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Abstract

Thewidespreadimplementationof Bluetoothtechnologyin everydaylife promisesto open

a Pandora's Box of device managementand tracking issues. In an environment�lled with

Bluetooth–enableddevices,suchasprinters,scanners,doors,thermostatsandotherenviron-

mentcontrolsystems,thereis aneedto easilydiscover, operateandmanagedevicesremotely.

However, it becomesachallengeto physicallylocatethedevice oneis currentlyusing.

Wearablecomputerscanalreadybeusedeffectively asa uni�ed personalinterfaceto this

environment. However, the wearablecomputermustalsohandlesituationsin which the ob-

jectsbeingusedneedto belocated.By implementingtheMediatedRealityBluetoothDevice

Locator(MRBDL) on a wearablecomputer, it is possibleto modify what theuserseessuch

thatnametagsareattachedto all visiblewirelessdevices.To achieve this,devicesmust�rst be

locatedandthentrackedrelative to theuser's �eld of view.

To illustratehow thismightbebene�cial,considerthecaseof anunfamiliarof�ce environ-

ment,in which anindividual would like to senda documentto a nearbyprinter. This usually

meanssearchingthrougha long list of printing devices,perhapsby trial anderror. A user

equippedwith anMRBDL-enhancedwearablecomputersystemwill beableto walk up to the

Bluetooth-enabledprinter, andimmediatelysendit adocumentto print.

TheMRBDL systemvisually locatesthedevicesin theareaandlabelsthemin theuser's

�eld of view. It enablestheuserto easilyselectaspeci�c deviceoutof all theavailabledevices

thathave beendiscovered.
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1 SystemOverview

An environmentthatis denselypopulatedwith Bluetoothdevicescanbecomeconfusinganddif�-

cult to navigateanduse.Onecanbepresentedwith anassortmentof Bluetoothdevices. without

knowing the identity of thosedevicesin one's physicalenvironment. Sometimesthe locationof

thedevice is critical to useit effectively. For example,a disabledpersonseekingto exit abuilding

maybepresentedwith a menuof all doorsin Bluetoothrange.MRBDL canbeusedto pinpoint

theidentityof theparticulardoorthatthey wish to use.ThustheMRBDLsystemprovidesa visual

relationshipbetweenthephysicalobjectandits Bluetoothidentity.

MRBDL consistsof threeparts:theinitial discoveryphase,thevisualidenti�cation phase,and

thedevice trackingphase.Thediscovery phaseis anongoingprocessthatutilizes theBluetooth

hardwareextensively. Usingthebuiltin servicediscovery functionality, it aimsto provide theuser

with aconstantlyupdatedlist of availableserviceswithin their immediatevicinity.

Thevisual identi�cation componentof this systemconsistsof two partsthatcommunicatevia

Bluetoothconnections:

1. An intelligentinfraredbeaconlinkedto Bluetoothhardware;

2. A beaconidenti�cation systemon thewearablecomputer.

This systemenablesthe userto selecta speci�c device andenableits infraredbeacon.This

beacon,whichemitsauniqueblinking pattern,is visually identi�ed by meansof differenceimages

betweensuccessiveframesof videoto determinethebeacon'sexactcoordinates.TheVideoOrbits

algorithmis usedto compensatefor theuser'sheadmotion.

However, relying on this active locatingtechniqueto keeptrackof thebeacon's locationover
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Figure1: SystemOverview

timeis notappropriate:�rst, it wouldrequirethebeaconto �ash aslongasthedeviceis of interest,

whichis wastefulandmayimpedetheeffortsof otherstousethedevice. Secondly, it wouldrequire

constantattentionon thepartof theuser.

To allow the user the �e xibility of being able to look away from the beacon,the tracking

systemlabelsthe beaconvia the wearablecomputer's reality mediationfacilities whenever it is

in the user's �eld of view, and remembersits position relative to the user, when the beaconis

not visible. The user's headmovementsaremeasuredby a gyroscope–augmentedheadtracking

algorithmandappliedto thecoordinatesof thebeacon,soits positionrelative to theuseris known

atall times.

In summary, theuser�rst selectsa device they wish to locate. Thenthevisual identi�cation
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systemengagesthedevice'sbeaconandidenti�es it whenit �rst appearsin theuser's �eld of view.

From this point onwards,the beaconis disengagedandthe trackingsystemcontinuesto update

thebeacon'spositionrelativeto theuser, displayingthis informationwheneverthebeaconis in the

user's �eld of view.

1.1 PerformanceRequirements

TheMRBDL systemcanbeimplementedonany wearablecomputer(wearcomp)powerful enough

to handlethenumericalprocessingrequirementsof all threecomponents.This implementationof

MRBDL is basedontheEyeTapclassof wearcomps.Becausetheuseris viewing hisenvironment

asmediatedreality throughthe EyeTap, the processedinformationmustbe presentedat a frame

rateof at least15 framespersecond,in orderto preventinducingdisorientationandnauseain the

user.

1.2 DesignMethodology

Theteamadopteda waterfall modelto developtheMRBDL systemanddocumentedthevarious

stagesandprocessesrequiredto implementthe system. During the requirementanalysisstage,

the systemwas functionally divided into threemajor components,in order to facilitateparallel

developmentontheproject.Initially thespeci�cationsandobjectivesof eachmodulewerede�ned

andateammemberwasassignedto implementthesespeci�cationsfor eachcomponent.After unit

testingwassuccessfullycompleted,theindividual partswereintegratedinto the �nal systemasa

groupeffort. Finally, thecompletedsystemwastestedto insurefunctionalityin all scenarios.Work

continuesto furtheroptimizethesystem.
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1.3 Innovation

This projectextendstheapplicationsof Bluetoothby relatinga Bluetoothdevice's identity to its

physicalidentity. This informationmay becomecritical to the userwhenever physicalinterac-

tion betweentheuserandtheunlocateddevice is required.The MRBDL system's useof object

identi�cation andtrackingalgorithmsthatarefurtherextendedby gyroscopicdata,is anoriginal

approachto mappingtheBluetoothidentityof adevicewith its physicallocation.In additionthese

algorithmsaresupplementedwith a robustBluetoothbasedprotocolso that the issuesof latency

andconcurrentdevicediscoveryby multipleusersareresolved.

2 Implementation and engineeringconsiderations

2.1 Wearablecomputing and the EyeTap Principle

TheMRBDL systemis built aroundtheconceptof the“wearcomp”wearablecomputerasde�ned

by Prof. Steve Mann,Universityof Toronto(seeFigure2 (a)). The wearcompis a small body-

worncomputersystemthatis alwaysonandaccessible,andthatmediatestheuser'sexperienceof

thesurroundingenvironment.Oftenintegratedinto clothing,this systemcanbeoperatedthrough

avarietyof controldevices,from conventionalkeyboardsto specializedportablekeyers,andeven

with brain waves[1]. The wearcompprovidesvisual feedbackthrougha head-mounteddisplay

unit.

TheEyeTap(seeFigure2 (b)) is animportantpartof thewearcomputilizedin theMRBDL sys-

tem,asit enablestheuser's vision to becomputationallyprocessedandmodi�ed in real-time[2].

All light destinedfor theuser's eye is redirectedto a cameraanddigitized for processingon the
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(a) (b)

Figure2: (a)A late1990swearcompmodel.(b) A visible EyeTapimplementedin safetyglasses.

wearcomp.This digitizedvideomaybemodi�ed or replacedandis projectedinto theuser's eye

via ahead-mounteddisplayelement.Thisactof alteringperceptionthroughtheuseof acomputer

is known asComputerMediatedReality. An EyeTapmustbeproperlysituatedin thecenterof the

eye's projectionsothatthedisplayedimagedoesnot causeaparallaxmismatchwith whatis seen

by theuntappedeye.

2.2 VideoOrbits

TheVideoOrbits[2] algorithmis extensively usedin theVisualIdenti�cation andTrackingstages

to identify andtrackobjects.VideoOrbitsis a featurelessmotionestimationalgorithmthatcom-

putesbest �t projective pixel coordinatetransformationsbetweentwo overlappingimages(the

transformationis appliedacrosstheentireimage).This groupof transformationscandescribeex-

actly therelationbetweentwo imageswhereall theobjectsarestaticin thesceneandthecamera

is freeonly to rotateandzoom.Themotionof aheadmountedcamerabetweensuccessive frames
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of videocanbeapproximatedvery well by a purerotation,sincewe oftenscanour environment

usingheadrotation.Thustheapplicationof VideoOrbitsto this videocanprovideextremelygood

registrationbetweenvideoframes.Thischaracteristicprovidesthebasisfor trackingphysicalhead

rotationfrom a real-timevideosequence.First, thebasicsof optical�o w andalgebraicprojective

geometryareintroduced,thentheessentialsof theVideoOrbitsalgorithmarecovered.

Optical�o w is thecanonicalmethodfor determiningimagemotion.Thebrightnessconstancy

constraintequation(BCCE)for 2-D images[3], which givesthe�o w velocity componentsin the

� and � directions,is:

�������
	���
������ (1)

where��� is the2-D translationalvelocityvector, ����������� , 


� is the2-D spatialgradientof theimage

� �!�#"$�#�$� atsomepoint %

�

"&�(' , and 
�� is thetemporalgradient,representingthechangein brightness

ataparticularpixel coordinatefrom oneimageto thenext.

Becausethe2-D BCCEis under-constrained(that is, it is a singleequationwith two unknown

variables),it is necessaryto imposefurther constraints,usually in the form of a model for the

pixel velocitiesin a region. The simplestmodel,proposedby LucasandKanade,assumesthat

the velocity is constantover somesmall region. This providesa velocity vectorfor eachblock.

This techniqueis appropriatewhensuchavelocity �eld is desired,but theconstantvelocitymodel

performpoorly for describingthe motion over a whole image. It is only capableof describing

imagetranslation.VideoOrbitsusesa rationalpixel velocity modelknown asa projectivecoordi-

natetransformation(PCT) [4]. This modelhaseightparametersandcandescribetheexactpixel

motionbetweentwo imagesof astaticscenewherethecamerais freeto pan,tilt, andzoomabout

its opticalaxis. It alsodescribesexactly thepixel motionof imagesof a planarsurfacewherethe
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camerahastheaddedfreedomof translation.
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VideoOrbitsestimatesthe eight parametersof this modelby using the brightnessconstancy

constraintwith thePCTto describingthethepixel velocitiesas:
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Thismethodis known as`projective–�ow' [5].

Becauseof effectssuchasparallaxin the imagesdueto motionotherthanrotation,indepen-

dentlymoving objects(IMOs) in thescene,cameraautomaticgaincontrol(AGC),thePCTcannot

perfectly�t at all pointsof theimages.Thusthesolutionwe seekis thebestestimateof thePCT

parametersin a leastsquaressenseacrossall imagepoints.This is solvedby minimizing:
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The spatialgradient 


� is calculatedtaking the differencebetweenneighbouringpixels in the

horizontalandverticaldirections.Thetemporalderivative 

� is calculatedby differencingcorre-

spondingpixelsin successivevideoframes.

Minimizing (4) is simpli�ed by weightingby %
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where�

! denotestheweightederror.

To solvefor theminimumwedifferentiatewith respectto thefreeparameters
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It can be shown that the set of projective coordinatetransformations(PCTs) form a group

giving it threemainproperties:For
���

�

whereP is thesetof all PCTs
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Sinceonly the�rst derivativeof thespatialgradientis calculated,themodeledchangein pixel

brightnessdueto translationalvelocity velocity is only �rst orderaccurate(actually lessdueto

the �nite differenceapproximationof the gradient). This limitation causesthe methodto be ac-

curateonly whenthewhenthemotionbetweensuccessive imageis small. To solve this problem,

VideoOrbitsexploits thegrouplaw of compositionto �nd theoptimalPCTbetweentwo images

usingthefollowing iterative technique:

(1) EstimatetheprojectivecoordinatetransformationP

(2) UsethisP to transformtheappropriateoriginal image

(3) EstimateanotherPCT(call it P2) betweenthiswarpedimageandtheotheroriginal image.

(4) composeanimprovedP by composingP2 with P

(5) goto(2) until thedesiredaccuracy hasbeenachieved

Thisschemeallowsthe�nal iterationsto estimatethePCTbetweentwo imagesthathavevery

little motionbetweenthem,Thusallowing the�rst orderapproximationof pixel brightnesschange

to besuf�ciently accurate.
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2.3 MRBDL Implementation

The MRBDL systemwassplit into threecomponentsduring the functionaldesignphase. The

threecomponentsconsistingof theBluetoothcommunicationframework, theVisualIdenti�cation

Subsystem(VIS) andthe device trackingsubsystemwereimplementedseparatelyto reducethe

developmenttime required.

2.4 Bluetooth Communication Subsystem

TheBluetoothCommunicationSubsystemis responsiblefor all communicationbetweentheuser

andtheremotedevice,whichconsistsof devicediscoveryandconnectionmanagement.It utilizes

theBluezBluetoothdrivers[6] for the Linux kernelfor communicationvia Bluetoothhardware.

As a resulttheremotedevice andthewearcompcontainUSB/PCMCIAlinks andrun theDebian

Linux Distribution. This componentencompassesall Bluetoothrelatedsoftwareandhardwareon

the client side(wearcomp)andthe server side(remotedevice) andfollows a client-server model

for communication.

TheClient Manager softwareconsistsof utilities to discoverBluetoothdevices,communicate

with remotedevices and updatethe user interfacewith a list of currently available devices in

the vicinity. The hcitool utility provided with the Bluez Bluetoothstackwas usedto perform

continuousinquiry of the userenvironmentto determinethe addressesof adjacentdevices. A

wrapperfor this utility waswritten to maintaina databaseof BluetoothDevice (BD) addresses

by comparingtheresultsof thehcitool inquiry with theBD addressesalreadyin thedatabase.A

simpleGUI wasdesignedthat readsthis databaseandpresentstheuserwith a list of devicesand

providesthemtheoption to `locateandtrack' (seeFigure3). On selectionof a device, theblink
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Figure3: Theuserinterface:throughthey EyeTap,theuserseesoneBluetooth-enableddesklampin range,which is

beingtracked.

utility is passedtheaddressof thedevice aswell asthecommandto besent. In this case,it is to

switchthe infraredbeaconto blink mode.Theblink utility takestheBD addresspassedto it and

attemptsto connectto theremotedevice. After successfulconnection, all communicationbetween

theclient andserver takesplacevia Logical Link ControlandAdaptationProtocol(L2CAP) data

packets.Thisutility exits afterthecommandcodehasbeensentto theserverandcon�rmation for

it hasbeenreceivedby theclient. Now that thebeaconis switchedon, theGUI activatestheVIS

andthe beacon's locationidenti�ed. The VIS, which is a separatemodule,returnsandthe user

interfaceagainutilizes the blink utility to sendthe commandto turn the beaconoff. Thereafter,

device discovery resumesandtheGUI continuesupdatingthelist of availabledevices.TheClient

Manager is runonawearcompandwasdesignedwith separatecomponentsto makeits integration

with othercomponentseasy.

TheServerDaemonsoftwarerunson theremotedeviceandhandlesall incomingconnections
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Figure 4: Bluetooth protocol overview: 1) Wearcomp1 sendsthe

ON commandto theremotedevice.2)Remotedevice respondswith a

CONFIRMpacket3) AnotherWearcompsendsacommand4) Remote

device respondswith a BUSY packet 5) Wearcomp1 sendsthe OFF

commandto theremotedevice6) RemotedevicesendstheCONFIRM

packetandstartslisteningfor connectionsfrom any wearcomp

Command Code

ON: 0x001

OFF: 0x0ff

CONFIRM: 0x002

BUSY: 0x003

Table1: BluetoothPacketCodes

andcommands.It alsocontrolstheinfraredbeaconaccordingto thecommandsreceivedfrom the

client. This utility bindsitself to an L2CAP socket andlistensfor incomingconnections.Once

a connectionis establishedwith the client, the server communicatesvia a protocoldesignedto

work over theL2CAP layer. Referto Table1 for the list of datacodesfor thevariouscommands

that can be sentvia this protocol. Figure 4 illustratesa scenariowherethe advantagesof this

protocolin restrictingasingleuserto aspeci�c deviceareevident.Theservercanonly receivetwo

typesof commandpackets:ON andOFF. The ON commandis a signalfor the server to initiate

the beaconsblinking processandto lock itself to that particularclient. After locking itself, the

server sendsBUSYpacketsto any otherclient that requestconnections.This preventsmorethan

oneclient from attemptingto locatetheobjectat thesametime. Thedaemoninterfaceswith the

beaconvia theparallelport andcontrolsthebeacon's status(blinking/off). Thesoftwareremains

lockedto theclientaslongasaOFF commandpacket is not received.Whenthishappens,it sends
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a con�rmation andresumesnormaloperationby listeningon the L2CAP socket. This software

wouldbeintegratedinto existingsoftwareto controlthedevicesothattheserverwouldbeableto

operatethe beaconandmanagethe device(eg: turn on waterfountain). Thusall server software

canbeintegratedinto a microcontrollerbecauseit is not computationallyintensive. However our

implementationutilisesastandardcomputerfor operation.

2.5 Visual Identi�cation Subsystem

Thiscomponentof theMRBDL systemrunsontheuser'swearablecomputerandis activatedwhen

theuserselectsan objectto be located.ThroughtheEyeTap, this processcontinuouslyanalyses

theuser's �eld of view, looking for ablinking patternthatis emittedby theinfraredbeaconon the

remotedevice. Thedetectionof thispatternis basedonaseriesof differenceimagesgeneratedby

VideoOrbitsalgorithm,whichoperateson successive framescapturedfrom thecamera.
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Figure5: The VideoOrbitsalgorithmin action. Clockwisefrom top left arethe �rst image,the secondimage,the

secondimageafter it hasbeentransformedto matchthe �rst image,and �nally their differenceimage. Note the

presenceof the LED light in the secondimagebut not the �rst image,and the correspondingbright areaof the

differenceimage.
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Transformationscomputedby VideoOrbitsdescribeexactly the relationbetweentwo images

of a planarsurfacetaken from arbitrarycameralocations.This allows thealgorithmto calculate

thesecondimage'sprojectivecoordinatetransformationcomparedto the�rst image.By applying

theseparametersto the secondimage,we accountfor any movementof the headunit after the

�rst imageis capturedin termsof rotationalor translationalmovement.Sincethetwo imagesare

now registered,adifferenceimageis takenby subtractingthemodi�ed secondimagefrom the�rst.

Ideallythisdifferencewouldbeblack;however, dueto theblinkingbeacon,the�rst imagedoesnot

containthelight fromthebeaconbut thesecondimagedoes(seeFigure5). Thusadifferenceimage

will bedarkexceptfor abrightspotindicatingthelocationof theinfraredbeacon.Thiscoordinate

is memorizedby the identi�cation systemandis passedon the the Trackingsubsystemto label

whenthe object is visible in the user's �eld of view. After the locationof the beaconhasbeen

determined,theVisualIdenti�cation Subsystemnoti�es theClientManager, whichdeactivatesthe

remotebeacon.

2.6 Object Tracking System(OTS)

The Gyroscope/ VideoOrbitssystemis a closedloop systemin which the gyroscopeprovides

an estimateof cameramotion to allow VideoOrbitsto converge to the desiredsolutioneven in

thepresenceof largemovementbetweenvideoframes.Theprojectivecoordinatetransform(PCT)

producedby VideoOrbits(whichhasgoodabsoluteregistration)is thenusedtobuild alinearmodel

for thegyroscopeto correctfor gyro drift andscalingproblems.A block diagramof thesystemis

shown in Figure6. Presentationof thesystemwill bedoneblockwisewith respectto thisdiagram.
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Figure6: Gyro / VideoOrbitsTrackerBlock Diagram

2.6.1 Capture VideoFrame

The digital video format chosenfor this systemwasIEEE1394,dueto the high quality possible

with this formatasaresultof its largebandwidth.It alsoallowscontrolof theexposuresettingson

compatiblecameras.This is importantsinceVideoOrbitsdependson thethebrightnessconstancy

constraint.

2.6.2 Convert to Greyscale

VideoOrbitsoperateson monoimagessoconversionfrom a threechannelmodelwasnecessary.

SincetheVideoOrbitsis basedonthebrightnessconstancy constraint,wewish to captureasmuch

of theimagebrightnessinformationaspossiblein themonoimage.It happensthattheYUV color
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spaceyieldsnearoptimalenergy compaction(mostuncorrelated)in mostcolor imagewith asingle

luminancecomponentandtwo chrominancecomponents.Conveniently IEEE1394camerascan

capturein YUV. Conversionto greyscalewasthenachievedby selectingonly theY component.

Conversionto anothercolourspacesuchasHSV or HMMD mayhave beenmoreideal (sincewe

arelookingfor perceptualimageregistration).Howeverany gainswouldhavebeenverysmalland

wouldnotbeworth thecomputation.

2.6.3 Undistort Image

Wideanglecamerassuchastheoneusedexhibit alargeamountof radialdistortion.SincethePCT

assumesanidealprojectivecamera,suchdistortionseverelyimpairstheperformanceof VideoOr-

bits. To correctthis, thecamerawascalibratedby usinga numberof imagesof a known pattern.

The cameraintrinsic parameterswereestimatedto �rst orderandthena nonlinearoptimization

algorithmwasusedto solvefor theradialdistortionparameters.Undistortionwasperformedwith

theoptimizedimplementationin theIntel OpenSourceComputerVisionLibrary (OpenCV)[7].

2.6.4 Capture Gyroscope

The gyroscopeusedis a productof GyrationInc. This device givesanalograteoutputsfor two

rotationalaxes.A PICmicrocontrollerwasusedtodigitizethesignalandtocomputetheinterframe

integrationon the outputs. The rate outputswere low–pass�ltered to reducesignal noiseand

aliasingdueto sampling.CommunicationbetweenthePIC andthewearcompwasdoneover an

RS232communicationport (seeFigure7).
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Figure7: PIC-basedgyroscopereader

2.6.5 Gyroscaling:Y = B(X-A)

While gyro drift is inescapable,it remainsrelatively constantandcanbesubtractedfrom therate

outputfairly well. Thegyro outputmustalsobescaledto matchtheunitsusedin thesystem.Un-

fortunatelyaswith all analogsystems,componentvaluesdrift with temperatureandloadchanges

canaffect the power systemlevels. Both of thesewill causevariationsin the requireddrift and

scalingparameters.In this system,B andA arecontinuouslymodi�ed to adaptto local statistics.

2.6.6 Is Rotation Small Enough?

VideoOrbitsneedsframeoverlapto �nd the appropriatetransformation.This function prevents

VideoOrbitsfrom attemptingto registertwo imagesthataretoo farapart(in aspatialsense).If the

rotationis too large,relativerotationestimationis performedsolelyby thegyroscope.

2.6.7 CalculateEquivalent ProjectiveTransformation for Gyro Pitch and Yaw

In orderfor thegyroscopefor provideaninitial transformationestimatefor videoorbits,therelative

motionin thetwo gyroaxesmustbeconvertedinto anequivalentrepresentation.
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2.6.8 VideoOrbits Engine

Two successive framesof undistortedvideoareprocessed,providedthat themotionbetweenthe

framesis not too great.VideoOrbitsrunsfor a prescribednumberof iterations(dependingon the

computationalpowerof thewearcomp),andreturnsits bestestimateof thePCTparameters.Orbits

alsoreturnsa MeanSquaredError (MSE) valuefor the returnedPCT. TheMSE is calculatedby

addingthesquareddifferencebetweentheoriginal imageandits warpedtemporalneighbor. This

MSEvaluecangiveanindicationof theregistrationaccuracy. Thisis veryimportantsincewehave

acombinedestimationmethodandthereis noguaranteethatVideoOrbitswill convergetowardsan

actualsolution(testingshowsthatorbitseitherconvergesnicelyor divergeswildly). Unfortunately

theMSEmeasureisverysensitiveto thenatureof theimagesused(andthussensitiveto theEyeTap

user's local environment).To copewith this, local statisticsarekepton theMSE levelsto provide

intelligentadaptationchangingenvironments.

2.6.9 Estimatebest�t 3-axisrotation fr om the PCT

In orderto closetheloop andallow VideoOrbitsto correctthegyroscopescalinganddrift param-

eters,anequivalent3-axisrotationmustbeobtainedfrom thePCT. It is known that thePCThas

eight free parametersand is thusnot limited to purerotation,so it is necessaryto �nd the best

�t 3-d rotationmatrix andhave someindicationof the error to determinewhenwe have a valid

rotationto be usedin the statisticalmodelfor the gyroscope.To �nd the requiredrotations,the

PCTis �rst approximatedby a purerotationmatrix (up to a multiplicativefactor).This is doneas

follows: if P is thePCTandtheSingularValueDecompositionP is:

�

�������

� (7)
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WhereS is a diagonalmatrix of singularvalues. The best �t rotation matrix in termsof the

Frobeniousnormbetweenit andP is givenby:

�

�����

� (8)

Thisrotationmatrix is thenusedto computethecorrespondingEulerangles.Computationof these

angleswill not bepresentedhere.

2.6.10 Estimate linear modelY = B(X-A) for gyroscope

In orderto estimatethegyro drift andscalingparameters,datapointsarecollectedbasedon their

associatedMSE with respectto the local statisticsandthe error in the rotationmatrix estimated

from thePCT. Two differentmodelestimatesarecomputedhere:

1. A constantmodelthat is usedonly for drift correction.This modeldoesnot dependon the

PCTparameters,andis intendedto correctfor awildly drifting gyroscope.Thegoodnessof

�t for thismodelis describedby thevarianceof thegyro rate.

2. A linearmodelthatdescribesboththedrift andscalingparameterof thegyroscope.For this

model,theerrorstatisticsarecomputedasthestandarderror in theslopeandthe intercept,

aswell asthecorrelationcoef�cient.

Theobtainederrorstatisticsarethenusedto decidewhetheror not to correctthegyro model.

In thisdecisionthetolerancesbecomecontinuouslymorestringentto convergetowardadesirable

solution. However, thereis a conditionthat checksfor a good linear �t aswell assigni�cantly

differentparametersto allow thesystemto accommodateasigni�cant changein parameters,which

mayoccurin eventssuchasrunninginto a wall or operatinga power tool off thecomputerpower

supply.
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2.6.11 ComposeRelativePCT with Absolute PCT

To track absolutemotion, this process,choosesthe bestestimateof PCT betweensuccessive

frames,basedonMSE returnedby VideoOrbitsandthelocaleMSE statistics.
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Figure8: The above datawere taken in a scenariowherepower supply voltageto the gyro had beenchangedto

simulatepower level �uctuationsin a battery–drivensystem.We canseeby thereductionof theabsolueerrorthatthe

systemhasconvergedto amoredesirablestate.
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2.7 Tracking Performance

Operatingonadesktopclasscomputer, theOTSwasableto 3-drotationwith reasonableaccuracy

in real-time.As wecanseein Figure9, accuracy to within afew pixelsis achievedwith signi�cant

headmovement,so long as the motion is nearpure rotation. We can also seefrom the image

sequencethat the trackingalgorithmis robust in the presenceof independentlymoving objects.

VideoOrbits,whenoperatingalone,is subjectto very large errorswhenan IMO is introduced.

With thegyro in thesystem,IMO-taintedPCTparametersarerejecteddueto the relatively high

MSE values.Thesystemalsoperformedverywell whenexposedto large,rapidrotations.This is

importantbecausepeopleregularlymovetheir headsrapidlywhenscanningtheirenvironments.

Figure9: MRBDL in action:the�rst sequenceof four imagesshowsVIS locatingthebeaconattachedto themonitor.

Notice that the beacontoggleson and off in subsequentimages. The next threeimagesshow the OTS correctly

positioningthecrosshairson thedisengagedbeacon's locationin spiteof signi�cant headmovement.The �nal � ve

imagesillustratethegyro-assistedOTS'sability to trackdevicesevenin thepresenceof independentlymovingobjects.
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2.7.1 Performanceof ClosedLoop Gyro Corr ection

The systempresented,hasshown the ability to correctfor the gyro scalinganddrift parameters

throughnormalwear. Thelengthof timefor thecalibrationto occurdependsontheuser'smotions,

sinceVideoOrbitsneedsto achievegoodregistrationbetweenframesto contributemeaningfuldata

to thegyro model.

Figure8 demonstratesthesuccessof theclosed-loopcorrectionof gyro drift andscaling.

2.8 Futur e Development

During the designand implementationphasesof this project, several limitations were realised.

While someof themhavealreadybeenresolved,othersarestill beingworkedon.

Theinitial designof theBluetoothsubsystemdid notconsiderthecaseof severaluserssearch-

ing for severaldevicesin thesamespace.As a result,theprotocolwaslimited to permitonly one

userto locateaspeci�c deviceata time. In addition,theVIS hasthesimilar limitation of allowing

only oneuserto locateanobjectat a time becausetheblinking patternfor the infraredbeaconis

thesamefor any two adjacentdevices.ThustheVIS wouldnotknow whichof thetwo devicesthe

userwishesto locate.Lastly, theVideoOrbitsalgorithmwhich formsthebasisof theVIS andthe

OTS is limited to headmotionsuchaspanningandrotation.It cannothandlefastmotionbecause

of therequirementfor overlapbetweensuccessive images.

To resolve theselimitations,severalsolutionsareproposed.Firstly, theVideoOrbitsalgorithm

wasaugmentedwith feedbackfrom agyroscopeto remove thelimitation of fastheadmotion.

To trackmultipleobjects,auniqueblinking patternsystemwasproposedwherebyeachdevice

is assignedauniquepatternwhenit is manufactured,justasNetwork InterfaceCardsareassigned
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uniqueMAC addresses.Theprotocolwould bemodi�ed to allow thedevice to communicateits

blinking patternto theclient. Furthermore,dueto theuniquenessof theblinking pattern,multiple

clientscanlocatea singledevice concurrently. This is madepossibleby makingthe device the

masterin apiconetwith theclientsactingasslaves.

2.9 Additional Costs

Equipment Cost

GyrationMicroGyro100MiniatureGyroscope $100

OrangeMicro iBOT IEEE1394WebCam $125

PIC16F877Microcontroller $10

MiscellaneousElectronicParts $15

Total $250
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3 Summary

The MediatedReality BluetoothDevice Locatorwasdesignedto help userscopewith the over-

whelmingnumberof Bluetooth-enableddevicesthatwill �nd theirway into theenvironment.The

systemachievesthis goal by providing a visual relationbetweena device andits identity in the

Bluetoothrealm. Throughthe innovative applicationandaugmentationof theVideoOrbitsalgo-

rithm, MRDBL achievesthis goaleffectively. Not only canit locateany device of interestto the

user, but it alsomaintainsamemoryof thedevice's locationrelative to theuser.

While several scenarioshave beenpresented,anotherpossiblecommercialapplicationis the

locationof inventoryin a warehouse.A worker who needsto locatea speci�c item canusethe

Bluetoothdevices discovery mechanism,to selectthe sectionof the aisle containingthe item.

MRBDL will visually identify, track,andlabeltheaisleandthenthesection.Thusanew worker's

ef�ciency will beincreased,becauseheis not limited by his ignoranceof whereitemsarestacked.

As the popularityof wearablecomputingrises,wearcompsarebecomingmorecompactand

moreaffordable.Work is currentlyunderwayto createahardwareimplementationof VideoOrbits,

which would provide aninexpensiveandresource-ef�cient meansof implementingVIS andOTS

at thefull 30 framespersecondrequiredfor maximumusercomfort.

However, thesystemis practicaltoday, becausecurrentgenerationwearcompsaresuf�ciently

powerful to run thecurrentall-softwareMRBDL implementaton.Also, theremotebeaconcontrol

systemcanbe implementedentirely in a microcontroller, which is feasiblefor massproduction

andinclusionin a widevarietyof devices.
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