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Abstract

“Mediatedreality affordstheEyeTapapparatustheability to augment,diminishor otherwise

alterourperceptionof reality.”[1] Thegoalof thisresearchis to demonstrateinteractiveandshared

mediatedrealities.

TheEyeTaprealitymediatoris usedwith Bluetooth,802.11bandIrDA wirelesstechnologiesto

implementa systemthatallows for theinteractionbetweenthewearerandobjectsin theenviron-

ment. TheEyeTapdevice canmediatereality with informationsuchaslabelsandgraphicaluser

interfacesthat is transmittedover wirelessnetworks from objectsin the environment. A shared

mediatedreality is demonstratedthroughtheimplementationof a systemthatallows for themap-

ping of anEyeTapwearer's environmentthroughtheVideoOrbitsGyroscopicHead–Tracker. The

environmentmapis thentransmittedto anotherEyeTapwearer, who, throughheadmotionis able

to browsetheremoteenvironmentasif it weretheirown.
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Chapter 1

Intr oduction

Theuseof computershasbeenintegratedinto daily life, especiallywith theprevalenceof thein-

ternet.This demandfor informationandthenecessarycomputermachineryto accessit is demon-

stratedby thewidespreadacceptanceof personalcomputingdevicessuchascellularphonesand

personaldigital assistants.

Thesedevicesare limited in their featuresandrepresentan attemptto addressthe issuesof

mobilecomputing.The�eld of wearablecomputingpresentsadifferentsolutionto theintegration

of thecomputerandaccessto information.Throughwearablecomputingandmediatedreality, new

methodsfor interactingwith theenvironmentarecreated.Speci�cally, mediatedreality involves

changingthe way a userviews andinteractswith the world. This is donethroughthe useof an

EyeTap reality mediatorwhich “taps” the eye by functioningasboth a cameraanddisplay. The

display is the inverseof the cameraand is referredto asthe “aremac” [1]. The EyeTap device

allows for thecapture,transmissionanddisplayof “li ve” video.Thisvideoor sequenceof frames

of imagescanbecomputationallyprocessedto createamediatedreality.

The designand implementationof an EyeTap, wearablecomputerandwirelessnetworks is

discussedin Chapter3. ThewirelessEyeTapsystemis usedto demonstrateactivemediatedreality

environments(AMRE). An AMRE systemhasobjectsthat provide information and interfaces

availableonly throughtheEyeTapreality mediatorasdescribedin Chapter4.

Theability to mathematicallyrelateseparateframesof imagesfrom a videosequenceis done

throughthe useof the VideoOrbitsalgorithm. The VideoOrbitsalgorithm calculatesthe exact

projective coordinatetransformationthat registerssuccessive pairsof imagesin a sequence.The

VideoOrbitsalgorithmallows for thecreationof imagecomposites,calculationof egomotion(i.e.

1



2 CHAPTER1. INTRODUCTION

headtracking)andad-replacement(anexampleof mediatedreality).

For the goal of a fully mediatedreality, the VideoOrbitsalgorithmwill needto run in real–

time. SincetheVideoOrbitsalgorithmandits implementationareusedasthebasisof muchof the

research,increasingthespeedof VideoOrbitsis desirable.Throughtheuseof existing computer

graphicshardware and the OpenGLstandard,sectionsof the VideoOrbitsalgorithmwereopti-

mized. This takescomputergraphicshardwarewhich is generallyusedfor imagesynthesisand

insteadusesit for acceleratingacomputervision algorithm.This is discussedin Chapter5.

The conceptof a sharedmediatedreality is explored in Chapter6. A wirelessnetwork of

wearablecomputerusersareableto mapandsharetheir currentenvironments.The remoteuser

is able to browse the environmentmap solely throughheadmotionsand the imagesgenerated

correspondto theperspectiveof theremoteusersheadmotion.



Chapter 2

Background: Mediated Reality, EyeTap

devicesand Humanistic Intelligence

2.1 Virtual, Augmented,and Mediated Reality with wearable

computersand EyeTap devices

Theneedfor informationandtheuseof computersin accessingthat informationhasalwaysbeen

limited by thelocationof thecomputingmachinery. Frommainframesto personalcomputersand

laptops,informationwasonly accessiblewhile the userwas interactingwith the machine. The

wearablecomputersolvesthis problemby makingthecomputingmachineryavailableto theuser

at all times. In putting the computingmachineryon the person's body, issuessuchas weight,

bulkinessandusability areimportant. But by moving away from the desktopparadigm,human

interactionswith themachinehave fundamentallychanged.

Thedevelopmentof thewearablecomputerhasbeenfacilitatedby theuseof theheadmounted

display (HMD) [2]. In [2] the input to the display was entirely computergenereatedand this

resultedin “virtual reality”. In a virtual reality the useronly seesraysof virtual light that are

generatedby acomputer.

HMDs with see–throughdisplaysor HMDs with video feedsfrom the real world have been

usedto superimposecomputergraphicson therealworld, resultingin “augmentedreality”. How-

ever, registrationof the real world and the computergeneratedinformation is complex andhas

involved the useof laserrange�nders andheadtrackers [3]. In an augmentedreality, the user

3



4 CHAPTER2. BACKGROUND

VIRtual
reality

AUGmented
reality

MEDiated reality

real
(actual)
objects

user

user

user

Virtual Reality (VR)

Mediated Reality (MR)

visor made of ideal
`lightspace'
glass

Augmented Reality (AR)

(a) (b)

Figure 2.1: (a) Relationshipof Virtual, Augmentedand Mediatedreality. (b) The relationship

betweensyntheticandreallight in Virtual, AugmentedandMediatedRealities.

viewsbothvirtual light andreallight or a regeneratedversionof thereallight.

Thedevelopmentof virtual andaugmentedrealitieshave beendonewith HMDs thatarecon-

nectedvia cableto a computer. The user is able to move aroundin a small spacebut is not

completelymobile.

Theuseof a wearablecomputerwith a reality mediatoralterstheway a personinteractswith

the world. A reality mediatorsuchasthe EyeTap device allows the wearablecomputeruserto

interactwith the computerand the environmentin a constantmanner. Thereare two typesof

constancy:

1. Operationalconstancy

2. Interactionalconstancy

This is in contrastto handheldvideo recorders,personaldigital assistantsand laptops. The

handheldvideo recorderneedsto be turnedon andas suchlacksoperationalconstancy. Even

if it wereto be left on, it lacks interactionalconstancy becauseit takestime to actuallyusethe
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(a) (b)

Figure2.2: (a) Examplesof variousdifferentkindsof EyeTapdevices.(b) Closeup of anEyeTap

device. Noticehow theright eye is tappedat thecenterof projectionandappearsto be replaced

by thecamera.

view�nder andstartrecording.If it wereto beheldup to theeye all the time thenit would have

interactionalconstancy which impliesoperationalconstancy.

TheEyeTapdevice,however, embodiesoperationalandinteractionalconstancy. It consistsof

threemainparts:

1. A digital camerathatmeasuresanddigitizestheincomingraysof light

2. A digital systemto processthisdigitizedstreamof information

3. An outputdevice thatconvertsastreamof numbersinto raysof light

The systemfor processingthe information is generallya wearablecomputer(WearComp).

The systemasdescribed,allows for incomingraysof light to be digitized andthenregenerated

collinearly. Thisdevice,whenplacedatthecenterof projectionof theeye,allowsfor the“tapping”

of theincomingraysof light.

Whenthesystemincludesawearablecomputerto processthestreamof information,thecom-

putercanadd,remove,or otherwisemodify theimagesbeforethey arepresentedto theuser. This

resultsin acomputermediatedreality. It is emphasizedthattherealworld caneitherbeaugmented

with computergeneratedinformation,or realworld objectscanbereplacedanddimishedby com-

putergeneratedinformation.This is in contrastto augmentedreality in whichcomputergenerated



6 CHAPTER2. BACKGROUND

informationcanonly beaddedto thescene,but theocclusionor removal of realworld information

is not donedueto the inability to completelyblock out the real sourceexcept in certainspecial

cases[3].

If theincomingstreamof datais notprocessed,thenupontheregenerationof thelight, theim-

ageis not changedin anyway, barringof course,technicallimitationsof theimplementedEyeTap

device (e.g.monochromedisplay).

Tappingthehighestbandwidthsignalsourceof thewearerwith anEyeTapandcomputationally

processingthis informationcreatesa “mediatedreality”.

2.2 Humanistic Intelligence

HumanisticIntelligenceis theresultof theintroductionof thehumaninto thecomputationalfeed-

backloop. Throughthe“operationalconstancy” of thewearablecomputerandthe“interactional

constancy” affordedthroughthe reality mediator, this humanisticintelligenceis developed.The

computerrunsin a supportingrole by performingcontinuoustaskssuchasmonitoringsensorsor

processingvideo,while thehumanprovidesthe“intelligence”; thedecisionmakingability which

is complicatedanddif�cult to reproducein amachine.

Theprevalenceof microcontrollersandwirelessdeviceshave promotedtheconceptof “ubiq-

uitouscomputing”or “smart rooms”. Theseareenvironmentsin which therearemany sensors

(e.g. cameras,speakers,motiondetectors,etc)anda centralsystemthatattemptsto predictwhat

the useris doing in orderto assistthe user. The reality is that it is quite dif�cult to understand

whata user's trueintentionsare.For instance,theintelligent lights in a roomwhich areactivated

by motionsensorsturn off whentheuseris actively doingwork in their of�ce becausethey areno

longermoving about.

However, the inverseof that systemwould make thecontrolsto theenvironmentavailableto

thewearablecomputeruser. In factit wouldreplacethe“smart” aspectof thesystemwith theusers

“humanisticintelligence”andthroughthewearablecomputerprovide themethodfor controlling

the environment;in effect, replacingarti�cial intelligencewith humanisticintelligence. For ex-

ample,theuser, throughcon�guring thewearablecomputer, couldmake known their preferences

for lighting, volumeandtemperatureandthewearablecomputerwould adjusttheenvironmentas

needed.This would take into accountindividual preference,which a smartroom would have a
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dif�cult time determining,barringsophisticatedfacial recognitionor theuseof tagswith unique

identi�ers.

The differenceis in who actually hascontrol over the room. A personin a “smart room”

is controlledby someonesomewhereelseor by no oneat all; the personis at the mercy of the

machine. A personwho cancontrol a room by interactingwith it, is in charge of the decision

makingandtheroomis just respondingto thepersonscommands.

Thecomputeris in a supportingrole, onein which it assiststhewearerin completingday to

dayactivities (referto Figure2.3). Humanisticintelligenceis importantin themotivationit gives

for theimplementationof theresearchin Chapters4 and6.

Theauthorhasusedthewearablecomputerto presenta list of wirelessdevicesthatareview-

ablethroughtheEyeTap.This is a �ltered versionof theavailabledevicesin theroomde�ning the

context of whatis interestingasthosedevicesthatarecurrentlyviewable.Thiscontext is necessary

becausetherearemany devicesto interactwith andit couldresultin anoverloadof information.

Of course,thesystemcouldbe extendedto presenta listing of all devicesin a familiar environ-

ment. This allows the wearerto usedevicesthat arenot currentlyviewablebut of interest. The

computeris functioningin asupportingrole to enhancetheuser'sprimarytaskof interactingwith

theenvironment.
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Computer

Human Human

Input Output

Computer

Input Human

Computer

Output

Human

Computer
Input Output

(a) (b) (c) (d)

Figure2.3: Thethreebasicoperationalmodesof WearComp.(a)Signal�o w pathsfor acomputer

systemthat runscontinuously, constantlyattentive to the user's input, andconstantlyproviding

informationto theuser. Over time,constancy leadsto asymbiosisin which theuserandcomputer

becomepartof eachother's feedbackloops. (b) Signal�o w pathfor augmentedintelligenceand

augmentedreality. Interactionwith the computeris secondaryto anotherprimary activity, such

aswalking, attendinga meeting,or perhapsdoing somethingthat requiresfull hand–toeye co-

ordination,like runningdown stairsor playing volleyball. Becausethe otherprimary activity is

often one that requiresthe humanto be attentive to the environmentaswell asunencumbered,

the computermustbe ableto operatein the backgroundto augmentthe primary experience,for

example,by providing amapof abuilding interior, or providing otherinformation,throughtheuse

of computergraphicsoverlayssuperimposedon top of therealworld. (c) Thewearablecomputer

canbe usedlike clothing, to encapsulatethe userandfunction asa protective shell, whetherto

protectus from cold, protectus from physicalattack(astraditionally facilitatedby armour),or

to provide privacy (by concealingpersonalinformationandpersonalattributesfrom others). In

termsof signal�o w, this encapsulationfacilitatesthepossiblemediationof incominginformation

to permitsolitude,andthepossiblemediationof outgoinginformationto permitprivacy. It is not

so muchthe absoluteblocking of theseinformationchannelsthat is important;it is the fact that

thewearercancontrolto whatextent,andwhen,thesechannelsareblocked,modi�ed, attenuated,

or ampli�ed, in variousdegrees,that makeswearablecomputingmuchmoreempowering to the

userthanothersimilar formsof portablecomputing.(d) An equivalentdepictionof encapsulation

(mediation)redrawn to depicttheinteractionbetweenuserandcomputer, wheretheencapsulation

is understoodto compriseaseparateprotectiveshell.Thisdiagramis from[1].



Chapter 3

Implementing an EyeTap and WearComp

for a mediatedreality system

“The termssystemsdesign,systemsengineering,andsystemsdesignengineeringall

referto thesameintellectualprocessof beingableto de�ne andmodelcomplex inter-

actionsamongmany componentsthatcompriseanaturalsystem(suchasanecosystem

andhumansettlement)or arti�cial system(suchasa spacecraftor intelligent robot),

and being able to implementthe systemwith properand effective useof available

resources.”[4]

Theimplementationof anEyeTapreality mediatorcomprisingof anEyeTapdevice,wearable

computer(WearComp)andwirelessnetworking technologiesformsthebasisof thesystemthatis

usedin theresearchpresentedin Chapters4 and6.

3.1 EyeTap and WearComp

The EyeTap device consistsof a cameraand an aremacseparatedby a diverter. The diverter

functionsby divertinginboundlight into thecamerasothat it maybecomputationallyprocessed

andthenresynthesizedby thearemac,this is illustratedin Figure3.1 (a). Thedivertereffectively

placesthecenterof projectionof thecameraat thecenterof projectionof theeye,theeyetappoint.

Thearemacis acomputercontrolledlight synthesizerthatis usedto draw on theuser's retina.

The author's right EyeTap (Figure 3.1 (b)) usesa fully opaquedouble–sidedmirror which

9



10 CHAPTER3. IMPLEMENTING AN EYETAP SYSTEM

RIGHTMOST
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VIRTUAL LIGHT

DIVERTER

A
R

E
M

A
C

d

d

(a) (b)

Figure3.1: (a) Schematicdrawing of anEyeTapdevice. Thecenterof projectionof theeye and

thecameraareequidistantfrom thediverter, thisdistance“d”, is calledtheeyetapdistance.

(b) TheauthorsEyeTapdevice.

allows thecomputerto augmentand/ordiminishportionsof theimagebeforepresentingit to the

user. This is in contrastto apartiallysilveredmirror whichallowsfor anaugmentedrealitybut not

adiminishedrealityexceptin specialcaseswherethevirtual light is muchbrighterthenlight from

the realworld. Thearemacis a 640x480,greenmonochromeKopin microdisplayfrom anearly

generationXybernaut.

The camerausedis an IEEE1394progressive scandigital cameraby ADS Technologies.A

IEEE1394camerawaschosenbasedon thefollowing information:

Availableon WearComp CamerasAvailable CaptureAbility

USB Yes Yes,low quality. 320x240,8 fps

IEEE1394 Yes Yes,low-highquality. 640x480,30 fps

FRAME GRABBER No Yes,low-highquality. 640x480,30fps

Table3.1: Comparisonof USB, IEEE1394andPCIFrameGrabberfor imagecapture.

USB is a 12 Mbpslow-speedbusthatis physicallyunableto handleuncompresseddataat the

sizesandframeratesdesired.FramegrabbersarePCIexpansioncards,thatallow generalpurpose

computersto do NTSC/PAL/SECAM videocapture.Dueto thefactthatthey areexpansioncards

they arenot usefulin compactwearablecomputersystems.Theauthor's work with IEEE 1394is

explainedin Section3.2.1.
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TheWearCompis a Sony Vaio Z505LSwith a 750MHz PentiumProPIII processor, 128MB

of RAM, 20GB harddrive,IEEE1394,USB, IrDA, andPCMCIA.

3.2 GNU/Linux

The wearablecomputersystemusesthe GNU/Linux operatingsystem. This choicewas made

basedon the availability of sourcecodeand the ability to do researchin a mannerthat would

not berestrictedby anenduserlicenseagreement(EULA). Thesourcecodeallows for therapid

understandingof complex operatingsystemandprogrammaticconceptsandeasesthedevelopment

of programsthat are necessaryin the adaptationof a generalpurposeoperatingsysteminto a

mediatedreality wearablecomputingsystem.

3.2.1 IEEE 1394

IEEE1394is a high speedserialbus(up to 400Mbps). It is designedto bea high-speedandlow

cost methodof connectingcomputerperipheralsandotherelectronicdevices. Thereare many

digital camerasthatareableto captureprogressivescanimagesin a varietyof formatsandframe

rates.They aretypically of muchhigherqualitythansimilarly pricedUSBcamerasandaresimpler

to integrateinto a computersystemthenframegrabbers.It wasfor thesereasonsthat theauthor

exploredtheuseof IEEE1394digital camerasin theEyeTapdevice.

The author was involved in the testing and debugging of IEEE 1394 developmentin the

GNU/Linux operatingsystem.Theauthoralsowasinvolvedin thetestinganddebuggingof “Co-

riander”[5] the�rst programto useIEEE1394digital camerasin GNU/Linux.

3.2.2 Wir elessnetworking: Bluetooth, 802.11b,IrD A

Theuseof wirelessnetworkingallowsthewearablecomputerto transmitinformationandinteract

with otherdevices. The following wirelessnetworking technologieswereexploredbasedon the

fact that they werereadily availableand in commonuse. Wirelesstechnologiessuchaspacket

radiowerenot examineddueto theneedfor an “AmateurRadioOperatorCerti�cate with Basic

Quali�cation”. The motivation is the useand exploration of technologiesthat are available to

the generalpublic. Thesewirelesstechnologiesarean integral part of the systemspresentedin
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Chapters4 and6.

Bluetooth

Bluetoothis alow powerspreadspectrumfrequency hoppingwirelesstechnologyin theunlicensed

2.4 gigahertzrange.It is currentlydesignedto operateat datatransferratesof up to 721Kbpsin

half duplex with a rangeof 10 meters. The currentimplementationof the Bluetoothdriver for

GNU/Linux, BlueZ [6] supportshardware suchas the EricssonROK 101 007 Application and

Training Tool Kit and the Xircom CreditCardBluetoothAdapterwhich were usedto connect

wearablecomputers.

Theconnectionsusedthepoint-to-pointprotocol(PPP)to establishinternetprotocol(IP) con-

nectionsthatrunover theseriallink thatBluetoothprovides.A separatePPPconnectionis needed

for eachwearablecomputerin thenetwork. This resultsin increasingcomplexity of thenetwork

asit grows.

The Bluetoothconnectionscanbe usedfor connectingtogetherwearablecomputers,but the

shortrangeis a hindrancein day–to–dayuse. Bluetoothis designedfor linking togetherseveral

simplerdevicesto awearablecomputerin apersonalareanetwork (PAN). Thiswouldbeusefulin

eliminatingthewires that connectsensors,keyboardsandheadphonesto thecomputer, although

they would not be ableto replacethe cableconnectionsfor video captureor displaydueto the

insuf�cient bandwidth.Replacementof thewiresto thecameraanddisplaywould make theEye-

Tap device lessobtrusive. The EyeTap device is situatedon the headandwires at this location

negatively impactsocialinteraction.

Theshortrangeandlow bandwidthwerefactorsagainstthedaily useof Bluetoothtechnology

for thewearablecomputersin thelab.

IEEE 802.11b

IEEE 802.11bis a direct-sequencespreadspectrumwirelesstechnologyin the unlicensed2.4

gigahertzrange.It is anewer technologycomparedto IEEE802.11whichoperatesatamaximum

of 2 Mbps. IEEE 802.11boperatesat speedsof up to 11 Mbpsandwill fall backto 5.5 Mbps,2

Mbpsand1 Mbpsdependingonsignalstrength.Therangeof IEEE802.11bis approximately305

metresin openareasandapproximately76-122metresin closedspaces.

The drivers for the Linksys WUSB ver 2.5 WirelessUSB Network Adapterin GNU/Linux
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A

B C

INTERNET

AP

Figure3.2: 802.11binfrastructurenetwork. If any of the usersA, B or C want to communicate

with eachotherthey mustdosothroughtheAP.

A

B C

INTERNET

D

Figure3.3: 802.11bad–hocnetwork. D is acomputerwhichhasawirelessandawiredconnection.

A, B, C andD cancommunicatedirectly with eachother. A, B, andC canmake a connectionto

theinternetthroughD.

A

B C

INTERNET

D

Figure3.4: 802.11bad-hocnetwork with no connectionto a wired network. A, B, C andD can

communicatedirectlywith eachother. Thereis no connectionto theinternetin this con�guration.
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typically allowed for dataratesof 250 KBps (2 Mbps). Typically, IEEE 802.11bnetworks are

designedwith accesspointswhich bridgethewired ethernetnetworkswith thewirelessnetwork.

Theseaccesspointshave �rmw arewhich usedynamichostcon�guration protocol (DHCP) for

automaticallyassigningIP addressesto the wirelessnetwork cards. The 802.11bnetwork cards

arethenrequiredto operatein infrastructuremode(seeFigure3.2). The University of Toronto

CampusWirelessNetwork (UTORcwn)is an exampleof this. The authorusedthe GNU/Linux

operatingsystemto connectto UTORcwnandmadethis informationavailableto theUniversityof

TorontoComputingandNetwork Services.This will helpothersconnectto theUTORcwnusing

GNU/Linux.

Thepreferreddesignof anetwork of wearablecomputersis thatof apeer-to-peertopology. In

orderto accomplishthis, the cardsareusedin ad-hocmodeand,with the useof network adress

translation(NAT) anda DHCPserver a wirelessrouter(“AP”) wascreated(refer to Figure3.3).

The main differencebetweenan AP anda routersuchas the one created,is the ability to use

multiple APsto cover a largerareaandto automatehand-off of usersfrom oneAP to another. It

shouldbenotedthatAPsthatarecommonlyavailablefor thehomeandhomeof�ce arenotcapable

of thismultiplecoverageandhand-off, APswith thesecapabilitiestendto costsubstantiallymore.

Thiswasthetypeof network createdin thelaboratoryanduseddaily by thewearablecomput-

ers.In theoperationof apeer-to-peernetwork, thecardsareusefulevenwithoutarouterdueto the

factthatthecardscancommunicatedirectly with eachother. This allows thewearablecomputers

to constantlyinteractwith eachothereventhoughthereis noAP suchasoff theuniversitycampus.

This is 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. The line of sight issuecanbeseenasa featureaswell as

a drawback. It meansthat for communicationsto happen,thedevicesmustbeableto “see” each

otherbut at thesametime thisallowsthesystemto infer thatthedevice is present.

IrDA operatesata rangeof speeds,serialinfrared(SIR) operatesat115Kbpsandfastinfrared

(FIR) operatesat 4Mbps.Therangeon theSIR link is approximately1-2masdeterminedexperi-

mentally.

An IrDA transceiver is usually built into most wearablecomputers,but they tend to be on
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Figure3.5: An IrDA transceiverdesignedandbuilt by theauthor.

the body of the machine. Ideally the IrDA transceiver would be placedon the EyeTap so that

interactionwith devicesby “looking” is possible.To achieve this onemight usea commercially

availableIrDA transceiver, that useserialor USB connectors.Unfortunatelythey arebulky and

tend to be on short cables. This motivatedthe authorto designand prototypea customIrDA

transceiver.

TheIrDA transceiverwasconstructedfrom aMicrochipMCP2120IrDA encoderdecoderchip,

MAX232 line driver/receiver, VishayTelefunkenTFDS4500transceiver andotherassortedparts.

The schematicandinstructionson building the device areavailableat [7] andis basedon a ref-

erencedesignin [8]. The transceiver connectsto the wearablecomputerthrougha serialcable

allowing placementasdesired.

Thisnewly built IrDA transceiverdid nothaveanexistingLinux kerneldriver. A kerneldriver

is a programthat interactswith or controlsthe hardwareandprovidesa certainsetof interfaces

to higherlevel processesin thekernel.Driverprogrammingrequiresa completeunderstandingof

the hardwarethat is beingcontrolled(e.g. issuesof timing, transferrates,registers)aswell asa

thoroughunderstandingof theprogrammaticinterfacethatis beingprovidedto thekernelandother

higherlevelprograms.Theauthorwroteakerneldriverthat�t into theexistingIrDA infrastructure

in theLinux kernel.This driver is now partof theof�cial Linux kernelandis availableunderthe

GNU generalpublic license(GPL).
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The IrDA transceiver is alsocontrollableby microcontrollerssuchas the PIC16F877.This

allows for thecreationof simpleandsmalldevicesthatcanusetheIrDA technologyto wirelessly

transferinformation.

3.3 xcaplive : a reality processingprogram

xcaplive is the programthat doesthe reality mediationprocessingon the wearablecomputer.

It capturesvideo throughthe EyeTap cameraanddisplaysit throughthe EyeTap aremac. It is

designedfor usethrougha simple keyboardinterfaceand is able to manipulatethe framesof

incomingvideo.

TheEyeTapdevicesarecustommadeprototypesandassuchhave a varietyof con�gurations

of camerasandaremacs.The camerasandaremacsmight be rotated90� or 180� dueto design

constraintsduringtheconstructionof thedevice. Therefore,xcaplive is ableto taketheincoming

imagesandapplya rangeof transformationssuchas:rotationsof 90� and180� and�ips aboutthe

x andy axes.

It is alsoable to recordimagesas they areprocessedand to transmitthemwirelessly. The

“li ve” wirelesstransmissionsof theimagesallows remoteusersto view whattheuseris currently

observing. Also, a visual history of the imagesis available throughan internet interface. An

exampleof this is “SeeingEye People”[9]. Headtracking,gyroscopicheadtrackingandvirtual

labelshavealsobeenimplementedin xcaplive thoughtheseoptionsrequirespeci�c hardwareto

run.

Throughworking with IEEE 1394(refer to section3.2.1),xcaplive wasreprogrammedto

useIEEE 1394digital cameras.The reprogrammingof xcaplive incorporateda completere-

structuringof thedesign.Usingestablishedsoftwareengineeringprinciplesin [10] xcaplive was

redesignedto incorporatethebridgeandproxy patterns[11] aswell asa source-sinkapproachto

allow for genericinputsandoutputs. This allowed for the easeof integrationof multiple input

sources(e.g. multiple cameras)andmultiple outputsinks(e.g. live transmission,saving to hard-

disk) simultaneously. Multiple inputsourcesallow for theuseof stereocomputermediatedreality

[1].
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IEEE1394
CAMERA

IEEE1394
CAMERA

USB
CAMERA

SOURCES SINKS

LIVE 
TRANS.

SAVE
TO FILE

PROCESS

XCAPLIVE

EXT.
DISPLAY

EYETAP
DEVICE

Figure3.6: xcaplive handlessourcesgenericallyandprocessesthemby applyingvarious�lters

suchasrotations,�ips, colour spacetransformations,head-tracking,etc. Finally, the processed

imageis thenhandledby a genericsink which is ableto outputtheimageasdesired.Thesource

andsinkmayalsobeto andfrom thesamedeviceasdemonstratedby theEyeTap.
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Chapter 4

AMRE: Active Mediated Reality

Envir onments

4.1 Mediated reality and interacting with the world.

Theubiquitouscomputingparadigmisdescribedin [12], involvesa“smart”aspectwhichisde�ned

asthemany computersandmicrocontrollersembeddedin theroomor devicesin theenvironment.

Thesystemstypically functionthroughtheuseof abeaconwhichwill identify usersor objects

of interest.Thisbeaconelementis typically passive.For thesmartroomto function,all thesensors

haveto benetworkedandlinkedtogetherto acentralsystem.Thissystemwill thenprocessall the

inputsandrespond.An exampleis thatof heatingandlighting; whenthereis apersonin theroom,

thentheprogramwill turn on thelightsotherwisethey will beturnedoff to saveelectricty.

[13] and[14] areexamplesof a passivebeaconwith a uniqueidenti�er. Theidenti�er is used

to bothuniquelyidentify theuserandprovideaccesscontrol.This datais broadcastto thesystem

andthe allowed actionswill be presentedor 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

environment.

What if we wereto considerthe inverseof the systempresented?If the beaconsor passive

elementsweredistributedabouttheroom(e.g.,in thelight switches,heatingandcoolingcontrols)

andthewearablecomputingusercarriedthe“smart” element(i.e. theWearComp),thenthecontrol

of thesystemcouldbebasedontheuser. Therewouldbenoneedto network thebuilding or havea

19



20 CHAPTER4. AMRE: ACTIVE MEDIATED REALITY ENVIRONMENTS

centralsystemcollectingall thedatafrom thesensorsandtrying to predictwhattheuseris doing.

Instead,the usercould interactthroughthewearablecomputerwith theenvironment,turningon

the lights whentheuserentersa roomandturningoff the lights whenhe/sheexits. This putsthe

systemof control on the userin the form of a wearablecomputer. If the userwishedto allow

his/herpresenceto beknown, he/shecouldconnectwith otherusersnearbyandtransmithis/her

location.

Thisis aninvestigationof work by [15] whichis anexampleof this inversesystem.Theobjects

androomsareembeddedwith infraredbeaconsandthereceiver or “smart” elementis embedded

into theuser'sEyeTapandWearComp.

4.2 ActiveMediated Reality Envir onments

This chapterpresentsAMRE, a systemfor the locationof, andinteractionwith, wirelessobjects

throughan EyeTap mediatedreality environment. In environmentscontainingmultiple wireless

devicesthatcanbeused,thereexiststheproblemof locatingandselectingspeci�c devices.AMRE

functionsby reducingtheamountof availablewirelessdevicesthatarepresentedto theuseronly to

thosecurrentlyin theuser'smediated�eld of view. This is donethroughtheuseof a combination

of line of sight andnon line of sight wirelesstechnologies.Using the wirelesstechnologiesto

transmitdataandcontrol information,the EyeTap device is ableto display informationsuchas

labelsandgraphicaluserinterfacesasspeci�edby theremotedevice. This allows for interaction

with thewirelessdeviceof interestthroughtheuser'smediatedview.

An environmentthat is denselypopulatedwith wirelessdevicescanbecomeconfusingand

dif�cult to navigateanduse.Onecanbepresentedwith anassortmentof devices,withoutknowing

thelocationof thosedevicesin thephysicalenvironment.

AMRE workswith theuserto �lter out therelevantwirelessdevicesfrom thosein theback-

ground.Relevanceis de�ned asthosewirelessdevicesthatareviewablethroughtheEyeTap.This

usesthe humanisticintelligenceto dictatethat the interestingobjectsarethe onesin the current

�eld of view. AMRE wirelesslylocatessuchdevicesandprovides labelsfor themthroughthe

EyeTap reality mediator, enablingthe userto easilyselecta speci�c device out of all the avail-

ablewirelessdevicesaroundthem.Thedevice, oncediscoveredandidenti�ed, is ableto beused

througha wirelesstechnology. Informationsuchasa computergeneratedlabelor graphicaluser
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Figure4.1: Laptopviewedandidenti�ed throughIrDA. Thetext “DebianLaptop”is thecomputer

generatedtext thatis shown in theEyeTap.

interfaceis madeavailable.

4.2.1 Implementation

SystemOverview

AMRE consistsof threeparts:initial discovery, visualidenti�cation, andinteraction.

1. Discovery is anongoingprocessthatrecognizeswhena device comesinto view of a user's

EyeTap. The placementof the IrDA transceiver is usedto determinewhat devicesare in

EyeTapview andareconsideredrelevantto theuser. It wasplaceddirectlyon theEyeTapin

orderto achievethisandprovidesthecontext of whatis currentlyof interestto theuser. The

IrDA protocolhandlesthediscoveryof otherIrDA compliantdevicesautomatically.

2. Visualidenti�cation makesuseof theinformationfrom thediscoveryprocess.Thisinforma-

tion is transmittedfrom thedeviceandis usedto generatea labelandprovide thenecessary

informationto identify whatremotedevicesarecurrentlyavailableto theuser. Thewearable

computerperformsthis operationcontinuallyandpresentsthe locateddevicesto the user
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Figure4.2: The view throughthe EyeTap composedof an xcaplive displayanda remoteGUI

window connectedto theLaptop.

throughtheEyeTap in the form of text labelsin thedisplayasrequested.At this point the

systemhasenoughinformationto begin interactingwith thedevice asillustratedin Figures

4.1and4.2.

3. Interactionwith thedevice is controlledby theEyeTapuserthroughthewearablecomputer

andall informationpresentedis transferredfrom the remotedevice asillustratedin Figure

4.2.Thisinformationis transmittedfrom thedeviceof interestanddoesnotneedto bestored

in thewearablecomputeror retrievedthroughanexternalnetwork. It canusetheIrDA link

or a high speednon line of sight wirelesscommunicationshardwaresuchasBluetoothor

802.11b.

With theuseof Bluetoothor 802.11b,interactionwith thedevice cancontinuethrougha high

speedlink that is nonline of sight. This allows for interactionfrom a considerabledistanceaway.

This alsoallows for theuseof thedevice evenwhenoneis not ableto “see” it, this is desirablein

familiarenvironmentssuchasthehomeor of�ce; auserwill know whatdevicenamescorrespond

to which devices. Throughtheuseof thewearablecomputer, thesenamescanbemadedefaults

andif notavailableotherdevicescanbesearchedout.
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(a) (b)

Figure4.3: (a) Theprojectively transformedimagethatis usedto mediatethescene.(b) A reality

userinterface(RUI): theidealway to incorporatetheGUI into theexistingenvironmentfor a true

mediatedreality.

4.3 Mediated Reality

Ideally, to have an operationallyconstantinteractionwith the world the GUI window would be

placedinto the imagestreamasillustratedin Figure4.3. Theresultis a reality userinterface[1].

In this casethe world is dimishedbecausethereis the removal of informationandat the same

time it is augmentedthroughtheadditionof computergeneratedinformation,in effect creatinga

mediatedreality [16]. Thedif�culty lies in theplacementof thewindow asthis informationmust

beknown a-priori.

4.4 Summary

TheAMRE systemallows for thepresentationof textual labelsor graphicaluserinterfacesfrom

wirelessdevicesthat arein the user's view. This is accomplishedthroughthe useof an EyeTap

realitymediatorandtheuseof humanisticintelligence.
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Chapter 5

CreatingMediated Reality with Hardware

AcceleratedImageRegistration

Many currentgraphicschipsetsincorporatehardwarespeci�cally designedto achieve fast real–

time renderingof texture mappedpolygonsaswell ashardwaredesignedfor �ltering andpixel

interpolationto createaccuratetexturemaps. In particular, graphicschipsetsaretunedto create

perspective projectionsof planarsurfaces. Thereforeby texture mappingthe imageto a planar

surfaceand then applying the desiredprojection,the imagewill be projectedby the computer

graphicshardware.Thiswill beshown to befasterthendoingtheprojectionsin software.

In this way, the computergraphicshardware,which is usuallyusedfor imagesynthesis,is

insteadbeingusedfor the purposeof acceleratinga computervision algorithm(imageanalysis)

andin theconstructionof asharedmediatedreality.1

5.1 Background

5.1.1 VideoOrbits and ProjectiveFlow

Motion is informationthat is availablein a time varyingsequenceof images.This motioncanbe

causedby movementin thescene,in thecaseof astaticcamera,or by themovementof thecamera

itself (i.e. egomotion).

1This work hasalsobeenpresentedin [17].

25
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It is understoodthattheimageof thesceneis a projectionof the3D world ontoa 2D surface.

As the object traversesthroughthe sceneit will projectonto differentpartsof the image. Thus

thevectorthatconnectsthese2 locationson theimagein relationto thevectorthatrepresentsthe

motionof theactualobjectcanbede�ned asthemotion�eld.

“Optical �o w is the distribution of apparentvelocitiesof movementof brightnesspatternsin

animage”[18]. Optical�o w is not thesameasthemotion�eld. For example,whenawhitediscis

spinningon a white background,theoptical�o w is zerobut motion�eld is not. In mostcasesthe

optical �o w is equivalentto themotion �eld. We make theassumptionthat theoptical �o w that

canbecalculatedwill berepresentativeof themotion�eld. In fact,wewill beassumingagradient

(i.e. imagebrightness)basedapproachto calculatingoptical�o w. Thegradientbasedmethoduses

spatial-temporalpartialderivativesto estimatetheoptical�o w.

Assuming,that thebrightnessof the imagedoesnot change,E(x; t), this would alsorequire

thatshadows andilluminationsarenot changingandthat theobjectdoesnot deformgreatlyasit

travelsthroughthescene:

E(x; t) = E(x + � x; t + �) (5.1)

Thereforeeachpoint in framet is a translatedversionof thepoint in framet + � t, and� x,

and� t arein the rationu f = � x=� t andthis is the translational�o w velocity at thatpoint. In

the caseof a singlemotionof the cameraandno independentlymoving objectsin the scene,u f

is constantacrossthescene.Expandingequation5.1 in a Taylor seriesanddroppinghigherorder

terms,wegetthebrightnessconstancy constraintequation(BCCE):

u f
T Ex + E t � 0 (5.2)

whereEx = dE(x; t)=dx is thespatialderivativeandE t = dE(x; t)=dt is thetemporalderiva-

tive. VideoOrbitsis a direct featurelessmethodfor estimatingthe “exact” projective coordinate

transformthatregisterspairsof images[19]. A projective coordinatetransformexactly describes

themotion in two casesof staticscenes:(1) imagestakenfrom thesamelocationof a 3D scene

with a camerathat is freeto pan,tilt or rotateaboutits opticalaxisand(2) imagesof a �at scene

takenfrom arbitrarylocations.

A commonassumptionin optical �o w for computervision is that the coordinatetransform

betweenframesis af�ne. Althoughanaf�ne modelwill accountfor rotationabouttheopticalaxis
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of the camera,zoomof the camera,andpureshear, the af�ne modelcannotcapturepanandtilt

andcannotthereforeshow the“keystoning”and“chirping”. However, the8 parameterprojective

modelgivesthe desired8 parametersthat exactly accountfor all possiblezero-parallaxcamera

motionsincludingkeystoningandchirping.

Whenthechangefrom oneimageto anotheris small,optical �o w maybeused.Whenmin-

imizing theerrorof theHorn andSchunkbrightnessconstancy constraintequationthemodelfor

the�o w is projective. Wheretheprojectivecoordinatetransform(PCT)is de�ned as,

x0 =

"
x0

y0

#

=
A [x; y]T + b
cT [x; y]T + 1

=
Ax + b
cT x + 1

: (5.3)

This is solvedby substituting,

um = x0 � x =
ax + b
cx + 1

� x (5.4)

into equation5.5. However, therewill be a discrepency betweenthe projective modelvelocity

um andtheactual�o w velocity uf dueto theviolationsof theoptical �o w constraints(e.g. par-

allax, shadow movement,noisefrom CCD sensors).Thereforewe apply the techniqueof linear

regressionandsolvefor a bestleast-squares�t by minimizing,

" =
X �

(
Ax + b
cT x + 1

� x)T Ex + E t

� 2

(5.5)

whereEx andE t arethespatialandtemporalderivatives.

Minimizing (5.5) is simpli�ed by weightingby (cx + 1), giving:

"w =
X �

(Ax + b � (cT x + 1)x)T Ex + (cT x + 1)E t
� 2

(5.6)

where"w denotestheweightederror.

To solvefor theminimum,wedifferentiatewith respectto thefreeparametersA ; b; andc, and

settheresultto zeroto givea linearsolution:

� X
�� T

�
[a11; a12; b1; a21; a22; b2; c1; c2]T (5.7)

where� T = [Ex (x; y; 1); Ey(x; y; 1); xE t � x2Ex � xyEy; yE t � xyEx � y2Ey ].
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This following schemeis oftenusedin with multi-scaleGaussianpyramidin orderto account

for large motions. The following stepswill be run at eachlevel several timesandthe resulting

projectiveparameterswill bepassedforwardto thenext level astheinitial estimation.

(1) Estimate the eight parametersof the projective coordinatetransformthat relatesthe two

imageframes,pk .

(2) Apply theprojectivecoordinatetransformpk to theappropriateimage.

(3) Estimatetheprojectivecoordinatetransformbetweenthetransformedimagedandtheother

untransformedimage,pk+1 .

(4) Resampleusethelaw of compositionto accumulatetheeffectof thepk 's.

(5) Repeatsteps1-4 until desiredaccuracy is achievedor maximiumnumberof repetitionsis

reached.

5.1.2 VideoOrbits: ImageRegistration and ImageComposites

An exampleof VideoOrbitsimageregistrationis illustratedin Figure5.1. The imagesin Figure

5.1 (a), (c) and(e) aretheindividual framesof videocapturedby anEyeTapwearer. Theimages

in Figure5.1 (b), (d) and(f) undergo a projective coordinatetransformto make themappearas

viewed from the perspective of the Figure5.1 (a). The imagesareregisteredandcompositedin

Figure5.2.

5.2 Optimizing VideoOrbits

VideoOrbitsis well suitedfor applyingOpenGLvideoaccelerationbecauseVideoOrbitsis arepet-

itivemultiscalealgorithm.Figure5.3showstheVideoOrbitsalgorithm.Thestepsof thealgorithm

which canbeacceleratedwith graphicshardwareareoutlinedin bold. For a fully interactive me-

diatedrealitysystemtheVideoOrbitsalgorithmneedsto run real–timeor at30 framespersecond.

Since,theVideoOrbitsalgorithmandits implementaionis thebasisof theVideoOribtsHead

Tracker (VOHT), andVideoOrbitsGyroscopicHeadTracker(VOGHT) , the optimizationof the

VideoOrbitsalgorithmwill resultin anoptimizationin boththeVOHT andVOGHTandtheshared

mediatedreality system(referto Chapter6).
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(a) (b)

(c) (d)

(e) (f)

Figure5.1: (a)(c)(e):Framesof videofrom anEyeTapdevice. (b)(d)(f): Imagesthathave under-

goneaprojectivecoordinatetransformto matchtheperspectiveof (a).
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Figure5.2: The projectively transformedimagesareregisteredand“cemented”togetherinto an

imagecomposite.

5.3 Mapping ProjectiveCoordinate Transformations

In OpenGL,the most straightforward way of applying the projective coordinatetransformation

of VideoOrbitsis to considerequation5.11to bea transformationto beappliedto theprojection

matrixusedin OpenGL.

The operationof applyinga projective coordinatetransformationto an imageis isomorphic

(isomorphicreferspreciselyto algebraicisomorphisms,asdiscussedin [20]) to theprocessof pro-

jectingatexturemappedpolygonunderperspectiveprojectionin OpenGL[1]. Thus,hardwareac-

celerationof VideoOrbitsprojective transformationscanbeachievedby de�ning anisomorphism

betweenthe projective spaceof VideoOrbitsandthe projective spaceandhomogeneouscoordi-

natesystemof OpenGL.An isomorphism� is de�ned by a mappingof VideoOrbitsprojective

transformationsG to OpenGLprojectionmatricesM :

� : G ! M (5.8)

In theVideoOrbitsalgorithm,theprojectivecoordinatetransformation(PCT)is writtenasequation

5.3. Thus, it de�nes an eight parameterspace.The transformationcanbe re-writtenasa R3� 3
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IMAGE PAIR, g AND h

CONSTRUCT AN IMAGE PYRAMID
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LOWEST RESOLUTION DESIRED
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Figure5.3: TheVideoOrbitsalgorithm.Thestepsshown in solid darklineshavebeenaccelerated

usinggraphicshardwareavailableon common3D acceleratedcomputergraphicschipsets.This

�gure is from [17].
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matrix: 2
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whereit canbeseenthatthesetof projectivecoordinatetransformationformsagroupactingupon

asetS of imagecoordinates.

Thus,whatis desiredis someisomorphism� mappingtheprojectivecoordinatetransformation

of VideoOrbitsto aR4� 4 projectionmatrix in OpenGL.

Thedesiredisomorphismis givenby:

� (G) = �

0

B
B
@

2

6
6
4

a11 a12 b1

a21 a22 b2

c1 c2 1

3

7
7
5

1
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A (5.10)
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� a12 1=a11 b1 0
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0 0 0 1

3

7
7
7
7
5

(5.11)

This mappingtakesinto accountthe differentcoordinatesystemsandconventionsusedby each

program.Equation5.11is usedasacameratransformationmatrix. Thus,it describesthetransfor-

mationthecameraundergoes,suchthattheplanewill appearasrequiredunderOpenGLperspec-

tiveprojection.

To performtheimageprojectionin OpenGL,theimageis �rst loadedinto theOpenGLprogram

asa texture map. Thenthe camerais positionedandthe perspective projectionis applied. The

resultingimageis readoutof thebuffer andtheimageis stored.

5.4 Measurementsof OpenGL acceleration

To determinethespeed–upattainedby usinghardwareacceleration,aprogramusingthehardware

accelerationwascomparedwith the softwarealgorithm. A setof projective coordinatetransfor-

mationswasgeneratedaccordingto theequationsof [21]. All programswererun on a wearable

computerwith a 700MHz Pentium–IIIprocessor, with 64 MB of RAM. Thewearablecomputer

hadan Intel i810 graphicschipset. This computerwasusingthe GNU/Linux operatingsystem
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Figure5.4: Projectiontimes for VideoOrbitssoftware,Mesa3D(usingsoftwarerendering)and

Mesa3Dwith DRI hardwarerenderingenabled.This �gure is from [17].

andthedirect renderinginterface(DRI) which allows direct accessto thegraphicshardwarefor

programs.

Figure5.4 shows the resultsof timing a singleprojectionusingthreemethods:1) a program

usingMesa3DandavailablecomputergraphicshardwareandDRI; 2) a programusingMesa3D,

usingsoftwarealgorithms;3) a programrunningtheequivalentVideoOrbitsalgorithm.

Thus, an additionalprogramis discussedhere,which usesthe software implementationof

Mesa3D(actuallytheMesa3Dprogramis thesameastheDRI program,with thedirectrendering

turnedoff). The softwareMesa3Dwasexaminedbecauseit is consideredto be well optimized

codefor computergraphicsapplications.Thus,computervision algorithmscanalsobene�t from

thespeedandoptimizationsusedin computergraphicssoftware.So,on machineswhich maynot

bene�t from 3D graphicsacceleration,Mesawill still implementanoptimizedsoftwareprojection,

andadditionallythiswasexamined.
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Figure5.5: Projectiontimesfor VideoOrbitsusingDRI vs. the CPUgivenvarying imagesizes.

All imageshadidenticalprojectionparameters.This �gure is from [17].

For the plot of Figure5.4, the input imagesizewasset,anddifferentprojectionparameters

weregivento thethreedifferentprograms,andthetime takento projectthe imagewasrecorded.

Theprojectionsusedwereindependentrotationsabouteachof theprincipleaxis,with amaximum

rotationof 15 degreesaboutany axis. Fromthe data,the averagespeedupbetweenVideoOrbits

usingDRI vs. usingtheCPUwas2:75� . TheaveragespeedupbetweenVideoOrbitsandtheMesa

softwarerenderingwas1:48� andtheaveragespeedupbetweentheMesasoftwarerenderingand

theDRI implementationwas1:83� . Thisspeedupveri�es thatourDRI implementationdid indeed

usetheavailablegraphicshardware.

Figure5.5showstheeffectof hardwareaccelerationoninput imagesof differentsizes.For this

�gure, the projectionparameterswereheldconstant,andthe input imagesizewasvaried. In all

cases,thehardwareacceleratedprogramprojectedtheimagefasterthanVideoOrbits.Thesmallest

imagesizewas76� 58andthelargestinput imagesizewas435� 331. Theslopeof a linearbest

�t line throughthe plot is 2:99. Thus,for this rangeof input imagesizes,thehardwarespeedup

was2:99� .

Figure5.6 shows theeffect of differentprojectionparameterson the speedof the projection.
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Figure5.6: Projectiontimesfor VideoOrbitsprograms,oneusingDRI andtheothertheCPU.The

algorithmwasgivena �x ed input imageandthe projectionparameterswerevaried(resultingin

largeroutputimages).This �gure is from [17].
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For this plot, the input imagewasheldconstant,but theprojectionparameterswerevaried. The

largerprojectiontimesshown correspondwith increasingnumbersof outputpixelsof theresulting

image.Thus,this plot is measuringtheeffectsof increasedamountsof pixel interpolation,since

large output imagesrequiredmorepixel interpolationsincethereweremoreoutputpixels. The

slopeof this graphwas4:07. Slopeheremay be interpretedashow well eachof the programs

usingDRI andtheCPUdealtwith moreinterpolationbeingrequired.Thus,thehardwarewasable

to handleincreasedamountsof interpolation4:07� fasterthantheVideoOrbitssoftware.

5.5 Summary

It wasdemonstratedthat currentgraphicshardware,which is designedto achieve fastreal–time

renderingof texturemappedpolygons,canbeusedto acceleratetheVideoOrbitsalgorithm.This

wasdoneby mappingtheprojectivecoordinatetransformationinto anequivalentperspectivepro-

jective cameraview. This causedthe imagetransformationto occur in hardwareratherthen in

softwarecausinga 2:75x speed–up.This is a �rst stepin theuseof computergraphicshardware

to allow for real–time(30 framespersecond)executionof theVideoOrbitsalgorithmonwearable

computers.



Chapter 6

SeeingEye to Eye: a shared mediated

reality usingEyeTap devicesand the

VideoOrbits GyroscopicHead Tracker

Thischapterpresentsasystemwhichallowswearablecomputerusersto sharetheir viewsof their

currentenvironmentswith eachother. ThesystemusesanEyeTap: a device which allows theeye

of thewearerto functionbothasacameraandadisplay. A wearer, by lookingaroundhis/herenvi-

ronment,“paints” or “builds” anenvironmentmapcomposedof imagesfrom theEyeTapdevice,

alongwith head–trackinginformationrecordingtheorientationof eachimage.Thehead–tracking

algorithm usesa featurelessimagemotion estimationalgorithm coupledwith a headmounted

gyroscope.The environmentmapis thentransmittedto anotheruser, who, throughhis/herown

head-trackingEyeTapsystem,browsesthe�rst user's environmentsolelyby headmotion,seeing

theenvironmentasthoughit weretheir own. As a resultof browsingthetransmittedenvironment

map,theviewerbuildsandextendshis/herownenvironmentmap,andthusthisis adata–producing

head–trackingsystem.Theseenvironmentmapscanthenbesharedreciprocallybetweenwearers.1

1This work hasalsobeenpresentedin [22].

37
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6.1 Background

6.1.1 VOHT: Video Orbits HeadTracking

Headtrackingis importantin developinga usefulvision driveninterface.[23] surveysmany types

of trackingsystemsfor usein virtual andaugmentedrealitysystems.Many of thesystemsdepends

on theexistenceof externalbeaconsattachedto theuser, or theexistenceof specialsensorsin the

local environment.This limits themobility of theheadtrackingsystembecausetheheadmotion

is con�ned to theareain whichthesensorsaresetup.An alternateapproachis theuseof computer

vision techniquesfor therecoveryof egomotion[24].

Therefore,a VideoOrbitshead–tracker [16] is basedon the recovery of egomotion,which is

the motion of the cameraor headin the caseof an EyeTap device. The VideoOrbitsalgorithm

performshead–trackingvisually, basedon a naturalenvironment,andworkswithout theneedfor

objectrecognitionor externalbeacons.Insteadit is basedon algebraicprojective geometry, and

a featurelessmeansof estimatingthechangein spatialcoordinatesarisingfrom movementof the

wearer's head,asillustratedin Figure6.3.

Headtrackershaveaproblemwith drift [25]. Drift is whentheheadtrackermeasurementgrad-

ually shifts. This is especiallyapparentwhentheheadis keptstill andis dueto theaccumulation

of small errors. Theprojective coordinatetransformestimatesthataremaderelative from frame

to frame (Pn ) have errorsdue to violationsof static scene,independentlymoving objects,non

rotationalheadmotion,or theinability to correctlyregisterframesof video.

Pcomposed =
NY

n=1

Pn (6.1)

wherePcomposed andPn areexpressedin matrix form:

P =

"
A b

cT 1

#

(6.2)

So,Pcomposed accumulatestheerrorpresentin eachPn andis illustratedin Figure6.1.

The main issueis that headtracking,by comparingimagesin a pairwisefashion,is running

an openloop systemwith no feedbackmechanisms.A solution is the implementationof the

“referenceframe” [27, 28] as illustratedin Figure 6.2. The framesof video, insteadof being

comparedpairwiseare now eachcomparedagainsta referenceframe. The referenceframe is
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Figure6.2: Thisgraphshowstheeffectof referenceframeuseonsystemdrift. For thisexperiment,

thecamerawasheldin a �x edposition.This �gure is from [22] and[26].

chosento bethe�rst frameinitially andcanbeupdatedor changedwhencertainconditionsaremet

(e.g.a displacementgeneratesanerrorwhich exceedsa threshold,which will seta new reference

frame). The referenceframe also allows for somerobustnessin the caseof an independently
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moving object. This effectively createsa closedloop systemin which smallerrorsareprevented

from accumulating.

The VOHT is able to calculatethe egomotionof the headto sub-pixel accuracy [28] when

the magnitudeof the motion is small. However, whenthe motion is large, the optical �o w as-

sumptionswill breakdown andimageregistrationwill not occurandthereforethe egomotionis

unrecoverable.

6.1.2 VOGHT: Video Orbits GyrscopicHead Tracker

The VideoOrbitsalgorithmis able to calculatethe egomotionof the camerabasedon algebraic

projective geometryandprojective �o w [16]. Projective �o w is mostaccuratewhenthe motion

betweenimagesis small. Theheadmotionof a typical usercanvary betweenlargemotions(e.g.

sweepingthe headfrom side to side)andsmall motions(e.g. even looking intently at a single

object will result in somemotion of the head). If the motion is large enoughso that thereis

insuf�cient overlapbetweentwo adjacentframesof images,thentheVideoOrbitsalgorithmwill

beunableto calculatetheprojectivecoordinatetransformthatrelatesthetwo images,andrecovery

of egomotionis impossible.

Theuseof a pair of small, low cost,vibratingelementgyroscopeswith theVOHT allows for

theestimationof theserelatively largemotionsof thehead[26]. Therotationalmotionof thehead

asmeasuredby the gyroscopescanbe usedasan initial estimatefor the VideoOrbitsalgorithm.

Themotionestimatedby thegyroscopeis convertedintoaprojectivecoordinatetransformthrough:

WRW � 1 = �

"
A b

cT 1

#

= �P g (6.3)

whereW =

2

6
6
4

f x
Sx

0 Ox
Sx

0 f y

Sy

Oy

Sy

0 0 1

3

7
7
5 ; (6.4)

R is the rotationmatrix in Euler anglescorrespondingto the gyroscoperotationsin the camera

coordinatesystem.f x andf y arethecamerafocal lengths, Sx andSy arethedimensionsof the

videoimages,(Ox ; Oy) is thepointof intersectionof theopticalaxisof thecameraandthesensor

array(in unitsof pixels),and� is a scalefactorusedto normalizethe lastentry in theprojective
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Figure6.3: The `VideoOrbits' head–tracking algorithm: Thenew head–trackingalgorithmre-

quiresnospecialdevicesinstalledin theenvironment.Thecamerain thePersonalImagingsystem

simply tracksitself basedon its view of objectsin the environment. The algorithmis basedon

algebraicprojectivegeometry, andprovidesanestimateof thetrueprojectivecoordinatetransfor-

mation,which,for successiveimagepairsis composedusingtheprojectivegroup[19]. Successive

pairsof imagesmaybeestimatedin theneighbourhoodof theidentitycoordinatetransformationof

thegroup,while absoluteheadtrackingis doneusingtheexactgroupby relatingtheapproximate

parametersq to theexact parametersp in the innermostloop of the process.This �gure is from

[16].
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Figure6.4: This graphcomparesthetrackingability of VideoOrbitsandthegyroscopeused.The

errorbarsrepresentthevariancein thetrackingerrorandaredisplayedasonetenththeactualsize.

For thisexperiment,theexecutiontimefor VideoOrbitswaslimited to 0.3sperframe.Underthese

circumstances,we canseethat if the interframedisplacementis lessthanfour degrees,thealgo-

rithm converges,resultingin very smallerror. Beyondfour degrees,convergenceis not achieved,

resultingin unusablePCTestimates.While not shown, theerror in thegyroscoperemainsfairly

constantbeyondfour degreesof interframedisplacement.This �gure is from [22] and[26].

coordinatetransformmatrix to one.A ; b andc aretheprojectivecoordinatetransformparameters

de�ned in Equation5.3.

The VideoOrbitsGyroscopicHeadTracker (VOGHT) calculatestheabsolutecameramotion

by calculatingthePCTthatrelatesthecurrentframeto a baseframeasdonein theVOHT.

Thegyroscopeis ableto converta largerotational(i.e. head)motioninto aPCTwhich is used

asaninitial guessfor theVOHT. This is doneby composinga new PCTestimate(Pe) which is to

beappliedto thenew frameof videobeforeestimatingits PCTwith respectto thereferenceframe.

Pe = �P � 1
r PlPg; (6.5)

wherePg is thePCTestimatedby thegyroscope,Pl is thePCTdescribingthepositionof the
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lastframeof videoandPr is thePCTdescribingthepositionof thereferenceframeand� is ascale

factorto normalizethelastentryof thePCTto one.

Thegyroscopesin theVOGHTsystemareconstantlydrifting (i.e. runningopenloop)andneed

to be correctedfor. However, the drift is small andcanbe accountedfor throughthe useof the

VideoOrbitsalgorithm. This is doneby comparingthePCT calculatedby VideoOrbitswith that

suppliedby the gyroscope.If themotionof both is small thentheVideoOrbitsestimateis used.

Whenthemotionis large,themeansquareerrorreturnedby VideoOrbitsis examined,if theerror

exceedsa thresholdthenpoorregistrationis assumedandthegyroscopePCTestimateis used.

Thegyroscopeis computationallysimpleandis ableto provide usefulinformationon a range

of rotationalheadmotions.Unfortunately, it is inaccurateandis subjectto constantand�uctuating

drift. When combinedwith the VOHT, the gyroscopeand VideoOrbitsalgorithm complement

eachotherasillustratedin Figure6.4. TheVideoOrbitsalgorithmis ableto accuratelycalculate

the PCT for small motionsandthe gyroscopecanprovide a usefulestimateof the PCT in large

motions.Theestimateis usedasaninitial guessfor theVideoOrbitsalgorithm,or it canbeused

to approximateaPCTin thecaseof purerotationalmotion.
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6.2 SharedMediated Reality

EyeTapdeviceshavebeenusedfor thetransmissionof livevideocapturedfrom theuser'sperspec-

tive of the surroundingenvironment. In a previous study, EyeTap reportersaccomplishwireless

ElectronicNews Gathering[29] that allow viewersto remotelyexperienceeventsasif they were

actuallypresent.

In contrast,thesystemthatwenow propose,similarly allowsusersto seethrougheachother's

eyes,yetwithout theconstraintof following exactly thebroadcaster'spointof view. Thisdevelop-

mentis extremelyimportant,sinceexactly following anothergazeof shaky EyeTapvideocanbe

disorientingandnauseating.Thewaywescanourenvironmentis verystronglytiedto thephysical

motion thatwe arecurrentlyexperiencing,togetherwith thevestibular cues.Observationof live

eye or headmountedvideo is generallymuchlessstablewhenviewedvicariouslythanwhatwe

seemto experiencein reality sinceour perceptualsystemdoesmuchof thestabilizationbasedon

ourphysicalmotions,andvestibularcues[1].
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Thesharedmediatedreality systemallows userswearingEyeTapdevicesto sharetheir visual

experience.As eachuserlooks around,they createa visual/temporalmapof their surrounding

environment. By sharingthis visualhistory, userscanseethroughtheeyesof another. They are

ableto look aboutwithoutbeingconstrainedto asinglepointof view, ratherbeingableto generate

new projective views from the visual/temporalenvironmentmaps. In Figure6.6, WearerA, in

a grocerystore,is building an environmentmap(u1; u2; u3; u4) that includesan imageof milk

cartons.WearerB is browsingwearerA's environmentmapathome.Theimages(u1; u2; u3; u4)

areusedto generateperspectively correctimagesthatcorrespondto theviews of (v1; v2; v3; v4)

andaredisplayedin thepositions(v1; v2; v3; v4), replacingwearerB'sview of thechairandplant.

At thesametime, wearerB is incidentallyconstructinganenvironmentmapof thehome,which

wouldallow wearerA to view thechairandplantfrom WearerB's position.

Peopleoftenscantheir environmentwith quick headrotations.As a result,a largepercentage

of EyeTapvideocanbedescribed(with a high degreeof accuracy) by a cameramoving abouta

�x edcenterof projectionin astaticscene.Usingthis simpli�cation andapplyingtheVideoOrbits

algorithmto projectively transformtheimages,imagesfrom arbitrarycameraorientationscanbe

synthesizedby forming a compositeof spatiallyrelevant neighbouringimages.The vicariously

experiencedenvironmentcanthusbeobservedfrom any angle,allowing theuserto navigatethe

virtual environmentby rotatingtheirheadasif they wereactuallythere.

6.2.1 VideoOrbits

Sincethemotionof aheadmountedcameraor EyeTapbetweensuccessiveframesof videocanbe

approximatedvery well by a purerotation,a projective coordinatetransformationcanbeusedto

registerapairof overlappingimageswith sub–pixel accuracy [1]. Well registeredimagescanthen

be combinedto createimagecompositesof greaterspatialextent. By generatingthis composite

imagewith appropriatelyprojective coordinatetransformedimagesandcroppingtheresult,arbi-

trarycameraorientationscanbesimulatedasillustratedin Figures6.7and6.8,thereforeallowing

auserto view another'senvironmentwithout beinglimited to previously heldviewpoints.

While this techniqueis exactfor situationswhereeachuserviewstheirworld throughpurero-

tation,performancein thenon–idealcaseis improvedby theextra� vedegreesof freedomprovided

by the8 parameterprojectivecoordinatetransform.Theextendedfreedomallows for visually ac-

ceptablecompositesto beformedin many caseswherethepurerotationconditionhasbeenclearly
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violated.This is especiallytruein outdoorurbanenvironmentswheremany videosequenceshave

dominantplanarsurfaces.

6.2.2 HeadTracking

In the proposedsharedmediatedreality system,a usermay navigateanother's environmentby

rotatingtheir headto achieve a desiredpoint of view. Theuser's headmotionsareapproximated

by purerotations,sincethe sharedenvironmentmapdoesnot easilyprovide depthinformation.

The imagesthatcomprisetheenvironmentmaparestoredwith theassociatedrotationalposition

thatde�nestheorientationin whichthey werecaptured.Thismethodof browsingtheenvironment

mapprovidestheexperienceof seeingthroughtheotheruser'seyes.

Theproposedsharedreality systemrequirestheprojective coordinatetransformbetweenim-

agesaswell asrotationalorientationof thecameraduringtheir capture.This informationis pro-

videdby amodi�ed versionof theVOGHT.

6.2.3 VOGHT: ReferenceFrame Database

TheVOGHTwasextendedto useasphericalgrid of referenceframes.This is necessarywhenthe

headmotion will causethe currentframeof video to have no overlapwith the currentreference

frame.At thispoint theVideoOrbitsalgorithmwill beunableto calculatethePCTthatrelatesthe

two images.

The ReferenceFrameDatabaseis a sphericallyindexed databaseof referenceimagesof the

environmentthatarecontinuouslycollectedandupdatedthroughnormalsystemuse.Eachimage

in thedatabaseincludesatimestamp,a3–Drotationmatrix(Rr ) describingthecameraorientation,

aPCT(Pr ) describingits projectivepositionwith respectto thereferenceframe.Referenceframes

are selectedfor usewith VideoOrbitsbasedon the currentposition estimategeneratedby the

gyroscope.

It is importantto notethat if large headrotationsoccur, it is possiblefor consecutive image

framesto have no overlapat all. This canpreventVideoOrbitsfrom estimatinga usefulPCT in

the casewherethe sphereof environmentimagesis poorly populatedand no nearbyreference

imagesexist. In this case,a new referenceimagewill bestoredwith a gyro-generatedPCT. New

referenceimageswith gyroscopegeneratedPCTscanalsobe createdif VideoOrbitscannot�nd
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goodregistrationwith anexisting referenceframe.

ImageswhoseassociatedPCTsweregeneratedby VideoOrbitsareselectedin preferenceto

thosewhosepositionswereestimatedby the gyroscopealone. More recentimagesareselected

in preferenceto older imagesto accountfor environmentchanges.Eachtime a referenceframe

is usedsuccessfully, its timestampis updatedto ensurethat it continuesto beusedinsteadof its

neighbours.

Referenceframesaresavedwhenthecurrentvideoimageis offset from thecurrentreference

frameby a signi�cant amount. This amountis dependenton the camera's �eld of view andthe

systemresourcesof the operatingplatform. The sphereof referenceimagesis mappedto a two

dimensionalmatrix, indexedby equalincrementsof azimuthandelevation. In experimentation,

two degreeincrementswere used. The remainingentriesof the matrix are marked as NULL,

asthey areredundant.Searchingthis matrix is simplesincethe camerapositioncanbe directly

relatedthepositionin this matrix. If thesearchincludesNULL entries,their nearestneighbours

(of greaterazimuthandelevation)areused.It is importantto notethatlargecameravelocityat the

timeof imagecapturecangenerateimageblurringwhichnegatively impactsthefunctioningof the

VideoOrbitsalgorithm.Theseblurredimagesaregenerallyrejecteddueto theirhighMSEresults.

6.3 SeeingEye to Eye: a sharedmediatedreality

The requirementfor the sharedmediatedreality systemto store,retrieve and spatially register

imagesis satis�ed by makinguseof thesphericalreferenceframedatabasethat is maintainedby

the VOGHT for headtrackingpurposes.The referenceframeimagesarestoredalongwith the

rotationalorientationof the cameraRr , projective parametersPr , andindexedby integer values

(� ; � ), representingtheazimuthandelevationof thecameraorientation.

Sharingof themediatedrealityis accomplishedby transferringthisreferenceframedatabaseto

wearerB, whocanuseasecondVOGHTandabrowserprogramto synthesizeviewsof wearerA's

environmentmapfrom anarbitraryviewing direction. As long astheenvironmentmapcontains

somereferenceimagesin theneighbourhoodof theprecisedirectiondesired,thebrowserprogram

will displayacorrectlyprojectedview.

Synthesisof views is performedby taking the currentestimateof the rotationalposition(R)

of wearerB's VOGHT andusingits equivalentPCT (P) to re–projectwearerA's referenceim-
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Figure6.7: Outdoors:threeexampleviews by wearerB of theenvironmentmapthatwassynthe-

sizedfrom asinglereferenceframefrom wearerA.
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Figure6.8: Outdoors: the environmentmapgeneratedby wearerA, andthe views of that map

synthesizedby wearerB usingmultiple referenceframes.This �gure is from [22].
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Figure 6.9: Indoors: the environmentmap that wearerB generateswhile browsing wearerA's

outdoormap.This �gure is from [22].
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agesto wearerB's viewpoint. In orderto increasethe creationspeedof the synthesizedview, a

boundingbox is computedandonly thereferenceimagesthatwill contributeto the�nal view are

re–projected.In order to minimize compositionerror dueto usertranslationandindependently

moving objects,theimagesarecomposedin chronologicalordersuchthatthemostrecentimages

areplacedon top.

Thusthe headtrackingof wearerB is usedto provide a perspective with which to view the

environmentmapgeneratedby wearerA. As wearerB rotateshis/herhead,new perspectivesare

suppliedto thebrowserprogram,which causetheprojectionandsynthesisof new portionsof the

environmentmap. All theseprojectionsarerelative to wearerB's currentheadposition,thusall

navigationis performedsolelywith headmovement.

Thecomputationof theboundingboxcanbeadjustedto theavailablecomputationalresources,

balancing�nal imagequalityagainstexecutiontime. Onaresourceconstrainedwearablecomput-

ing system,the projective coordinatetransformmay be appliedonly to the single closestand

newestimageasillustratedin Figure6.7.

The resulting imagewill be quite completeif the imagefrom the map is near the desired

viewing perspective. If the imagefrom themapis distantfrom theviewing perspective, thenthe

generatedimagewill not becompletedueto thefactthatthereis no informationavailable.

If thesearchareais large,thenmultiple imagesfrom themapcanbeprojectively transformed

andregistered(see�gures 6.8and6.9).Thisregisteredimageallowsfor thecreationof acomplete

imagefor thedesiredperspectiveevenif thereis no imagein themapat thatexactperspective.

Theimagesthatareprojectedareselectedby theposition(� ; � ) of theVOGHT. This estimate

is usedto calculatea region in which to applytheprojectivecoordinatetransform.Thenusingthe

projectedimagesanimagecompositeis formed.Fromthiscompositethecorrectview is cropped.

A rangeof imagesis usedin orderto usea suf�cient amountof datafrom which to generatethe

new frame.

Thegyro positionof theimagedoesnot affect thecalculationof theprojectionof theimages,

it is usedonly to selecttheregion thescenewill beconstructedfrom. Thesearchsizeof thearea

is a tunableparameter, a smallparameteris usefulon a resourceconstrainedwearablecomputing

system.This will applytheprojective coordinatetransformto theclosestandnewestimage.The

resultif theimageis neartheview will bequitegood,however if thereis no imagenearbythenno

imagecompositecanbegenerated.
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6.3.1 Demonstration

Thesystemmaybeseenin actionin �gures 6.8and6.9,demonstratingresultsof wearerB brows-

ing anenvironmentmapcreatedby wearerA. The�rst imagein �gure 6.8shows theenvironment

mapthatwearerA hasgeneratedoutof doorsonaveranda.Theboundingboxindicatestheportion

thatwearerB is currentlyviewing. The�rst imageof �gure 6.9shows thecorrespondingview of

B's environmentinsidea laboratory, with theboundingbox describedby theEyeTap.Themiddle

imagesshow theresultof looking to theright: in �gure 6.8 theview hasmovedto themiddleof

theenvironmentmap,while in �gure 6.9,weseethatwearerB is simultaneouslymappingouttheir

own environment. The �nal pair of imagescarriesthis processfurther, andalsorevealshow the

systemhandlesthecaseof insuf�cient referenceframesto �ll a view completely:thereis a nar-

row bandof white at thetop of theboundingbox in �gure 6.8 indicatinganareawith insuf�cient

informationin theenvironmentmap.

6.4 Accounting for the Camera Intrinsic Parameters

The EyeTap devices are custommadeprototypesand as suchcontaindifferent cameras. In a

sharedmediatedreality, the remoteenvironmentmapswill be generatedby the remoteEyeTap

with cameraintrinsic parametersM int r em . Thebrowserwill haveanEyeTapwith cameraintrinsic

parametersM int loc . Thereforeto createtheview of theremoteenvironmentthroughtheEyeTapof

the local user, the intrinsic parametersof bothcamerashave to beaccountedfor in equation6.6.

This allows not only thecorrectprojective transformationbut accountsfor thedifferencesin each

EyeTap'scameraintrinsicparameters.

Pview = P � 1
r M int loc M � 1

int r em
Pn ; (6.6)

M int =

2

6
6
4

� f x 0 Ox

0 � f y Oy

0 0 1

3

7
7
5 ; (6.7)

wheref x , f y arethefocal lengthandOx , Oy is thelocationof theimagecenterin pixel coordinates.
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6.5 Summary

The Eye to Eyesharedmediatedreality systemallowedusersto exchangetheir currentenviron-

mentsthroughtheEyeTapreality mediator. Theviews weregeneratedandcontrolledthroughthe

user's headmotionusingtheVOGHT. TheVideoOrbitsalgorithmwasintegral in thesystemand

wasusedto calculatethe projective coordinatetransformsbetweenimagesaswell as in image

registrationfor thecreationof imagecomposites.

Dueto theconstrainedcomputingpower of thewearablecomputerandthelimited bandwidth

of thewirelessconnection,it is not feasibleto transmitevery capturedframe.Throughtheuseof

aheadtracker, theframescapturedandtransmittedareoptimizedto spantheentirespherearound

theuserin anef�cient manner.

This wasdemonstratedthroughtheuseof thesystembetweentwo wearablecomputerusers,

oneoutdoorsandoneindoors.Theviews generatedhadthecorrectperspective andallowedeach

viewer to seetheother'senvironmentasif it weretheirown. This resultedin theusersseeingEye

to Eyein aprojectively stabilizedsharedmediatedreality.
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Chapter 7

Conclusion

Throughthe constructionof an EyeTap device andwearablecomputer, a mediatedreality sys-

tem wasimplemented.The understanding,useandintegrationof wirelesstechnologiessuchas

Bluetooth,802.11bandIrDA in GNU/Linux wasdonein orderto createa network of wearable

computers.

Theline of sightIrDA andnonline of sightBluetoothand802.11bwirelesstechnologieswith

the useof EyeTap reality mediatorsallowed for the interactionbetweenthe wearablecomputer

userandobjectsin theenvironment.Theobjectsmediatedtherealityof theEyeTapuserathis/her

discretionby providing informationsuchaslabelsandgraphicaluserinterfaces.

Interactionsbetweenwearersof EyeTapdeviceswasexploredin Chapter6. This allowedthe

user, by lookingaroundhis/herenvironment,to “paint” or ”build” anenvironmentmapcomposed

of imagesfrom theEyeTapdevice,alongwith head–trackinginformationrecordingtheorientation

of eachimage.Theenvironmentmapis thentransmittedto anotheruser, who, throughtheir own

headtrackingEyeTapsystem,browsesthe �rst user's environmentsolelyby headmotion,seeing

theenvironmentasthoughit weretheirown.

The VideoOrbitsalgorithm formed the basisof the SeeingEye to Eye: a shared mediated

reality usingEyeTap devicesand the VideoOrbitsGyroscopicHeadTracker. In a desireto have

thesystemrun fasterwith anultimategoalof real-time(30 framesper second),theVideoOrbits

implementationwasoptimizedto usemoderncomputergraphicshardwareto do computational

visionversustraditionalimagesynthesis.

This demonstratesthe feasibility of “active” and“shared”mediatedreality environmentsthat

a wearablecomputerusercaninteractwith in nearreal-time.In thefuture,it would bebene�cial
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to bring theactive andsharedcomponentsof themediatedreality togethersothatnot only could

one interactwith one's environmentor seeanother's, the usercould also interactwith another

environment,throughseeingthat remoteenvironmentasif it weretheir own. Finally, to have all

of this runningat real-timewouldallow for theconstantuseof suchsystems.
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