqn. 1 for the sale of simplicity. However it hasbeenincorporatedn the
interpolationcalculationson thereal systemWe canseethatthe resultof triangulation
usingbearingd (in PANO_1) and¢ (in PANO_2), representetly agraycirclein Fig. 4,
hasreducedheerrorconsiderablyRealsceneaxampleswill begivenin Sec. 7.
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This algorithmwill work provided all the differentlayersin the hierarchyhave a
global notion of time. Using Network Time Protocol(NTP), one could achieve time
synchronizatiorresolutionof the orderof 5msamongthe nodesof a Local Area Net-
work (LAN). If thefastessensoin thesystemwouldtake atleasttwicethistime (every
10ms)to produceareport,thenthis resolutionis acceptableTypically thisis valid be-
causecamerahaveaframerateof 25Hzwith addedoverloadin processingdi.e.areport
atevery 40msat mostfrom a camera).

6 Vision SensorNodes

6.1 Panoramic CameraNodes

Effective combinationsof transductiorandimageprocessings essentiafor operating
in anunpredictableernvironmentandto rapidly focusattentionon importantactiities
in the ervironment.A limited field-of-view (aswith standardoptics)often causeghe
cameraesourceo beblockedwhenmultiple targetsarenot closetogetherandpanning
the camerato multiple targetstakestime. We employ a camerawith a panoramidens
[3] to simultaneouslhydetectand track multiple moving objectsin a full 360-deyree
view.

Figure 6 depictsthe processingstepsinvolved in detectingand tracking multiple
moving humans Four moving objects(people)weredetectedn real-timewhile mov-
ing in the scenein anunconstraineananner A backgroundmageis generatedauto-
matically by tracking dynamicobjectsthoughthe backgroundnodeldependson the
numberof moving objectsin the sceneandtheir motion. Eachof the four peoplewere
extractedfrom the comple clutteredbackgrouncandannotatedwvith a boundingrect-
angle adirection,andanestimatedlistancebasecn scalefrom thesensorThesystem
trackseachobjectthroughtheimagesequencasshownn in Fig. 6, evenin the presence
of overlapandocclusionbetweentwo people.The dynamictrackis representedsan
elliptical headandbody for the last 30 framesof eachobject. The humansubjectsre-
verseddirectionsandoccludedoneanothemduringthis sequencerlhevision algorithms
candetectchangen the ervironment,illumination, and sensorfailure, while refresh-
ing the backgroundaccordingly The detectionrate of the currentimplementatiorfor
trackingtwo objectsis about5Hz.

With a pair of panoramicsensormodes,3D location of multiple moving objects
canbe determinedby triangulation.This pair could thenact asa virtual sensomode
which reportsthe 3D location of moving objectsto the resourcemanagerBut there
aretwo issueghatmustbe considerechamely matchingobjectsfrom widely seperated
viewpoints andtriangulationaccurag whenthe objectis collinearwith the cameras.
Rolustmatchingcanbedoneby usingspecialfeaturesfrom the sensomodedik e size,
intensityandcolor histogramof the motion blobsin additionto the basicfeatureq17].
Whenthe objectis in collinearconfigurationwith the cameragandif they arethe only
onesavailable at that instant),we employ the size-ratiomethoddescribedn [17]. By
usingtheratio of the sizeof objectsasseenfrom thetwo camerastheir distancegrom
eachcameracouldbecalculatedseeFig. 7a). Figure7b shavstwo subjectgwalkingin
oppositedirectionson arectangulatrack) beingsuccessfullyracked by the algorithm.



Fig. 6. Motion detection& trackingin a panoramicamera

Thereareoutliersin thetrackcausedlueto falsedetectionandmismatchesvhich can
berejectedusingthefault-tolerancenechanisndescribedaterin Sec.7.1

6.2 Pan-Tilt-Zoom CameraNodes

The PTZ camerasare anothertype of sensorsisedin our system A PTZ cameracan
functionin two modes- 1) motion detection,and 2) target tracking.In mode 1, the
cameraremainsstill andfunctionsin exactly the sameway as a panoramiccamera,
exceptthat now it hasa narrow field of view with high resolution.Thoughthe area
coveredis very limited dueto narrow field of view, it is betterthanpanoramiccamera
for facedetectionln mode2, the cameragetsinformationabouta moving targetfrom
thehigherlevel andtriesto pursuehetarget.In thismode,it couldcontinuouslyreceve
informationfrom the higherlevel for targetlocation,or it couldtake overtrackingitself
(seeFig. 8). Whenever afaceis detectedn its field of view, it couldzoomin andsnap
a faceshotof the moving personimmediately Faceshotsfall underthe category of
specialfeaturedor this sensomodeandaresentto useragentson demand.

7 Experimental Results

In this section,the implementatiorof the systemaswell aspreliminary experimental
resultshasbeendescribedThe smartroom consistsof four vision sensorgo monitor

the activities of humansubjectsenteringthe room. Our experimentswere conducted
usingdifferentarrangementsf sensorsvhich areshavn in Figs.11 & 13. Two of the

sensorsare panoramiccameragepresente@s Pano-I and Pano-I1l respectiely, while

the othertwo are Sory Pan-Tilt-Zoom (PTZ) camerasepresentedsPTZ-1 andPTZ-

Il respectiely. A single resourcemanagercoordinateghe camerasand reportstheir

availability to the TrackUserAgent(Track-UA). The goalof this useragentis to track

multiple humansin the smartervironmentand get faceshotsof the humansubjects
(se€eFig. 9 andFig. 10). Theefficacy of thesystemcanbe evaluatecbasecdbn two crite-

ria, namelyfault-toleranceandaccuray of thetracking.Theformercriterionevaluates
the usefulnesof hierarchicaldesignwhile the latter evaluatesvision algorithmsand

synchronizatiorbetweermmultiple sensors.
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Fig. 7. A virtual sensomodecomprisingof two panoramicameragroviding 3D loca-
tionsof objectsin thescene
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Fig. 9. Framedrom PANO-I & PANO-II shawing objectsO; & O, beingtracked

Fig. 10. Faceshotsof O; from PTZ-landO, from PTZ-II respectiely



7.1 Fault-ToleranceEvaluation

Thefirst criterionwasevaluatedby generatindaultsat the sensomodesandobserving
how the systemreacts.As explainedin Sec.3, the resourcananageiis at the core of
the fault-tolerantoperationof the system.In our system the resourcemanagemain-
tainsanavailability list. Thislist is pushedo the Track-UA uponoccurrencef certain
eventslikeasensorcomingonlineor asensofailure. TheTrack-UA usegherule-based
decisionmakingengineshavn in Table1 to take appropriateactions.

Table 1. Therule-basedlecisionmakingenginein Track-UA

Availability Action
At leastonecamera Keeptrackof the headingof the humansubjects
Panoramic PTZ pair that argUsethebearinginformationfrom panoramiccamerao panthe
closeto eachother PTZ towardsthe mostdominanthumansubject

Two PanoramicandonePTZ |MatchobjectsacrosgshepanoramicamerasTriangulateo find
the3-D locationof eachmatchedbject.Usethe PTZ to look at
oneof theobjects

Two Panoramicandtwo PTZ |Sameasprevious state,exceptassignthe two of the objectsto
thetwo PTZ

The systemreactingto the eventof Pano-Il failing is shavn in Fig. 11. Whenboth
the panoramiccamerasare available, the 3-D location of the moving subjectcan be
estimatedy triangulation(Fig. 11(a)). In this casearny PTZ cameraPTZ-l or PTZ-II)
canbe assignedo focuson the humansubject.However if Pano-Il fails, we canonly
usePano-Ito estimatethe bearingof the subject.If no othercamerasreavailablefor
3-D localizationvia triangulation,we canonly usePTZ-| thatis closely placedwith
Pano-Ito obtainthefaceof thehumansubject.
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Fig. 11. Pano-landPano-Il areavailablein (a). Pano-lifailedin (b)



In Sec.6.1, we shovedtwo kindsof failureswhenonly a pair of panoramicameras
is usedfor 3D-localizationnamely poortriangulationat collinearconditionsandstereo
mismatchesBoth theseerrors can be detectedand can be easily handledby a third
cameraasshowvnin Fig. 12. Collinearconditionscanbedetectedasilyfrom thebearing
angles.The triangulationaccurag undersuchconditionscan be improved by either
using a third cameraor by usingthe size-ratiomethodwhenoneis not available. A
moredifficult problemis the detectionof falseobjectsdueto stereomismatchesAgain
by verifying eachobjectcandidatesvith athird camerafalseonescanberejected.

Camera-1 Camera—2

Camera—-3

Fig.12. Object T} is collinear with Camera-land Camera-2but can be localized
by (Camera-1,Camera-3air using size-ratiomethodor better by either (Camera-
1,Camera-3pairor (Camera-2,Camera-Bhairusingtriangulationrmethod A mismatch
could resultin the false object Ty which can easily be discardedwhen verified by
Camera-3

In amulti-sensonetwork, informationfrom mary cameraganthusprovide abetter
degreeof fault-toleranceandallow for dynamicresourcereconfiguratiorto performa
particulartask. Resultsfrom a real run are shovn in Fig. 13. Figure 13a shaws two
sensordriangulatingat the moving object.But asthe objectmovesfurtherto theright,
it is occludedfrom the view of one of the sensorsSoin Fig. 13b, we obsene that
anothersensoiis broughtin to continuetracking. The sameprocesss repeatedor the
caseof collinearsensogeometnyin Figs.13c & 13d.We havediscussedault-tolerance
by sensorreconfiguratiorin moredetailin [5].
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Fig.13. Framesfrom a tracking task demonstratingpair-wise sensormode changes
inducedon occurrenceof faultslike objecttrack lost by one of the sensorqa-b), or
collinearsensoigeometry(c-d)



7.2 Synchronization Results

In this experiment,a persorwalked alonga pre-determinegbathat a constantvelocity
andtwo panoramicameras Pano-landPano-Il areusedto trackthe motion(Fig. 14).

Beforethe startof the experimentthelocal clockson all the sensomodesaresynchro-
nizedusingNTP. In this experiment,Pano-Il is setto processwice asfastasPano-lI.
Theresultof targettrackingunderthis situationis shovn in Fig. 14a. We cannoticethat
the errorin the track resultis quite large with a meanof around60cmdue of lack of

synchronizationAfter we employedtheinterpolationmethoddiscussedn Sec.5, the
meanlocalizationerroris reducedvithin 15cm(Fig. 14b).
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Fig. 14.(a) Unsynchronizedrackingand,(b) Synchronizedracking

8 Conclusion

A distributed sensometwork architecturecomprisingof threelevels of hierarchyhas
beenproposedn this paper The hierarchyconsistsaaresensomnodesfesourcenanager
anduseragents.The resourcemanageiactsasa proxy betweenthe sensomodesand
the useragentsallowing mary useragentsto simultaneouslysharesensoiresources.
The systemwas implementedusing two typesof vision sensorsnamely panoramic
camerasand pan-tilt-zoomcamerasThe systemwas evaluatedfor its fault-tolerance
performanceandaccuray of tracking.A simple,cost-efective way of synchronizing
datastreamdrom heterogeneousensorsisingNTP wasdiscussedndthe experimen-
tal resultsshavedthe practicalutility of thisapproach.

Giventhe generahatureof the proposedarchitectureit is possibleto adddifferent
typesof sensorssuchas acousticand pyroelectricsensorsand usethemto perform
a variety of tasks.The systemwill be extendedto realizeits full potentialof having
multiple useragentsgachpursuinga specificgoal in the smartervironment,simulta-
neouslyusing multiple resourcemanagersn the multi-sensorframenork. The system



could be further extendedto provide a humaninterfaceby building semi-autonomous
useragentsA semi-autonomougseragentcouldinteractwith ahumanwho canmake
decisionsWhile actingunderguidancetheagentcanlearnandincreasets confidence
in handlingcertainsituations Whenit encountersimilar situationsin the futureit can
autonomoushactwithout guidance.
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