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Abstract

“Mediatedreality affordsthe EyeTap apparatushe ability to augmentdiminish or otherwise
alterour perceptiorof reality”’[1] Thegoalof thisresearchs to demonstratenteractve andshared
mediatedrealities.

TheEyeTapreality mediatoris usedwith Bluetooth,802.11bandIrDA wirelesstechnologies$o
implementa systemthatallows for the interactionbetweerthe wearerandobjectsin the environ-
ment. The EyeTap device canmediatereality with informationsuchaslabelsandgraphicaluser
interfacesthat is transmittedover wirelessnetworks from objectsin the ervironment. A shared
mediatedeality is demonstratethroughthe implementatiorof a systenthatallows for the map-
ping of anEyeTapwearers ervironmentthroughthe VideoOrbitsGyroscopicdHead—Tacker. The
ervironmentmapis thentransmittedo anotherEyeTapwearer who, throughheadmotionis able
to browsetheremoteervironmentasif it weretheir own.
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Chapter 1
Intr oduction

The useof computerdhasbeenintegratedinto daily life, especiallywith the prevalenceof thein-
ternet. This demandor informationandthe necessargomputemachineryto accesst is demon-
stratedby the widespreadhcceptancef personacomputingdevicessuchascellular phonesand
personabligital assistants.

Thesedevicesare limited in their featuresand representin attemptto addresshe issuesof
mobilecomputing.The eld of wearablecomputingpresents differentsolutionto theintegration
of thecomputermandaccesso information. Throughwearablecomputingandmediatedeality, new
methodsfor interactingwith the environmentare created.Speci cally, mediatedreality involves
changingthe way a userviews andinteractswith theworld. This is donethroughthe useof an
EyeTap reality mediatorwhich “taps” the eye by functioningasboth a cameraanddisplay The
displayis the inverseof the cameraandis referredto asthe “aremac”[1]. The EyeTap device
allows for the capture fransmissioranddisplayof “li ve” video. This video or sequencef frames
of imagescanbe computationallyprocessedb createa mediatedreality.

The designandimplementationof an EyeTap, wearablecomputerand wirelessnetworks is
discussedh Chapter3. ThewirelessEyeTapsystems usedio demonstratactve mediatedeality
ervironments(AMRE). An AMRE systemhas objectsthat provide information and interfaces
availableonly throughthe EyeTapreality mediatorasdescribedn Chapter4.

Theability to mathematicallyrelateseparatdramesof imagesfrom avideo sequencés done
throughthe useof the VideoOrbitsalgorithm. The VideoOrbitsalgorithm calculatesthe exact
projectve coordinatetransformatiorthat registerssuccessie pairsof imagesin a sequenceThe
VideoOrbitsalgorithmallows for the creationof imagecompositesgalculationof egomaotion(i.e.

1



2 CHAPTER1. INTRODUCTION

headtracking)andad-replacemereinexampleof mediatedeality).

For the goal of a fully mediatedreality, the VideoOrbitsalgorithmwill needto runin real—
time. Sincethe VideoOrbitsalgorithmandits implementatiorareusedasthe basisof muchof the
researchincreasinghe speedof VideoOrbitsis desirable.Throughthe useof existing computer
graphicshardware and the OpenGL standard sectionsof the VideoOrbitsalgorithm were opti-
mized. This takescomputergraphicshardwarewhich is generallyusedfor imagesynthesisand
insteadusest for acceleratinga computervision algorithm. Thisis discussedn Chapterb.

The conceptof a sharedmediatedreality is exploredin Chapter6. A wirelessnetwork of
wearablecomputerusersare ableto mapandsharetheir currentervironments. The remoteuser
is able to browse the ervironmentmap solely throughheadmotionsand the imagesgenerated
correspondo the perspecitie of theremoteusersheadmotion.



Chapter 2

Background: Mediated Reality, EyeTap
devicesand Humanistic Intelligence

2.1 Virtual, Augmented,and Mediated Reality with wearable
computersand EyeTap devices

Theneedfor informationandthe useof computersn accessinghatinformationhasalwaysbeen
limited by thelocationof the computingmachinery Frommainframedo personatomputersand
laptops,informationwas only accessiblevhile the userwasinteractingwith the machine. The
wearablecomputersolvesthis problemby makingthe computingmachineryavailableto the user
at all times. In putting the computingmachineryon the persons body, issuessuchas weight,
bulkinessand usability areimportant. But by moving away from the desktopparadigm,human
interactionswith the machinehave fundamentallychanged.

Thedevelopmenbf thewearablecomputethasbeenfacilitatedby the useof the headmounted
display (HMD) [2]. In [2] the input to the display was entirely computergenereatednd this
resultedin “virtual reality”. In a virtual reality the useronly seesrays of virtual light that are
generatedby a computer

HMDs with see—througldisplaysor HMDs with video feedsfrom the real world have been
usedto superimposeomputergraphicson therealworld, resultingin “augmentedeality”. How-
ever, registrationof the real world andthe computergeneratednformationis complex and has
involved the useof laserrange nders and headtrackers[3]. In an augmentedeality, the user

3



4 CHAPTERZ2. BACKGROUND
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Figure 2.1: (a) Relationshipof Virtual, Augmentedand Mediatedreality. (b) The relationship
betweersyntheticandreallight in Virtual, AugmentecandMediatedRealities.

views bothvirtual light andreallight or aregeneratedersionof thereallight.

The developmentof virtual andaugmentedealitieshave beendonewith HMDs thatarecon-
nectedvia cableto a computer The useris ableto move aroundin a small spacebut is not
completelymobile.

The useof awearablecomputemwith areality mediatoraltersthe way a personinteractswith
theworld. A reality mediatorsuchasthe EyeTap device allows the wearablecomputeruserto
interactwith the computerand the ervironmentin a constantmanner Thereare two typesof
constang:

1. Operationatonstanyg

2. Interactionakonstanyg

This is in contrastto handheldvideo recorders personaldigital assistantand laptops. The
handheldvideo recorderneedsto be turnedon and as suchlacks operationalconstang. Even
if it wereto be left on, it lacksinteractionalconstang becausat takestime to actually usethe
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Figure2.2: (a) Examplesof variousdifferentkinds of EyeTapdevices.(b) Closeup of anEyeTap
device. Notice how theright eye is tappedat the centerof projectionandappeargo be replaced

by thecamera.

view nder andstartrecording.If it wereto be held up to the eye all the time thenit would have
interactionakonstang which impliesoperationatonstany.

The EyeTapdevice, however, embodiesoperationabndinteractionalconstang. It consistsof
threemainparts:

1. A digital camerahatmeasureanddigitizestheincomingraysof light
2. A digital systemto procesghis digitized streamof information
3. An outputdevice thatconvertsa streamof numbersnto raysof light

The systemfor processinghe informationis generallya wearablecomputer(WearComp).
The systemasdescribedallows for incomingraysof light to be digitized andthenregenerated
collinearly. Thisdevice,whenplacedatthecenterof projectionof theeye, allowsfor the“tapping”
of theincomingraysof light.

Whenthe systemincludesawearablecomputeito procesgshe streamof information,the com-
putercanadd,remove, or otherwisemodify theimagesbeforethey arepresentedo theuser This
resultsin acomputemediatedeality. It is emphasizethattherealworld caneitherbeaugmented
with computemeneratednformation,or realworld objectscanbereplacedanddimishedby com-
putergeneratednformation. Thisis in contrasto augmentedeality in which computergenerated
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informationcanonly beaddedo the sceneput theocclusionor removal of realworld information
is not donedueto the inability to completelyblock out the real sourceexceptin certainspecial
cases|3].

If theincomingstreanof datais not processedhenupontheregeneratiorof thelight, theim-
ageis not changedn arnyway, barringof course technicallimitationsof theimplementeccyeTap
device (e.g.monochromalisplay).

Tappingthehighesthandwidthsignalsourceof thewearemwith anEye Tapandcomputationally
processinghisinformationcreatesa “mediatedreality”.

2.2 Humanistic Intelligence

Humanisticlntelligenceis theresultof theintroductionof the humaninto the computationafeed-
backloop. Throughthe “operationalconstang” of the wearablecomputerandthe “interactional
constang” affordedthroughthe reality mediator this humanisticintelligenceis developed. The
computemrunsin a supportingrole by performingcontinuougaskssuchasmonitoringsensoror
processingideo, while the humanprovidesthe “intelligence”; the decisionmakingability which
is complicatecanddif cult to reproducen amachine.

The prevalenceof microcontrollersandwirelessdeviceshave promotedthe conceptof “ubig-
uitouscomputing”or “smartrooms”. Theseare ervironmentsin which thereare mary sensors
(e.g. camerasspealers, motion detectorsetc) anda centralsystemthat attemptgo predictwhat
the useris doingin orderto assistthe user The reality is thatit is quite dif cult to understand
whata users trueintentionsare. For instancetheintelligentlights in aroomwhich areactvated
by motionsensorgurn off whentheuseris actively doingwork in their of ce becausehey areno
longermoving about.

However, the inverseof that systemwould make the controlsto the ervironmentavailableto
thewearablecomputeruser In factit would replacethe“smart” aspecbf thesystemwith theusers
“humanisticintelligence”andthroughthe wearablecomputermprovide the methodfor controlling
the ervironment;in effect, replacingarti cial intelligencewith humanisticintelligence. For ex-
ample,theuser throughcon guring the wearablecomputey could make known their preferences
for lighting, volumeandtemperatur@ndthe wearablecomputemwould adjustthe ervironmentas
needed.This would take into accountindividual preferencewhich a smartroom would have a
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dif cult time determining barringsophisticatedacial recognitionor the useof tagswith unique
identi ers.

The differenceis in who actually hascontrol over the room. A personin a “smartroom”
is controlledby someonesomavhereelseor by no oneat all; the personis at the merg/ of the
machine. A personwho cancontrol a room by interactingwith it, is in chage of the decision
makingandtheroomis justrespondingo the personcommands.

The computers in a supportingrole, onein which it assisteshe wearerin completingday to
dayactvities (referto Figure2.3). Humanisticintelligenceis importantin the motivationit gives
for theimplementatiorof theresearchn Chapterst and6.

The authorhasusedthe wearablecomputerto presenta list of wirelessdevicesthatareview-
ablethroughtheEyeTap. Thisis a Itered versionof theavailabledevicesin theroomde ning the
context of whatis interestingasthosedevicesthatarecurrentlyviewable. This context is necessary
becauseherearemary devicesto interactwith andit couldresultin anoverloadof information.
Of course the systemcould be extendedto presenta listing of all devicesin a familiar environ-
ment. This allows the wearerto usedevicesthat are not currently viewable but of interest. The

computeiis functioningin a supportingrole to enhancehe users primarytaskof interactingwith
theervironment.
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Figure2.3: Thethreebasicoperationamodesof WearComp(a) Signal o w pathsfor acomputer
systemthat runs continuously constantlyattentive to the users input, and constantlyproviding
informationto theuser Overtime, constang leadsto a symbiosisn which theuserandcomputer
becomepartof eachother's feedbaclkoops. (b) Sighal o w pathfor augmentedntelligenceand
augmentedeality. Interactionwith the computeris secondaryto anotherprimary actiity, such
aswalking, attendinga meeting,or perhapsdoing somethingthat requiresfull hand—toeye co-
ordination,like runningdown stairsor playing volleyball. Becausehe otherprimary actvity is
often onethat requiresthe humanto be attentive to the ervironmentaswell asunencumbered,
the computermustbe ableto operatein the backgroundo augmenthe primary experience for
example by providing amapof abuilding interior, or providing otherinformation,throughtheuse
of computergraphicsoverlayssuperimposedn top of therealworld. (c) Thewearablecomputer
canbe usedlik e clothing, to encapsulat¢éhe userandfunction asa protectve shell, whetherto
protectus from cold, protectus from physicalattack(astraditionally facilitatedby armour),or
to provide privagy (by concealingpersonalinformationand personalattributesfrom others). In
termsof signal o w, this encapsulatiofacilitatesthe possiblemediationof incominginformation
to permitsolitude,andthe possiblemediationof outgoinginformationto permitprivagy. It is not
so muchthe absoluteblocking of theseinformationchannelghatis important;it is the factthat
thewearercancontrolto whatextent,andwhen,thesechannelsareblocked,modi ed, attenuated,
or ampli ed, in variousdegrees that makeswearablecomputingmuch moreempaveringto the
userthanothersimilar formsof portablecomputing.(d) An equivalentdepictionof encapsulation
(mediation)redravn to depicttheinteractionbetweeruserandcomputeywherethe encapsulation
is understoodo comprisea separatgrotective shell. This diagramis from[1].



Chapter 3

Implementing an EyeTap and WearComp
for a mediatedreality system

“The termssystemgdesign,systemsengineeringandsystemslesignengineeringall
referto the sameintellectualprocesf beingableto de ne andmodelcomple inter-
actionsamongmary componentshatcompriseanaturalsystemsuchasanecosystem
andhumansettlement)pr arti cial system(suchasa spacecrafbr intelligentrobot),
and being able to implementthe systemwith properand effective use of available
resourcey4]

Theimplementatiorof an EyeTapreality mediatorcomprisingof an EyeTap device, wearable
computerWearCompyandwirelessnetworking technologiesormsthe basisof the systenthatis
usedin theresearclpresentedn Chapterst and6.

3.1 EyeTapand WearComp

The EyeTap device consistsof a cameraand an aremacseparatedy a diverter The diverter
functionsby divertinginboundlight into the camerasothatit may be computationallyprocessed
andthenresynthesizetdy the aremacthis is illustratedin Figure3.1 (a). Thedivertereffectively
placegshecenterof projectionof the cameraatthecenterof projectionof theeye, theeyetappoint.
Thearemads acomputercontrolledlight synthesizethatis usedto drav ontheusersretina.

The authors right EyeTap (Figure 3.1 (b)) usesa fully opaquedouble—sidednirror which

9
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Figure3.1: (a) Schematidrawing of an EyeTap device. The centerof projectionof the eye and
the cameraareequidistanfrom thediverter this distance‘d”, is calledthe eyetapdistance.
(b) TheauthorsEyeTapdevice.

allows the computerto augmentand/ordiminish portionsof the imagebeforepresentingt to the
user Thisis in contrasto apartially silveredmirror which allowsfor anaugmentedeality but not
adiminishedreality exceptin specialcasesherethevirtual light is muchbrighterthenlight from
therealworld. Thearemads a 640x480,greenmonochromeKopin microdisplayfrom an early
generatiorXybernaut.

The camerausedis an IEEE1394progressie scandigital cameraby ADS Technologies.A
IEEE1394cameravaschoserbasedn thefollowing information:

AvailableonWearComp| Cameradvailable | CaptureAbility

USB Yes Yes,low quality. 320x2408 fps
IEEE1394 Yes Yes,low-high quality. | 640x480,30fps
FRAME GRABBER No Yes,low-high quality. | 640x480,30fps

Table3.1: Comparisorof USB, IEEE1394andPCl FrameGrabberfor imagecapture.

USBis a 12 Mbpslow-speedusthatis physicallyunableto handleuncompressedataat the
sizesandframeratesdesired FramegrabbersarePCl expansioncards thatallow generapurpose
computergo do NTSC/RAL/SECAM video capture.Dueto thefactthatthey areexpansioncards
they arenot usefulin compactwearablecomputersystems.The authors work with IEEE 1394is
explainedin Section3.2.1.
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The WearComgis a Sory Vaio Z505LSwith a 750 MHz PentiumProPlll processqrl28 MB
of RAM, 20 GB harddrve, [IEEE1394,USB, IrDA, andPCMCIA.

3.2 GNU/Linux

The wearablecomputersystemusesthe GNU/Linux operatingsystem. This choicewas made
basedon the availability of sourcecodeandthe ability to do researchn a mannerthat would

not berestrictedoy anenduserlicenseagreemenfEULA). The sourcecodeallows for the rapid

understandingf complex operatingsystemandprogrammaticoncept@andeaseshedevelopment
of programsthat are necessaryn the adaptationof a generalpurposeoperatingsysteminto a

mediatedeality wearablecomputingsystem.

3.2.1 |IEEE 1394

IEEE1394is a high speedserialbus (up to 400 Mbps). It is designedo be a high-speedndlow
costmethodof connectingcomputerperipheralsand other electronicdevices. Thereare mary
digital cameraghatareableto captureprogressie scanimagesin a variety of formatsandframe
rates.They aretypically of muchhigherqualitythansimilarly pricedUSB cameragsndaresimpler
to integrateinto a computersystemthenframegrabbers.lt wasfor thesereasonghatthe author
exploredthe useof IEEE 1394digital camerasn the EyeTapdevice.

The authorwas involved in the testing and delugging of IEEE 1394 developmentin the
GNU/Linux operatingsystem.Theauthoralsowasinvolvedin the testinganddeluggingof “Co-
riander”[5] the rst programto uselEEE 1394digital camerasn GNU/Linux.

3.2.2 Wirelessnetworking: Bluetooth, 802.11b,IrD A

Theuseof wirelessnetworking allows thewearablecomputerto transmitinformationandinteract
with otherdevices. The following wirelessnetworking technologiesvere exploredbasedon the
factthatthey werereadily availableandin commonuse. Wirelesstechnologiesuchas paclet
radio were not examineddueto the needfor an “AmateurRadio OperatorCerti cate with Basic
Quali cation”. The motivation is the use and exploration of technologieghat are available to
the generalpublic. Thesewirelesstechnologiesare anintegral part of the systemspresentedn
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Chaptergt and6.

Bluetooth

Bluetoothis alow powerspreadspectrunfrequeng hoppingwirelesstechnologyin theunlicensed
2.4 gigahertzrange. It is currentlydesignedo operateat datatransferratesof up to 721 Kbpsin
half duplex with a rangeof 10 meters. The currentimplementationof the Bluetoothdriver for
GNU/Linux, BlueZ [6] supportshardware suchasthe EricssonROK 101 007 Application and
Training Tool Kit and the Xircom CreditCardBluetooth Adapterwhich were usedto connect
wearablecomputers.

The connectionsisedthe point-to-pointprotocol (PPP)to establishinternetprotocol(IP) con-
nectionghatrunovertheseriallink thatBluetoothprovides.A separat®PPconnectionis needed
for eachwearablecomputerin the network. This resultsin increasingcompleity of the network
asit grows.

The Bluetoothconnectionganbe usedfor connectingtogetherwearablecomputersput the
shortrangeis a hindrancein day—to—dayuse. Bluetoothis designedor linking togetherseveral
simplerdevicesto awearablecomputeiin apersonabreanetwork (PAN). Thiswould beusefulin
eliminatingthe wires that connectsensorskeyboardsandheadphoneto the computey although
they would not be ableto replacethe cableconnectiondor video captureor display dueto the
insufcient bandwidth.Replacemendf the wiresto the cameraanddisplaywould make the Eye-
Tap device lessobtrusve. The EyeTap device is situatedon the headandwires at this location
negatively impactsocialinteraction.

Theshortrangeandlow bandwidthwerefactorsagainsthe daily useof Bluetoothtechnology
for thewearablecomputersn thelab.

IEEE 802.11b

IEEE 802.11bis a direct-sequencspreadspectrumwirelesstechnologyin the unlicensed2.4
gigahertzange.lt is a newertechnologycomparedo IEEE 802.11which operatesta maximum
of 2 Mbps. IEEE 802.11boperatesat speedf up to 11 Mbpsandwill fall backto 5.5 Mbps, 2
Mbpsandl Mbpsdependingn signalstrength.Therangeof IEEE 802.11his approximately\305
metresin openareasandapproximately76-122metresin closedspaces.

The driversfor the Linksys WUSB ver 2.5 WirelessUSB Network Adapterin GNU/Linux
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Figure 3.2: 802.11binfrastructurenetwork. If any of the usersA, B or C wantto communicate
with eachotherthey mustdo sothroughthe AP.

Figure3.3: 802.11bad—hometwork. D is acomputemwhichhasawirelessandawired connection.
A, B, C andD cancommunicatealirectly with eachother A, B, andC canmake a connectiono
theinternetthroughD.

Figure3.4: 802.11bad-hocnetwork with no connectiornto a wired network. A, B, C andD can
communicatelirectly with eachother Thereis no connectiorto theinternetin this con guration.



14 CHAPTERS3. IMPLEMENTING AN EYETAP SYSTEM

typically allowed for dataratesof 250 KBps (2 Mbps). Typically, IEEE 802.11bnetworks are
designedvith accespointswhich bridgethe wired etherneietworks with the wirelessnetwork.
Theseaccesointshave rmw are which usedynamichostcon guration protocol (DHCP) for
automaticallyassigninglP addresse$o the wirelessnetwork cards. The 802.11bnetwork cards
arethenrequiredto operatein infrastructuremode(seeFigure 3.2). The University of Toronto
CampusWirelessNetwork (UTORcwn)is an exampleof this. The authorusedthe GNU/Linux
operatingsystemo connecto UTORcwnandmadethis informationavailableto the University of
TorontoComputingandNetwork Services.This will helpothersconnectto the UTORcwnusing
GNU/Linux.

The preferreddesignof a network of wearablecomputerss thatof a peerto-peertopology In
orderto accomplishthis, the cardsare usedin ad-hocmodeand,with the useof network adress
translation(NAT) anda DHCP sener a wirelessrouter (“AP”) wascreated(referto Figure 3.3).
The main differencebetweenan AP and a router suchasthe one created,is the ability to use
multiple APsto cover alarger areaandto automatehand-of of usersfrom one AP to another It
shouldbenotedthatAPsthatarecommonlyavailablefor thehomeandhomeof ce arenotcapable
of this multiple coverageandhand-of, APswith thesecapabilitiegendto costsubstantiallymore.

Thiswasthetype of network createdn thelaboratoryanduseddaily by thewearablecomput-
ers.In theoperatiorof a peerto-peemetwork, the cardsareusefulevenwithoutarouterdueto the
factthatthe cardscancommunicatedirectly with eachother This allows the wearablecomputers
to constantlyinteractwith eachothereventhoughthereis no AP suchasoff theuniversitycampus.
Thisis illustratedin Figure3.4.

IrD A: Infrar ed Data Association

IrDA is a wirelesstechnologywhich works by usinginfraredlight, andit works only whenthe
two deviceshave a clearline of sight. Theline of sightissuecanbe seenasa featureaswell as
adravback. It meanghatfor communicationgo happenthe devicesmustbe ableto “see” each
otherbut atthe sametime this allows the systento infer thatthe device is present.

IrDA operatesat arangeof speedsserialinfrared(SIR) operatest 115Kbpsandfastinfrared
(FIR) operatesat 4Mbps. Therangeonthe SIR link is approximatelyl-2masdeterminedexperi-
mentally

An IrDA transcerer is usually built into most wearablecomputers but they tendto be on
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Figure3.5: An IrDA transcerer designedandbuilt by theauthor

the body of the machine. Ideally the IrDA transcerer would be placedon the EyeTap so that
interactionwith devicesby “looking” is possible.To achieve this onemight usea commercially
availableIrDA transcever, thatuseserialor USB connectors.Unfortunatelythey arebulky and
tendto be on short cables. This motivatedthe authorto designand prototypea customirDA

transcever.

ThelrDA transcererwasconstructedrom aMicrochipMCP2120irDA encodedecodechip,
MAX232 line driver/recever, VishayTelefunlen TFDS4500transcerer andotherassortegarts.
The schematiandinstructionson building the device areavailableat [7] andis basedon a ref-
erencedesignin [8]. The transcefrer connectgo the wearablecomputerthrougha serial cable
allowing placemenasdesired.

This newly built IrDA transcerer did not have anexisting Linux kerneldriver. A kerneldriver
is a programthatinteractswith or controlsthe hardware and providesa certainsetof interfaces
to higherlevel processem thekernel. Driver programmingequiresa completeunderstandingf
the hardwarethatis beingcontrolled(e.g. issuesof timing, transferrates,registers)aswell asa
thoroughunderstandingf theprogrammatiénterfacethatis beingprovidedto thekernelandother
higherlevel programs.Theauthorwroteakerneldriverthat t into theexistingIrDA infrastructure
in the Linux kernel. This driveris now partof the of cial Linux kernelandis availableunderthe
GNU generabpubliclicense(GPL).
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The IrDA transcerer is also controllableby microcontrollerssuchasthe PIC16F877. This
allows for the creationof simpleandsmalldevicesthatcanusethelrDA technologyto wirelessly
transferinformation.

3.3 xcaplive : areality processingprogram

xcaplive is the programthat doesthe reality mediationprocessingon the wearablecomputer
It capturesvideo throughthe EyeTap cameraand displaysit throughthe EyeTap aremac. It is
designedfor usethrougha simple keyboardinterface and is able to manipulatethe framesof
incomingvideo.

The EyeTapdevicesarecustommadeprototypesandassuchhave a variety of con gurations
of camerasand aremacs.The camerasand aremacsanight be rotated90 or 180 dueto design
constraintgluringtheconstructiorof thedevice. Thereforexcaplive is ableto take theincoming
imagesandapplyarangeof transformationsuchas:rotationsof 90 and180 and ips aboutthe
x andy axes.

It is alsoableto recordimagesasthey are processeandto transmitthemwirelessly The
“li ve” wirelesstransmissiongf theimagesallows remoteusersto view whatthe useris currently
observing. Also, a visual history of the imagesis available throughan internetinterface. An
exampleof this is “SeeingEye People’[9]. Headtrackinggyroscopicheadtrackingand virtual
labelshave alsobeenimplementedn xcaplive thoughtheseoptionsrequirespeci ¢ hardwareto
run.

Throughworking with IEEE 1394 (refer to section3.2.1), xcaplive wasreprogrammedo
uselEEE 1394 digital cameras.The reprogrammingpf xcaplive incorporateda completere-
structuringof thedesign.Usingestablishedoftwareengineeringrinciplesin [10] xcaplive was
redesignedo incorporatethe bridgeandproxy patterng11] aswell asa source-sinkapproacho
allow for genericinputsand outputs. This allowed for the easeof integrationof multiple input
sourcege.g. multiple cameraspndmultiple outputsinks(e.g. live transmissionsaving to hard-
disk) simultaneouslyMultiple input sourcesallow for the useof stereccomputemediatedeality

[1].
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Figure3.6: xcaplive handlessourcegyenericallyandprocessethemby applyingvarious lters
suchasrotations, ips, colour spacetransformationshead-trackingetc. Finally, the processed
imageis thenhandledby a genericsink which is ableto outputtheimageasdesired.The source
andsink mayalsobeto andfrom the samedevice asdemonstrateddy the EyeTap.
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Chapter 4

AMRE: Active Mediated Reality
Environments

4.1 Mediated reality and interacting with the world.

Theubiquitouscomputingparadignis describedn [12], involvesa“smart” aspectvhichis de ned
asthemary computersandmicrocontrollersembeddedh theroomor devicesin theervironment.

Thesystemgypically functionthroughthe useof abeacorwhichwill identify usersor objects
of interest.Thisbeacorelemenis typically passve. For thesmartroomto function,all thesensors
have to benetworkedandlinkedtogetherto acentralsystem.This systemwill thenprocessll the
inputsandrespond An exampleis thatof heatingandlighting; whenthereis apersonn theroom,
thenthe programwill turn onthelights otherwisethey will beturnedoff to save electricty

[13] and[14] areexamplesof a passve beaconwith a uniqueidenti er. Theidenti er is used
to bothuniquelyidentify theuserandprovide accessontrol. This datais broadcasto the system
andthe allowed actionswill be presentecr actualized(e.g. ,the locked door will open,music
will play). The devices have also beenextendedto allow for tracking of the userin an of ce
ernvironment.

Whatif we wereto considerthe inverseof the systempresented?f the beaconsor passve
elementsveredistributedabouttheroom(e.g.,in thelight switchesheatingandcoolingcontrols)
andthewearablecomputingusercarriedthe“smart” element{i.e. theWearComp)thenthecontrol
of thesystencouldbebasedntheuser Therewould benoneedto network thebuilding or havea

19
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centralsystemcollectingall the datafrom the sensor@ndtrying to predictwhatthe useris doing.
Instead the usercould interactthroughthe wearablecomputerwith the ervironment,turning on
thelights whenthe userentersa roomandturning off the lights whenhe/sheexits. This putsthe
systemof control on the userin the form of a wearablecomputer If the userwishedto allow
his/herpresencedo be known, he/shecould connectwith otherusersnearbyandtransmithis/her
location.

Thisis aninvestigatiorof work by [15] whichis anexampleof thisinversesystem.Theobjects
androomsareembeddedvith infraredbeaconsindtherecever or “smart” elementis embedded
into theusers EyeTapandWearComp.

4.2 Active Mediated Reality Environments

This chaptempresentsAMRE, a systemfor the locationof, andinteractionwith, wirelessobjects
throughan EyeTap mediatedreality environment. In ervironmentscontainingmultiple wireless
devicesthatcanbeusedthereexiststheproblemof locatingandselectingspeci ¢ devices. AMRE
functionsby reducingtheamountof availablewirelessdevicesthatarepresentedo theuseronly to
thosecurrentlyin theusers mediatedeld of view. Thisis donethroughthe useof a combination
of line of sightandnon line of sight wirelesstechnologies.Using the wirelesstechnologiego
transmitdataand control information, the EyeTap device is ableto displayinformationsuchas
labelsandgraphicaluserinterfacesasspeci ed by the remotedevice. This allows for interaction
with thewirelessdevice of interestthroughthe users mediatedview.

An ervironmentthatis denselypopulatedwith wirelessdevices can becomeconfusingand
dif cult to navigateanduse.Onecanbepresentedvith anassortmentf devices,withoutknowing
thelocationof thosedevicesin the physicalervironment.

AMRE workswith theuserto Iter outtherelevantwirelessdevicesfrom thosein the back-
ground.Relevanceis de ned asthosewirelessdevicesthatareviewablethroughthe EyeTap. This
usesthe humanisticintelligenceto dictatethatthe interestingobjectsarethe onesin the current

eld of view. AMRE wirelesslylocatessuchdevicesand provideslabelsfor themthroughthe
EyeTap reality mediator enablingthe userto easily selecta speci ¢ device out of all the avail-
ablewirelessdevicesaroundthem. The device, oncediscoveredandidenti ed, is ableto be used
througha wirelesstechnology Informationsuchasa computergeneratedabel or graphicaluser
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DebianLaplop

Figure4.1: Laptopviewedandidenti ed throughlrDA. Thetext “DebianLaptop”is the computer
generatedext thatis shavn in the EyeTap.

interfaceis madeavailable.

4.2.1 Implementation
SystemOverview

AMRE consistof threeparts:initial discovery, visualidenti cation, andinteraction.

1. Discoveryis anongoingprocesghatrecognizesvhena device comesinto view of ausers
EyeTap. The placemenbf the IrDA transcerer is usedto determinewhat devicesarein
EyeTapview andareconsideredelevantto theuser It wasplaceddirectly onthe EyeTapin
orderto achieve thisandprovidesthe context of whatis currentlyof interestto theuser The
IrDA protocolhandleghediscovery of otherlrDA compliantdevicesautomatically

2. Visualidenti cation makesuseof theinformationfrom thediscovery processThisinforma-
tion is transmittedrom the device andis usedto generatea labelandprovide the necessary
informationto identify whatremotedevicesarecurrentlyavailableto theuser Thewearable
computerperformsthis operationcontinually and presentshe locateddevicesto the user



22 CHAPTER4. AMRE: ACTIVE MEDIATED REALITY ENVIRONMENTS

)
| Live Broadcast

S e,

xcaplive.c
xcaplive.h
xcaplive.o
tangfiDebianLaptop: |}

Figure4.2: Theview throughthe EyeTap composedf anxcaplive displayandaremoteGUI
window connectedo the Laptop.

throughthe EyeTapin the form of text labelsin the displayasrequestedAt this pointthe

systemhasenoughinformationto begin interactingwith the device asillustratedin Figures
4.1and4.2.

3. Interactionwith thedevice is controlledby the EyeTap userthroughthe wearablecomputer
andall informationpresenteds transferredrom the remotedevice asillustratedin Figure
4.2. Thisinformationis transmittedrom thedevice of interestanddoesnotneedto bestored
in thewearablecomputeror retrievedthroughan externalnetwork. It canusethelrDA link

or a high speednon line of sightwirelesscommunicationdardware suchas Bluetoothor
802.11b

With the useof Bluetoothor 802.11b,interactionwith the device cancontinuethrougha high
speedink thatis nonline of sight. This allows for interactionfrom a considerablealistanceaway.
This alsoallows for the useof the device evenwhenoneis notableto “see” it, thisis desirablan
familiar environmentssuchasthe homeor of ce; auserwill know whatdevice namescorrespond
to which devices. Throughthe useof the wearablecomputer thesenamescanbe madedefaults
andif notavailableotherdevicescanbe searcheaut.
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Figure4.3: (a) Theprojectively transformedmagethatis usedto mediatethe scene (b) A reality
userinterface(RUI): theidealway to incorporatehe GUI into the existing ervironmentfor atrue
mediatedeality.

4.3 Mediated Reality

Ideally, to have an operationallyconstantinteractionwith the world the GUI window would be
placedinto theimagestreamasillustratedin Figure4.3. Theresultis areality userinterface[1].
In this casethe world is dimishedbecausehereis the removal of information and at the same
time it is augmentedhroughthe additionof computergeneratednformation,in effect creatinga
mediatedreality [16]. Thedif culty liesin the placemenbf the window asthis informationmust
be known a-priori.

4.4 Summary

The AMRE systemallows for the presentatiorof textual labelsor graphicaluserinterfacesfrom
wirelessdevicesthatarein the users view. This is accomplishedhroughthe useof an EyeTap
reality mediatorandthe useof humanistidntelligence.
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Chapter 5

Creating Mediated Reality with Hardware
Acceleratedimage Registration

Many currentgraphicschipsetsincorporatehardware speci cally designedo achieve fastreal—
time renderingof texture mappedpolygonsaswell ashardware designedor Itering and pixel
interpolationto createaccurateexture maps. In particular graphicschipsetsaretunedto create
perspectie projectionsof planarsurfaces. Thereforeby texture mappingthe imageto a planar
surface and then applying the desiredprojection, the imagewill be projectedby the computer
graphicshardware. Thiswill beshown to befasterthendoingthe projectionsn software.

In this way, the computergraphicshardware, which is usually usedfor image synthesisjs
insteadbeingusedfor the purposeof acceleratinga computervision algorithm (imageanalysis)
andin theconstructiorof a sharednediatedreality.*

5.1 Background

5.1.1 VideoOrbits and Projective Flow

Motion is informationthatis availablein a time varying sequencef images.This motioncanbe
causedy movementin thescenejn the caseof a staticcamerapr by themovementof thecamera
itself (i.e. egomotion).

1This work hasalsobeenpresentedn [17].

25
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It is understoodhattheimageof the scends a projectionof the 3D world ontoa 2D surface.
As the objecttraversesthroughthe sceneit will projectonto differentpartsof the image. Thus
thevectorthatconnectghese? locationson theimagein relationto the vectorthatrepresentshe
motionof theactualobjectcanbede ned asthemotion eld.

“Optical ow is the distribution of apparent/elocitiesof movementof brightnesgatternsn
animage”[18]. Optical o w is notthesameasthemotion eld. For example whenawhitediscis
spinningon awhite backgroundthe optical o w is zerobut motion eld is not. In mostcasegshe
optical o w is equialentto the motion eld. We malke the assumptiorthatthe optical o w that
canbecalculatedwill berepresentatie of themotion eld. In fact,wewill beassumingagradient
(i.e. imagebrightnesspasedapproacho calculatingoptical o w. Thegradientbasedmethoduses
spatial-temporagbartial derivativesto estimatethe optical o w.

Assuming,thatthe brightnessof theimagedoesnot change E(x;t), this would alsorequire
thatshadaevs andilluminationsare not changingandthatthe objectdoesnot deformgreatlyasit
travelsthroughthescene:

E(x;t) = E(x+ x;t+ ) (5.1)

Thereforeeachpointin framet is atranslatedversionof the pointin framet + t, and x,
and t areintherationus = x= t andthisis thetranslationalo w velocity at thatpoint. In
the caseof a singlemotion of the cameraandno independentlynoving objectsin the sceneu;
is constantacrosshe scene. Expandingequations.1in a Taylor seriesanddroppinghigherorder
terms,we getthe brightnessonstang constraintequationBCCE):

ur Ex+E; 0 (5.2)

whereE, = dE(X;t)=dxis thespatialderivativeandE; = dE(x;t)=dtis thetemporalderiva-
tive. VideoOrhbitsis a direct featurelessnethodfor estimatingthe “exact” projectve coordinate
transformthatregisterspairsof imageg19]. A projectve coordinatetransformexactly describes
the motionin two casef staticscenes(1) imagestakenfrom the samelocationof a 3D scene
with a camerahatis freeto pan,tilt or rotateaboutits opticalaxisand(2) imagesof a at scene
takenfrom arbitrarylocations.

A commonassumptiorin optical o w for computervision is that the coordinatetransform
betweerframesis af ne. Althoughanafne modelwill accountor rotationaboutthe opticalaxis
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of the camerazoom of the cameraand puresheaythe af ne modelcannotcapturepanandtilt
andcannotthereforeshav the “k eystoning” and*“chirping”. However, the 8 parameteprojectve
model givesthe desired8 parametershat exactly accountfor all possiblezero-parallaxcamera
motionsincludingkeystoningandchirping.

Whenthe changefrom oneimageto anotheris small, optical o w may be used. Whenmin-
imizing the error of the Horn and Schunkbrightnessconstang constraintequationthe modelfor
the o w is projective. Wherethe projective coordinatedransform(PCT)is de ned as,

" #
X AXy]"+b _ Ax+b
0_ — - .
X yO cTx;y"+1 cTx+1 (5-3)
Thisis solvedby substituting,
Up = X0 x = XF b (5.4)

cx+ 1

into equation5.5. However, therewill be a discrepeng betweenthe projectve model velocity
U andtheactual o w velocity us dueto the violationsof the optical o w constraintge.g. par
allax, shadev movement,noisefrom CCD sensors).Thereforewe apply the techniqueof linear
regressiorandsolve for a bestleast-squares$ by minimizing,

X Ax + b 2
" G WEE (5.5)

whereE, andE; arethespatialandtemporalderivatives.
Minimizing (5.5)is simpli ed by weightingby (cx + 1), giving:

X
" = (AX +b ("X + 1)X)TE, + (c"x + 1)E; ° (5.6)

where",, denotegsheweightederror.
To solvefor theminimum,we differentiatewith respecto thefreeparameters ; b; andc, and
settheresultto zeroto give alinearsolution:

[a11; @12; br; @o1; @n0; by €15 )" (5.7)

where T = [Ex(%y; 1), Ey(x;y;1);XE;  X?Ex  XxyEy;yE: XyEx  Y?Eyl.
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This following schemas oftenusedin with multi-scaleGaussiampyramidin orderto account
for large motions. The following stepswill be run at eachlevel several timesandthe resulting
projective parametersvill be passedorwardto the next level astheinitial estimation.

(1) Estimate the eight parameter®f the projective coordinatetransformthat relatesthe two

imageframes py.
(2) Apply theprojective coordinategransformpy to theappropriatemage.

(3) Estimatetheprojective coordinatdransformbetweerthetransformedmagedandthe other
untransformedmage,py+1 -

(4) Resampleusethelaw of compositionto accumulatehe effect of thepy's.

(5) Repeatstepsl-4 until desiredaccuray is achiazed or maximiumnumberof repetitionsis
reached.

5.1.2 VideoOrbits: Image Registration and Image Composites

An exampleof VideoOrbitsimageregistrationis illustratedin Figure5.1. Theimagesin Figure
5.1(a), (c) and(e) aretheindividual framesof video capturedoy an EyeTap wearer Theimages
in Figure5.1 (b), (d) and(f) undego a projectve coordinatetransformto make themappearas
viewed from the perspecitie of the Figure5.1 (a). The imagesareregisteredand compositedn
Figureb.2.

5.2 Optimizing VideoOrbits

VideoOrbitsis well suitedfor applyingOpenGLvideoacceleratioecaus&/ideoOrbitss arepet-
itive multiscalealgorithm.Figure5.3shonvstheVideoOrbitsalgorithm. The stepof thealgorithm
which canbe acceleratedavith graphicshardwareareoutlinedin bold. For afully interactve me-
diatedreality systentheVideoOrbitsalgorithmneedgo run real-timeor at 30 framespersecond.

Since,the VideoOrbitsalgorithmandits implementaions the basisof the VideoOribtsHead
Tracker (VOHT), andVideoOrbitsGyroscopicHead Tracker(VOGHT) , the optimizationof the
VideoOrbitsalgorithmwill resultin anoptimizationin boththeVOHT andVOGHT andtheshared
mediatedeality system(referto Chapter6).
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Figure5.1: (a)(c)(e):Framesof videofrom an EyeTap device. (b)(d)(f): Imagesthathave under
gonea projective coordinategransformto matchthe perspectie of (a).
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Figure5.2: The projectvely transformedmagesare registeredand “cemented’togetherinto an
imagecomposite.

5.3 Mapping Projective Coordinate Transformations

In OpenGL,the most straightforward way of applyingthe projectve coordinatetransformation
of VideoOrbitsis to considerequation5.11to be a transformatiorto be appliedto the projection
matrix usedin OpenGL.

The operationof applying a projectve coordinatetransformatiorto an imageis isomorphic
(isomorphicreferspreciselyto algebraiasomorphismsasdiscussedh [20]) to the procesof pro-
jectingatexturemappedoolygonunderperspectie projectionin OpenGL[1]. Thus,hardwareac-
celerationof VideoOrbitsprojectie transformationganbe achiazedby de ning anisomorphism
betweenthe projective spaceof VideoOrbitsandthe projectve spaceand homogeneousoordi-
natesystemof OpenGL.An isomorphism is de ned by a mappingof VideoOrbitsprojective
transformation$ to OpenGLprojectionmatricesM :

'G! M (5.8)

In theVideoOrbitsalgorithm,the projective coordinatdransformatior{(PCT)is writtenasequation
5.3. Thus,it de nes an eight parametespace. The transformatiorcanbe re-writtenasa Rz 3
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Figure5.3: TheVideoOrbitsalgorithm. The stepsshawn in solid darklineshave beenaccelerated
usinggraphicshardware available on common3D acceleratedomputergraphicschipsets. This

gure is from [17].
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matrix: 2 32 3
a;n app by X

g an ax b ég y é = Gx (5.9)
a ¢ 1 1
whereit canbe seerthatthe setof projective coordinatdransformatiorformsagroupactingupon
asetS of imagecoordinates.

Thus,whatis desireds someisomorphism mappingtheprojective coordinatéransformation
of VideoOrbitsto aR,4 4 projectionmatrixin OpenGL.
Thedesiredsomorphisnis givenby:

02 31
a; anx by
(G) = %g a1 axn b Z§ (5.10)
GG ¢ 1
2 3
l=a, axn b
a 1= 0
_ E 12 a1 by % (5.11)
C Cy 1 0

0 0O 01

This mappingtakesinto accountthe differentcoordinatesystemsand corventionsusedby each
program.Equation5.11is usedasa camerdaransformatiormatrix. Thus,it describeshetransfor
mationthe cameraundegoes suchthatthe planewill appearasrequiredunderOpenGLperspec-
tive projection.

To performtheimageprojectionin OpenGL theimageis rst loadedntotheOpenGLprogram
asa texture map. Thenthe camerais positionedandthe perspectie projectionis applied. The
resultingimageis readout of the buffer andtheimageis stored.

5.4 Measurementsof OpenGL acceleration

To determinghespeed—-upttainedby usinghardwareaccelerationa programusingthe hardware
acceleratiorwascomparedwith the softwarealgorithm. A setof projective coordinatetransfor

mationswas generatediccordingto the equationsof [21]. All programswererun on a wearable
computerwith a 700 MHz Pentium—Illprocessqrwith 64 MB of RAM. The wearablecomputer
hadan Intel i810 graphicschipset. This computerwas using the GNU/Linux operatingsystem
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Figure5.4: Projectiontimesfor VideoOrbitssoftware, Mesa3D(using software rendering)and
Mesa3Dwith DRI hardwarerenderingenabled.This gure is from [17].

andthe directrenderinginterface(DRI) which allows directaccesgo the graphicshardwarefor
programs.

Figure 5.4 shows the resultsof timing a single projectionusingthreemethods:1) a program
usingMesa3Dandavailable computergraphicshardwareandDRI; 2) a programusingMesa3D,
usingsoftwarealgorithms;3) a programrunningthe equialentVideoOrbitsalgorithm.

Thus, an additional programis discussecdhere, which usesthe software implementationof
Mesa3D(actuallythe Mesa3Dprogramis the sameasthe DRI program with thedirectrendering
turnedoff). The software Mesa3Dwas examinedbecausat is consideredo be well optimized
codefor computergraphicsapplications.Thus,computervision algorithmscanalsobene t from
the speedandoptimizationsusedin computergraphicssoftware. So,on machinesvhich maynot
bene t from 3D graphicsaccelerationiMesawill still implementanoptimizedsoftwareprojection,
andadditionallythis wasexamined.
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VideoOrbits: Hardware DRI vs. CPU
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Figure5.5: Projectiontimesfor VideoOrbitsusingDRI vs. the CPU givenvaryingimagesizes.
All imageshadidenticalprojectionparametersThis gure is from [17].

For the plot of Figure 5.4, the input imagesize was set, and different projectionparameters
weregivento the threedifferentprogramsandthetime takento projectthe imagewasrecorded.
Theprojectionsusedwereindependentotationsabouteachof the principleaxis,with amaximum
rotationof 15 degreesaboutary axis. Fromthe data,the averagespeedupetweenVideoOrbits
usingDRI vs. usingtheCPUwas2:75 . TheaveragespeeduppetweenVideoOrbitsandtheMesa
softwarerenderingvas1:48 andthe averagespeeduppetweerthe Mesasoftwarerenderingand
theDRI implementatiorwas1:83 . Thisspeedueri es thatour DRI implementatiordid indeed
usetheavailablegraphicshardware.

Figure5.5showvstheeffect of hardwareacceleratiomninputimagesof differentsizes.For this
gure, the projectionparametersvere held constantandthe inputimagesizewasvaried. In all
casesthehardwareaccelerategrogramprojectedheimagefasterthanVideoOrbits. Thesmallest
imagesizewas76 58andthelargestinputimagesizewas435 331 Theslopeof alinearbest
t line throughthe plot is 2:99. Thus,for this rangeof inputimagesizes,the hardware speedup
was2:99 .

Figure 5.6 shaws the effect of differentprojectionparameter®n the speedof the projection.
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VideoOrbits: Hardware DRI vs. CPU
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Figure5.6: Projectiontimesfor VideoOrbitsprogramspneusingDRI andtheotherthe CPU.The
algorithmwasgivena x edinputimageandthe projectionparametersvere varied (resultingin
largeroutputimages).This gure is from [17].
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For this plot, the input imagewasheld constantput the projectionparametersverevaried. The
largerprojectiontimesshavn corresponavith increasinghumberof outputpixelsof theresulting
image. Thus,this plot is measuringhe effectsof increasecamountsof pixel interpolation,since
large outputimagesrequiredmore pixel interpolationsincetherewere more outputpixels. The
slopeof this graphwas 4.07. Slopeheremay be interpretedashow well eachof the programs
usingDRI andthe CPUdealtwith moreinterpolationbeingrequired.Thus,the hardwarewasable
to handleincreasecimountof interpolationd:07 fasterthanthe VideoOrbitssoftware.

5.5 Summary

It wasdemonstratedhat currentgraphicshardware, which is designedo achieve fastreal-time
renderingof texture mappedpolygons,canbe usedto acceleratehe VideoOrbitsalgorithm. This
wasdoneby mappingthe projective coordinateransformatiorinto anequivalentperspectie pro-
jective cameraview. This causedthe imagetransformatiornto occurin hardwareratherthenin
softwarecausinga 2:75x speed—upThisis a rst stepin the useof computergraphicshardware
to allow for real-time(30 framespersecond}executionof the VideoOrbitsalgorithmon wearable
computers.



Chapter 6

SeeingEyeto Eye: a shared mediated
reality using EyeTap devicesand the
VideoOrbits GyroscopicHead Tracker

This chaptempresenta systemwhich allows wearablecomputerusersto sharetheir views of their
currentervironmentswith eachother The systemusesan EyeTap: a device which allows the eye
of thewearerto functionbothasacameraandadisplay A wearey by looking aroundhis/herervi-
ronment,“paints” or “builds” anervironmentmapcomposef imagesfrom the EyeTap device,
alongwith head—trackingnformationrecordingthe orientationof eachimage.The head-tracking
algorithm usesa featurelessmage motion estimationalgorithm coupledwith a headmounted
gyroscope.The ervironmentmapis thentransmittedto anotheruser who, throughhis/herown
head-trackingeyeTap system browsesthe rst users ervironmentsolely by headmotion, seeing
theenvironmentasthoughit weretheirown. As aresultof brovsingthe transmittedenvironment
map,theviewer buildsandextendshis/herown ervironmentmap,andthusthisis adata—producing
head—trackingystem.Theseervironmentmapscanthenbesharedeciprocallybetweerwearers:

1This work hasalsobeenpresentedn [22].
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6.1 Background

6.1.1 VOHT: Video Orbits Head Tracking

Headtrackings importantin developinga usefulvision driveninterface.[23] surveys mary types
of trackingsystemdor usein virtual andaugmentedeality systemsMany of thesystemslepends
on the existenceof externalbeaconattachedo the user or the existenceof specialsensorsn the
local ervironment. This limits the mobility of the headtrackingsystembecausé¢he headmotion
is con nedto theareain whichthe sensoraresetup.An alternateapproachs theuseof computer
visiontechniquedor therecovery of egomotion[24].

Therefore,a VideoOrbitshead—trackr [16] is basedon the recorery of egomotion,which is
the motion of the cameraor headin the caseof an EyeTap device. The VideoOrbitsalgorithm
performshead—trackingisually, basedon a naturalenvironment,andworkswithout the needfor
objectrecognitionor externalbeacons.nsteadit is basedon algebraicprojectve geometry and
afeaturelessneansof estimatingthe changen spatialcoordinatesarisingfrom movementof the
wearers head asillustratedin Figure6.3.

Headtrackrshave aproblemwith drift [25]. Drift is whentheheadtracker measuremergrad-
ually shifts. Thisis especiallyapparentvhenthe headis keptstill andis dueto the accumulation
of smallerrors. The projective coordinatetransformestimateghat are maderelative from frame
to frame (P,,) have errorsdueto violations of static scene,ndependentlymoving objects,non
rotationalheadmotion,or theinability to correctlyregisterframesof video.

W
I:)composed = Pn (6.1)

n=1
wherePcomposed aNdP,, areexpressedn matrix form:
" #
A b
P = (6.2)
c’ 1
S0, Pcomposed @acCumulateshe errorpresentn eachP, andis illustratedin Figure6.1.
The mainissueis that headtracking, by comparingimagesin a pairwisefashion,is running
an openloop systemwith no feedbackmechanisms.A solutionis the implementationof the
“referenceframe” [27, 28] asillustratedin Figure 6.2. The framesof video, insteadof being

comparedpairwiseare nov eachcomparedagainsta referenceframe. The referenceframeis



6.1. BACKGROUND 39

U )
1% 2% Homo
LK ik

\/ \/\/
\//

composed

Figure6.1: Pcomposed IS cOmposedf projective coordinatetransformsPy, P, andPs. Peomposed
will transformimageU, to the perspectie of U;.

System Drift With and Without Reference Frames

14 T T T T T T T T T

System Drift Without Reference Frames

12 q

Drift (degrees)

EN
T
I

System Drift Using Reference Frames

»2 L L L L L L L L L
0 100 200 300 400 500 600 700 800 900 1000

Frame Number

Figure6.2: Thisgraphshowvstheeffectof referencdrameuseon systendrift. For thisexperiment,
thecameravasheldin a x edposition.This gure is from [22] and[26].

choserto bethe rst frameinitially andcanbeupdatedr changedvhencertainconditionsaremet
(e.g.adisplacemengeneratesinerrorwhich exceedsa threshold which will seta new reference
frame). The referenceframe also allows for somerobustnessan the caseof an independently
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moving object. This effectively createsa closedloop systemin which small errorsare prevented
from accumulating.

The VOHT is ableto calculatethe egomotionof the headto sub-pixel accurag [28] when
the magnitudeof the motion is small. However, whenthe motionis large, the optical o w as-
sumptionswill breakdown andimageregistrationwill not occurandthereforethe egomotionis
unrecwerable.

6.1.2 VOGHT: Video Orbits Gyrscopic Head Tracker

The VideoOrbitsalgorithmis ableto calculatethe egomotionof the camerabasedon algebraic
projectve geometryandprojectve o w [16]. Projectve o w is mostaccuratevhenthe motion
betweenmagesis small. The headmotion of a typical usercanvary betweerarge motions(e.g.
sweepingthe headfrom sideto side) and small motions(e.g. evenlooking intently at a single
objectwill resultin somemotion of the head). If the motion is large enoughso that thereis
insufcient overlapbetweentwo adjacenframesof imagesthenthe VideoOrbitsalgorithmwill
beunableto calculatehe projective coordinatdransformthatrelateghetwo imagesandrecovery
of egomotionis impossible.

The useof a pair of small,low cost,vibrating elementgyroscopesvith the VOHT allows for
theestimationof theserelatively large motionsof the head[26]. Therotationalmotionof thehead
asmeasuredy the gyroscopesanbe usedasaninitial estimatefor the VideoOrbitsalgorithm.
Themotionestimatedy thegyroscopas corvertedinto aprojective coordinatdransfornmthrough:

" #
A b
WRW 1= roq T Py (6.3)
Cc
2 f . 3
S
wherew = § 0 & g Z; (6.4)
0O 0 1

R is the rotationmatrix in Euler anglescorrespondingdo the gyroscoperotationsin the camera
coordinatesystem.f, andf, arethecamerafocal lengths, S, andS, arethe dimensionf the
videoimages(Oy; Oy) is thepointof intersectiorof the optical axis of the cameraandthe sensor
array(in units of pixels),and is a scalefactorusedto normalizethe lastentryin the projectve
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Figure6.3: The "VideoOrbits' head-tracking algorithm: Thenew head—trackinglgorithmre-
guiresno specialdevicesinstalledin theervironment. The cameran the Personalmagingsystem
simply tracksitself basedon its view of objectsin the ervironment. The algorithmis basedon
algebraicprojectve geometryandprovidesan estimateof thetrue projective coordinateransfor
mation,which, for successie imagepairsis composedisingthe projectve group[19]. Successie
pairsof imagesmaybeestimatedn theneighbourhooaf theidentity coordinateransformatiorof
thegroup,while absoluteheadtrackingis doneusingthe exactgroupby relatingthe approximate
parameterg) to the exact parameter in the innermostioop of the process.This gure is from
[16].
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Tracking Error vs. Interframe Displacement
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Figure6.4: This graphcompareghetrackingability of VideoOrbitsandthe gyroscopaised.The
errorbarsrepresenthevariancen thetrackingerrorandaredisplayedasonetenththeactualsize.
For this experimenttheexecutiontime for VideoOrbitswaslimited to 0.3s perframe.Underthese
circumstancesye canseethatif theinterframedisplacemenis lessthanfour degrees the algo-
rithm converges,resultingin very smallerror. Beyondfour degrees,corvergenceis not achieved,
resultingin unusablePCT estimates.While not shavn, the errorin the gyroscoperemainsfairly

constanbeyondfour degreesof interframedisplacementThis gure is from [22] and[26].

coordinateransformmatrixto one.A ; b andc arethe projective coordinataransformparameters
de nedin Equation5.3.
The VideoOrbitsGyroscopicHeadTracker (VOGHT) calculateghe absolutecameramotion
by calculatingthe PCT thatrelatesthe currentframeto a baseframeasdonein the VOHT.
Thegyroscopas ableto corvertalargerotational(i.e. head)motioninto aPCTwhichis used
asaninitial guesdor the VOHT. Thisis doneby composinga nev PCT estimategP.) whichis to
beappliedto the new frameof videobeforeestimatingts PCTwith respecto thereferencdrame.

Pe= P, PPy (6.5)

wherePy is the PCT estimatedy the gyroscopeP; is the PCT describingthe positionof the
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Figure6.5: Gyro/ VideoOrbitsTracker Block Diagram.This Figureis from [22] and[26].

lastframeof videoandP, is thePCTdescribinghepositionof thereferencdrameand isascale
factorto normalizethelastentryof the PCTto one.

Thegyroscope# theVOGHT systemareconstanthydrifting (i.e. runningopenloop) andneed
to be correctedfor. However, the drift is small and canbe accountedor throughthe useof the
VideoOrbitsalgorithm. This is doneby comparingthe PCT calculatedoy VideoOrbitswith that
suppliedby the gyroscope.If the motion of bothis smallthenthe VideoOrbitsestimates used.
Whenthemotionis large,the meansquareerrorreturnedoy VideoOrbitsis examined,f theerror
exceedsathresholdhenpoorregistrationis assumedndthe gyroscopePCT estimates used.

The gyroscopeas computationallysimpleandis ableto provide usefulinformationon arange
of rotationalheadmotions.Unfortunatelyit is inaccurateandis subjectto constanand uctuating
drift. 'When combinedwith the VOHT, the gyroscopeand VideoOrbitsalgorithm complement
eachotherasillustratedin Figure6.4. The VideoOrbitsalgorithmis ableto accuratelycalculate
the PCT for small motionsandthe gyroscopecan provide a usefulestimateof the PCT in large
motions. The estimates usedasaninitial guesdor the VideoOrbitsalgorithm,or it canbe used
to approximatea PCTin the caseof purerotationalmotion.
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Wearer A

Wearer B

Figure6.6: EyeTapwearerA, EyeTapwearerB. This gure is from [22].

6.2 Shared Mediated Reality

EyeTapdeviceshave beenusedfor thetransmissiorof live videocapturedrom theusers perspec-
tive of the surroundingervironment. In a previous study EyeTap reportersaccomplishwireless
ElectronicNews Gathering[29 that allow viewersto remotelyexperienceeventsasif they were
actuallypresent.

In contrastthe systemthatwe now proposesimilarly allows usersto seethrougheachother's
eyes,yetwithoutthe constrainof following exactly the broadcastes point of view. This develop-
mentis extremelyimportant,sinceexactly following anothergazeof shalky EyeTap video canbe
disorientingandnauseatingTheway we scanour ervironmentis very stronglytied to thephysical
motion thatwe are currentlyexperiencing togethemwith the vestilular cues. Obsenation of live
eye or headmountedvideois generallymuchlessstablewhenviewed vicariouslythanwhatwe
seemto experiencean reality sinceour perceptuakystemdoesmuchof the stabilizationbasedon
our physicalmotions,andvestilular cues[1].



6.2. SHAREDMEDIATED REALITY 45

The sharednediatedeality systemallows userswearingEyeTap devicesto sharetheir visual
experience. As eachuserlooks around,they createa visual/temporaimap of their surrounding
ervironment. By sharingthis visual history, userscanseethroughthe eyesof another They are
ableto look aboutwithout beingconstrainedo a singlepointof view, ratherbeingableto generate
new projectie views from the visual/temporakrvironmentmaps. In Figure 6.6, WearerA, in
a grocerystore,is building an ervironmentmap (ul; u2; u3; u4) thatincludesan imageof milk
cartons.WearerB is browsingwearerA's ervironmentmapathome. Theimagesul; u2; u3; u4)
areusedto generateerspectiely correctimagesthatcorrespondo the views of (v1;v2;v3;v4)
andaredisplayedn thepositions(v1; v2; v3; v4), replacingwearerB's view of thechairandplant.
At the sametime, wearerB is incidentally constructingan environmentmap of the home,which
would allow wearerA to view the chairandplantfrom WearerB's position.

Peopleoften scantheir environmentwith quick headrotations.As aresult,a large percentage
of EyeTapvideo canbe describedwith a high degreeof accurag) by a cameramoving abouta
x edcenterof projectionin a staticsceneUsingthis simpli cation andapplyingthe VideoOrbits
algorithmto projectiely transformthe images,magesfrom arbitrarycameraorientationscanbe
synthesizedy forming a compositeof spatially relevant neighbouringimages. The vicariously
experiencecervironmentcanthusbe obsered from ary angle,allowing the userto navigatethe
virtual ervironmentby rotatingtheir headasif they wereactuallythere.

6.2.1 VideoOrbits

Sincethemotionof aheadmountedcameraor Eye Tapbetweersuccessie framesof videocanbe

approximatedrery well by a purerotation,a projectve coordinatetransformatiorcanbe usedto

registera pair of overlappingimageswith sub—pixel accurag [1]. Well registeredmagescanthen
be combinedto createimagecompositeof greaterspatialextent. By generatinghis composite
imagewith appropriatelyprojective coordinateransformedmagesandcroppingtheresult,arbi-

trary cameraorientationscanbe simulatedasillustratedin Figures6.7 and6.8, thereforeallowing

auserto view anothers ervironmentwithout beinglimited to previously held viewpoints.

While thistechniques exactfor situationswhereeachuserviews their world throughpurero-
tation,performancen thenon—ideatases improvedby theextra vedegreesof freedomprovided
by the 8 parameteprojective coordinateransform.The extendedreedomallows for visually ac-
ceptablecompositeso beformedin mary casesvherethepurerotationconditionhasbeenclearly
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violated. Thisis especiallytruein outdoorurbanenvironmentswheremary videosequencebave
dominantplanarsurfaces.

6.2.2 HeadTracking

In the proposedsharedmediatedreality system,a usermay navigate anothers ervironmentby
rotatingtheir headto achiese a desiredpoint of view. The users headmotionsareapproximated
by purerotations,sincethe sharedervironmentmap doesnot easily provide depthinformation.
Theimagesthat comprisethe ervironmentmapare storedwith the associatedotationalposition
thatde nestheorientationin whichthey werecaptured.This methodof browsingtheernvironment
mapprovidesthe experienceof seeingthroughthe otherusers eyes.

The proposedsharedreality systemrequiresthe projective coordinatetransformbetweenm-
agesaswell asrotationalorientationof the cameraduringtheir capture.This informationis pro-
videdby amodi ed versionof the VOGHT.

6.2.3 VOGHT: ReferenceFrame Database

TheVOGHT wasextendedo usea sphericalgrid of referencdrames.Thisis necessarwhenthe
headmotionwill causethe currentframeof videoto have no overlapwith the currentreference
frame. At this point the VideoOrbitsalgorithmwill be unableto calculatethe PCT thatrelatesthe
two images.

The ReferenceFrameDatabasas a sphericallyindexed databasef referencamagesof the
ervironmentthatarecontinuouslycollectedandupdatedhroughnormalsystemuse.Eachimage
in thedatabasencludesatime stampa3—Drotationmatrix (R, ) describinghecameraorientation,
aPCT(P;) describingts projective positionwith respecto thereferencdrame. Referencdrames
are selectedfor usewith VideoOrbitsbasedon the currentposition estimategenerateddy the
gyroscope.

It is importantto notethatif large headrotationsoccur it is possiblefor consecutre image
framesto have no overlapat all. This canpreventVideoOrbitsfrom estimatinga usefulPCT in
the casewherethe sphereof ernvironmentimagesis poorly populatedand no nearbyreference
imagesexist. In this casea new referencamagewill be storedwith a gyro-generate®@CT. New
referencamageswith gyroscopegenerated®CTscanalsobe createdf VideoOrbitscannot nd
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goodregistrationwith anexisting referencdrame.

ImageswhoseassociatedPCTswere generatedy VideoOrbitsare selectedn preferenceo
thosewhosepositionswere estimatedoy the gyroscopealone. More recentimagesare selected
in preferencdo olderimagesto accountfor ervironmentchanges.Eachtime a referencerame
is usedsuccessfullyits timestamps updatedo ensurethatit continueso be usedinsteadof its
neighbours.

Referencdramesaresaved whenthe currentvideoimageis offsetfrom the currentreference
frame by a signi cant amount. This amountis dependenbn the cameras eld of view andthe
systemresource®f the operatingplatform. The sphereof referencamagesis mappedo a two
dimensionalmatrix, indexed by equalincrementof azimuthand elevation. In experimentation,
two degreeincrementswere used. The remainingentriesof the matrix are marked as NULL,
asthey areredundant.Searchinghis matrix is simple sincethe cameraposition canbe directly
relatedthe positionin this matrix. If the searchincludesNULL entries,their nearesheighbours
(of greaterazimuthandelevation)areused.It is importantto notethatlargecameravelocity atthe
time of imagecapturecangeneratemageblurringwhich negatively impactsthefunctioningof the
VideoOrbitsalgorithm. Theseblurredimagesaregenerallyrejecteddueto their high MSE results.

6.3 SeeingEyeto Eye: a shared mediatedreality

The requirementor the sharedmediatedreality systemto store, retrieve and spatially register
imagesis satis ed by makinguseof the sphericalreferencdrame databas¢hatis maintainedoy
the VOGHT for headtracking purposes.The referenceframeimagesare storedalongwith the
rotationalorientationof the cameraR,, projectve parameter®,, andindexed by integer values
( ; ), representingheazimuthandelevationof the cameraorientation.

Sharingof themediatedealityis accomplishedby transferringhisreferencdramedatabaséo
wearemB, who canuseasecondVOGHT anda browserprogramto synthesizeviews of wearerA's
ervironmentmapfrom an arbitraryviewing direction. As long asthe ervironmentmap contains
somereferencamagesn theneighbourhoof theprecisedirectiondesiredthe browvserprogram
will displaya correctlyprojectedview.

Synthesiof views is performedby taking the currentestimateof the rotationalposition(R)
of wearerB's VOGHT andusingits equivalentPCT (P) to re—projectwearerA's referencam-
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Figure6.7: Outdoors:threeexampleviews by wearerB of the ernvironmentmapthatwassynthe-
sizedfrom a singlereferencdramefrom wearerA.
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Figure 6.8: Outdoors:the ernvironmentmap generatedy wearerA, andthe views of that map
synthesizedby wearerB usingmultiple referencdrames.This gure is from [22].
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Figure 6.9: Indoors: the ervironmentmap that wearerB generatesvhile browsing wearerA's
outdoormap.This gure is from [22].
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agesto wearerB's viewpoint. In orderto increasethe creationspeedof the synthesizediiew, a

boundingbox is computedandonly thereferencéamagesthatwill contributeto the nal view are

re—projected.In orderto minimize compositionerror due to usertranslationandindependently
moving objects theimagesarecomposedn chronologicabrdersuchthatthe mostrecentimages
areplacedontop.

Thusthe headtracking of wearerB is usedto provide a perspectie with which to view the
ervironmentmapgeneratedy wearerA. As wearerB rotateshis/herhead,new perspectiesare
suppliedto the browserprogram which causethe projectionandsynthesiof new portionsof the
ervironmentmap. All theseprojectionsarerelative to wearerB's currentheadposition,thusall
navigationis performedsolelywith headmovement.

Thecomputatiorof theboundingbox canbeadjustedo theavailablecomputationatesources,
balancingnal imagequality againsiexecutiontime. On aresourceonstrainedvearablecomput-
ing system,the projective coordinatetransformmay be applied only to the single closestand
newvestimageasillustratedin Figure6.7.

The resultingimagewill be quite completeif the image from the mapis nearthe desired
viewing perspectie. If theimagefrom the mapis distantfrom the viewing perspectie, thenthe
generatedmagewill notbe completedueto thefactthatthereis noinformationavailable.

If the searchareais large,thenmultiple imagesfrom the mapcanbe projectvely transformed
andregisteredsee gures 6.8and6.9). Thisregisteredmageallows for thecreationof acomplete
imagefor thedesiredperspectie evenif thereis noimagein the mapatthatexactperspectie.

Theimagesthatareprojectedareselectedy theposition( ; ) of theVOGHT. This estimate
is usedto calculatea regionin whichto applythe projective coordinatdransform.Thenusingthe
projectedmagesanimagecompositas formed. Fromthis compositehe correctview is cropped.
A rangeof imagesis usedin orderto usea sufcient amountof datafrom which to generateghe
new frame.

The gyro positionof theimagedoesnot affect the calculationof the projectionof theimages,
it is usedonly to selecttheregionthe scenewill be constructedrom. The searctsizeof thearea
is atunableparametera small parameters usefulon aresourceconstrainedvearablecomputing
system.Thiswill applythe projective coordinateransformto the closestandnewvestimage. The
resultif theimageis neartheview will be quitegood,howeverif thereis noimagenearbythenno
imagecompositecanbegenerated.
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6.3.1 Demonstration

Thesystemmaybeseenin actionin gures 6.8and6.9,demonstratingesultsof wearerB brows-
ing anenvironmentmapcreatedoy wearerA. The rst imagein gure 6.8shovstheervironment
mapthatwearerA hasgeneratedutof doorsonaverandaTheboundingooxindicategheportion
thatwearerB is currentlyviewing. The rst imageof gure 6.9 shavsthecorrespondingiew of
B's ervironmentinsidea laboratory with the boundingbox describedyy the EyeTap. The middle
imagesshawv theresultof looking to theright: in gure 6.8theview hasmovedto the middle of
theervironmentmap,whilein gure 6.9,we seethatweareB is simultaneouslynappingouttheir
own environment. The nal pair of imagescarriesthis procesdurther, andalsorevealshow the
systemhandlegshe caseof insufcient referencdramesto Il aview completely:thereis a nar
row bandof white at thetop of theboundingboxin gure 6.8 indicatinganareawith insuf cient
informationin the ervironmentmap.

6.4 Accounting for the Cameralntrinsic Parameters

The EyeTap devices are custommadeprototypesand as such containdifferent cameras. In a
sharedmediatedreality, the remoteervironmentmapswill be generatedy the remoteEyeTap
with camerantrinsic parameterl ... . The browserwill have an EyeTapwith camerantrinsic
parameter$, . . Thereforeto createtheview of theremoteervironmentthroughthe EyeTap of
thelocal user the intrinsic parametersf both camerashave to be accountedor in equation6.6.
This allows not only the correctprojective transformatiorbut accountdor the differencesn each
EyeTap's camerantrinsic parameters.

Piew = P, 1|\/Iint loc Mintrem Pn; (6.6)
2
fy 0 Oy
Mu=8 0 f, O L; 6.7)
0 0 1

wheref ,, f, arethefocallengthandO,, O, is thelocationof theimagecenterin pixel coordinates.
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6.5 Summary

The Eyeto Eye sharedmediatedreality systemallowed usersto exchangetheir currenterviron-
mentsthroughthe EyeTap reality mediator The views weregenerate@ndcontrolledthroughthe
users headmotionusingthe VOGHT. The VideoOrbitsalgorithmwasintegral in the systemand
was usedto calculatethe projective coordinatetransformsbetweenimagesaswell asin image
registrationfor the creationof imagecomposites.

Dueto the constrainedcomputingpower of the wearablecomputerandthe limited bandwidth
of thewirelessconnectionijt is not feasibleto transmitevery capturedrame. Throughthe useof
aheadtracker, the framescapturedandtransmittedareoptimizedto spanthe entirespherearound
theuserin anefcient manner

This wasdemonstratedhroughthe useof the systembetweenwo wearablecomputerusers,
oneoutdoorsandoneindoors. The views generatedhadthe correctperspectie andallowedeach
viewer to seethe other's ervironmentasif it weretheir own. Thisresultedn theusersseeingeye
to Eyein aprojectvely stabilizedsharednediatedeality.
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Chapter 7
Conclusion

Throughthe constructionof an EyeTap device and wearablecomputer a mediatedreality sys-
tem wasimplemented.The understandingyseandintegration of wirelesstechnologiesuchas
Bluetooth,802.11bandIrDA in GNU/Linux wasdonein orderto createa network of wearable
computers.

Theline of sightlIrDA andnonline of sightBluetoothand802.11bwirelesstechnologiesvith
the useof EyeTap reality mediatorsallowed for the interactionbetweenthe wearablecomputer
userandobjectsin theervironment.Theobjectsmediatedhereality of the EyeTapuserat his/her
discretionby providing informationsuchaslabelsandgraphicaluserinterfaces.

Interactionsbetweenwearersof EyeTap deviceswasexploredin Chapter6. This allowedthe
user by looking aroundhis/herernvironment,to “paint” or "build” anervironmentmapcomposed
of imagedrom theEyeTapdevice,alongwith head—trackingnformationrecordingthe orientation
of eachimage. The ervironmentmapis thentransmittedo anotheruser who, throughtheir own
headtrackingzyeTap system browsesthe rst users environmentsolely by headmotion, seeing
theenvironmentasthoughit weretheir own.

The VideoOrbitsalgorithm formed the basisof the SeeingEyeto Eye: a shared mediated
reality using EyeBp devicesand the VideoOrbitsGyroscopicHead Tradker. In a desireto have
the systemrun fasterwith anultimate goal of real-time (30 framesper second) the VideoOrbits
implementationvas optimizedto usemoderncomputergraphicshardwareto do computational
vision versugraditionalimagesynthesis.

This demonstratethe feasibility of “active” and“shared”mediatedreality ervironmentsthat
awearablecomputerusercaninteractwith in nearreal-time.In thefuture,it would be bene cial

55
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to bring the active andsharedcomponent®f the mediatedreality togetherso thatnot only could
one interactwith one's ervironmentor seeanothers, the usercould also interactwith another
ervironment,throughseeingthatremoteervironmentasif it weretheir own. Finally, to have all
of this runningat real-timewould allow for the constanuseof suchsystems.
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