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Abstract

In this paperwe presenta computationallyeconomical
methodf recoveringtheprojectivemotionof headmounted
camens or EyeBp devices,for usein wearmble computer
mediatedreality. The tracking systemcombinesfeature-
lessvision and inertial methodsin a closedloop system
to achieve accumaterobustheadtracking usinginexpensive
sensos. Thecombinationof inertial and visiontedchniques
providesthehighaccuracyvisualregistrationneededor t-
ting computergraphicsonto real imagesand robustnesgo
large interframecamer motiondueto fastheadrotations.
Opeiating on a 1.2 GHz Pentium Il wearable computer
with graphicsaccelented hardware, the systems able to
register live videoimages with lessthan 2 pixels of error
(0.3degrees)at 12 framesper second Fastimage registra-
tion is achievedby of oading computewisioncomputation
onto the graphicshardware, which is readily available on
manywearable computersystemsAsan applicationof this
tracking approach, we presenia systenwhich allowswear
ablecomputerusesto shae viewsof their currenterviron-
mentsthat havebeenstabilizedto anotherviewer's head
position.

Keywords: VideoHeadTracking,Hybrid Tracking,Eye-
tap,Drift Correction AugmentedReality MediatedReality

1 Intr oduction

In acomputemediatedr augmentedeality systemthe
uservisually percevesanervironmentwhererealandcom-
putergenerateabjectscoexist. Thegoalin suchsystemss
to augment,diminish, or otherwisemodify what the user
would normally see. In orderto achieve this, the system
mustrunin realtime andmustaligntherealandvirtual ob-
jectswith eachother Achieving this registrationis a major

challengein augmentedaind mediatedreality. Solving this
problemrequiresaccuraterackingof the viewersposition
andorientationrelative to the objectsin their environment.

Onemajor approacho achieving registrationis vision-
basedtracking. Thesetechniquesnvolve estimatingthe
users position and orientationfrom imagescapturedby a
wearablecameraSeveralsystem$iave beendevelopedhat
achieve extremely good registrationusing vision tracking
in controlledervironments.Thesesystemgenerallymake
useof ducial makersat known positionsin the environ-
ment. Many of thesesystemsemploy hybrid techniques
thatcombineinertial methodswith vision, therebymaking
thetrackingmorerobustandlesscomputationallyintensve
[10] [2] [11].

In unpreparecrvironmentsthe registrationproblemis
muchmoredif cult. In this situationtrackingmustbe ac-
complishedwithout specialmarkers, and a model of the
ervironmentmustsomehav be acquired. You et al [12]
presentedh systemthat tracksabsolutethree—dgrees—of—
freedom(3DOF) headrotationusinga gyroscopeand cor-
rectsregistrationby tracking naturalfeatureswith a vision
algorithm. The systemachieved high precision, but was
alsovery computationallyintensve. Onan SGI Onyx2, the
systemwasreportedto run ata framerateof 10 fps. Satoh
etal [8] alsoproposedh hybrid schemeor 3DOF rotation
trackingusingprecision ber optic gyroscopesvith vision
baseddrift compensationThe systemrelied uponthe gy-
roscop€or videoratetracking,andusedthe slover natural
featuretrackingalgorithmto compensatéor drift.

This paperpresents similar systemthat usesinexpen-
sivevibratingelemengyroscopesor highframeratetrack-
ing, and a vision tracking algorithm for low frame rate
drift compensationln contrasto the methodsgproposedy
Satohor You, this systemdoesnot attemptto resohe abso-
lute positionor rotationto be usedwith a known modelof
theervironment.Insteadt trackspointsin theusers eld of
view by spatiallyregisteringimagesof whatthe usersees,



therebyeliminatingthe needfor a priori knowledgeof the

scenes 3D structurefor addingvirtual contentthatappears

to stay x edto therealworld . Therearemary typesof me-
diatedreality applicationsvhereknowledgeof actualdepth
in the sceneis unnecessaryAn exampleof this is adding
annotationgo a scenesuchthat the annotationsappearto
stay x edin the ervironmentasthe userlooks around(see
gure 1).

This systemtracksthe visual motion of a static scene
in the users eld of view in termsof a projectve coor
dinatetransformationPCT) appliedto entireimage. The
systemusesa featurelessnethodfor vision trackingcalled
VideoOrbits,andhasa closedloop structurethatallows the
mechanicalljbasednertial sensorgo be continuouslycal-
ibratedduring use. This type of trackingworks bestwhen
theuserstandsstill while lookingaround put becausérack-
ing by PCT is lessconstrained acceptableegistrationis
achieved in mary situationswhere the user moves about
(translatesaswell.

Figurel: An annotatioroverlay x edto the sceneusingprojectionmotiontracking.
By applyingthe best t projective coordinatetransformatiorfound betweerframes
of videoto the overlaid text, the annotatiorappearsasa planerobjectthatis part of
the scene.This makesfor usto maintainour immersionin the real ervironmentas
well asmakingit easierto interpretthe text.

2. EyeTap

In orderto capture processandredisplaywhatis in the
users natural eld of view we usedevicescalledEyeTap.
The EyeTap (seeFigure 2) is a wearablecomputerdevice
that enablesthe users vision to be computationallypro-
cessecandmodi ed in real-time[5]. An EyeTapincorpo-
ratesa cameraandadisplayarrangedvith appropriatepti-
cal geometrysuchthatthe cameraandeye have equivalent
optic centers. This allows the displayto orthospatially[5]
re-synthesizehe incominglight. This arrangemenelimi-
natesparallaxbetweenwhat the cameraseeswhat the eye
would see(in the absenceof the device), allowing for the
seamlessaddition of virtual information, even when the
EyeTap device hasbeenmanugcturedwith partial optical
transpareng (Opticaltransparengis oftendesiredfor par
tial mediation allowing the userto seethe majority of their
ervironmentwith naturallight, ratherthancompletelyvir-
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Figure 2: (a) Two examplesof EyeTap devices that tap the right eye. Note that
both eyescanbe tappedif stereocomputermediatedreality is desired. (b) EyeTap
schematic.

tual light.) Furthermore EyeTap devices have beenbuilt
with fully opaquediverters(see gure 2). Fully opaquedi-
vertersallow for EyeTap devicesto completelyremove or
replaceportionsof theusers eld of view [6].

3 Projective Head Tracking

The proposecheadtrackingsystemcombinesa feature-
lessvisionbasedrackingalgorithmcalledVideoOrbits [5]
with two small,low cost,vibratingelemengyroscopicsen-
sors. The systemhasa closedloop form that enableshe
calibrationof theinertial sensoduringuseandaddsrobust-
nessdespiteindependentlymaving objects(objectswhose
motionis unrelatedo theusersheadmotion)in the eld of
view.

VideoOrbits nds best t Projectve CoordinateTrans-
formations(PCTs)to register pairs of overlappingimages
or scenecontent(Equation(1)).

(1)

where arethe eight parameter®sf the projective
coordinatdransformation(PCT).

This setof transformationswhenappliedacrosshe en-
tire image,candescribeexactly the coordinatetransforma-
tion betweentwo imageswhereall the objectsin the scene
are staticandthe camerais only free to rotateand zoom.
It is alsoexactfor a planarsceneémagedfrom arbitrarylo-
cations. The motion of a headmountedcameraor EyeTap
betweensuccessie framesof video can be approximated
very well by a purerotation,sincewe often scanour ervi-
ronmentusing headrotations. This allows VideoOrbitsto
provide extremelygoodregistrationbetweerEyeTapvideo
frames[5], andformsthe basisfor trackingphysicalhead
rotationsfrom areal-timevideosequence.

While this techniqueis exact for situationswhereeach
userviews their world throughpurerotation, performance

lvideoOrbitsavailablefor free atwww.wearcam.ag/orbits/



Tracking Error vs. Interframe Displacement
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Figure3: This graphcompareshetrackingability of VideoOrbitsandthe gyroscope
used. The error barsrepresenthe variancein the tracking error and are displayed
asonetenththe actualsize. For this experiment,the executiontime for VideoOrbits
was limited to 0.3 s per frame. Underthesecircumstancesve canseethatif the
interframedisplacemenis lessthanfour degreesthe algorithmcorvemges,resulting
in very smallerror. Beyond four degrees,cornvergenceis not achieved, resultingin
unusablePCT estimates While not shawn, the errorin the gyroscopeaemainsfairly
constanbeyondfour degreesof interframedisplacement.

in the non—idealcaseis improvedby the extra ve degrees
of freedomprovidedby the8 parametePCT. Theextended
freedomallows for visually acceptableregistrationto be
achieved in mary caseswhere the where the pure rota-
tion conditionhasbeenclearly violated. This is especially
true in outdoorurbanervironmentswheremary video se-
guencehave dominantplanersurfaces.lts effectivenessn

thesesituationshasbeendemonstrateih a mediatedreal-
ity applicationsvherelargeplanarobjectsarereplacedvith

othervirtual content [5] for arbitrarycameranovement.

Like other vision techniquesthis methodis computa-
tionally intensive. Moreover, compleity increasesvith in-
terframedisplacementthusinhibiting its real-timeimple-
mentationon a typical wearablecomputeyunlessthe cam-
eramotionis keptvery small. Figure3 shavs thetracking
errorin VideoOrbitswhenthe executiontime of the algo-
rithm is limited. We canseethatif theinterframedisplace-
mentis keptto lessthan aboutfour degrees,VideoOrbits
corvergesandthe trackingerroris in the sub—piel range
(with thecameraused,1 pixel 0.15degrees).Thecorver
genceaangeis dependenbnthesceneaswell asthecompu-
tationtime. The four degreerangewasfoundto betypical
for anof ce ervironmentwith a0.2sVideoOrbitsexecution
time. The four degreerangecanbe dramaticallyimproved
by increasingthe executiontime aswell ascombiningthe
methodwith a block matchingschemesuchasFFT phase
correlation.

To make real-timetracking using VideoOrbitscompu-
tationally feasible, this systemusesa small gyroscopeto

aid VideoOrbitsin nding interframeprojective coordinate
transformationgPCTs). This addition accelerateshe al-
gorithmandimprovesits ability to handlelarge interframe
displacementgdue to rapid head movements. Figure 3
shaws the gyroscopetracking error. With the gyroscope
usedalone,we canseein thatin the zeroto four degree
rangetheerroris muchlargerin comparisorio VideoOrbits.
Beyond four degrees,VideoOrbitsdoesnot corverge giv-
ing extremelylarge errorswhile the errorin the gyroscope
staydfairly constantBy usingthegyroscopdo estimatehe
PCT betweernframes,VideoOrbitsis provided with anini-
tial guessattheinterframePCTthatallows thealgorithmto
operatewithin its corvergentrange. Thus, the hybrid sys-
temis ableto nd theinterframePCT solutionswith sub—
pixel error even when there are very large displacements
betweerimages.

Although the gyroscopeestimatereduceshe necessary
executiontime of VideoOrbits thealgorithmcannotberun
at morethata few framesper secondon currentwearable
computers. To achieve higher frame rates,the gyroscope
is usedto estimatehe cameramotionbetweerVideoOrbits
solutions.This reduceghe overall accurag, but allows the
framerateto beincreasedo usabldevel.

The inertial tracking device usedis a pair of small,
low costvibrating elementgyroscopesnadeby Gyration
Inc. Themanufcturerclaimsa maximumaccurag of 0.15
deg/s with propercalibrationanddrift correction. Dueto
the electromechanicatatureof the system.the calibration
parameterare affectedby temperatureand power supply

uctuationsandthe gradualchangen gyroscopecharacter
istics over time. The proposedsystemaimsto solve this
problemthroughcontinuousclosedioop calibration.

4 Gyroscopic/\ideoOrbits Tracking System

The Gyroscope/\eoOrbits System(GVS) tracks the
absolutepositionof a cameran termsof the projective co-
ordinatetransformation(PCT) betweenthe currentframe
of videoanda baseframe. In termsof camerarotation,the
baseframewould exist at , Where ,
and arethe Euler anglesdescribingthe direction of the
cameras optical axis. If the cameraundegoespure phys-
ical 3-D rotationaboutits optic center the rotationcanbe
recoveredfrom the PCT provided the cameraintrinsic pa-
rametersare known. Sincein mary scenariosthe users
headmotion canbe approximatedrery well by purerota-
tion, it makesit possibleto estimatethe rotationalposition
of thecamerawith respecto its visualernvironmentfrom its
PCT position.

The GVSis a closedloop systemin which a gyroscope
providesan estimateof cameramotion to allow VideoOr
bitsto determinghe PCT betweenvideoframesevenin the
presencef large interframecameramovements.The high
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Figure4: Gyro/ VideoOrbitsTracker Block Diagram

accurag PCTsproducedby VideoOrbitsare usedto build
alinearmodelfor thegyroscopen orderto correctfor gyro
drift. A block diagramof thesystemis shavn in Figure4.

Absolutetrackingwith respecto thevisualenvironment
is measuredby composingherelative PCTsbetweervideo
frames.To eliminatethe effectsof cumulatve erroraspher
ical map of the ervironmentis continuouslygeneratedas
the userwearsthe device. The continuousregeneratiorof
thismapallows the systento maintaingoodvisualregistra-
tion evenwhenheadmotionis not limited to purerotation.
Underthesecircumstanceghe achiezedaccuray depends
on the amountof translationakcameramotion andthe dis-
tanceto theobjectsin theusers eld of view.

Video Capture and Undistortion

Digital video is provided by an inexpensve IEEE1394
camera. The IEEE1394format allows programmaticcon-
trol of exposuresettingsfor most cameraswhich is very
desirablesince VideoOrbitsusesthe brightnessconstanyg
constraintlmagebrightnessnformationis obtainedby se-
lecting the luminancecomponenof the YUV color space.
Cameréabarreldistortionwasremovedfrom thecameram-
ageswith an optimized undistortionfunction in the Intel
OpenSourceComputeVision Library (OpenCV?¥.

Acquir eand processGyroscopesignals

A PIC micro-controllerwas usedto digitize the analog
rate outputsfrom the gyroscopeandto computethe inter-
frameintegration. Rotationinformationis provided on de-
mandto the wearablecomputerover an RS232communi-
cationport. Theintegratedgyroscopeoutputis transformed
by matrix to alignthegyroscopexiswith thecameraco-
ordinatesystem(CCS)andto scalethegyroscopeoutputto
matchthe units usedin the system.While gyro drift is in-
evitable,it remaingelatively constanandcanbesubtracted
from therateoutputfairly well.

20penCVis availablefrom http://sourcefage.net/pojects/opecvlibrary/

(@)

where are the gyroscoperotation anglesin the
cameracoordinatesystem. arethe raw signals
recevedfrom the PIC. arethedrift ratesin the
cameracoordinatesystem.

Unfortunately as with all analogsystems,component
valuesdrift with temperatureandload changesan affect
the power systemlevels. This tendsto causesigni cant
shorttermvariationsin therequireddrift parametersThus,
the systemdrift must be continuouslyre—estimatedvhile
the systemis operating.Thetransformation changedit-
tle solong asthe cameraandgyroscoperemountedigidly
togetherandthuscanbe computedof ine. This calibration
is easilyaccomplishedy allowing the systemto runin a
situationwherethe vision systemperformsvery well for a
few minutesandthenusinga leastsquaresnethodto nd
the transformatiorparameterérom the collectedVideoOr
bitsandgyroscopelata. Thebestsituationis awell lit static
ernvironmentobsenedwith smoothheadmotion.

Calculate Equivalent Projective Transformation
from Euler angles

In orderfor the gyroscopeo provide aninitial transfor
mationestimateor VideoOrbits theinterframerotationex-
periencedyy the gyroscopemustbe corvertedinto a PCT.
To calculatethis PCT, arotationmatrix is formedusingthe
relative Euler Anglesreturnedby the gyroscope.This ma-
trix is composedvith a x ed 3-D rotation matrix to align
the gyroscopes coordinatesystemwith the cameracoordi-
natesystem.VideoOrbitsoperate®nimageshathave been
scaledsuchthatthe upperleft cornerof theimageis
andthebottomright corneris . To createa PCTfrom
the obtainedrelative rotationmatrix an appropriatechange
of coordinatess applied:

WRW 3)

wherewW - 4)

is therotationmatrix correspondingo the gyroscopeo-
tationsin the cameracoordinatesystem, and arethe
camerafocal lengthsin the horizontaland vertical direc-
tions, and arethedimension®f thevideoimagesn
the horizontalandverticaldirections, is the point
of intersectiorof theopticalaxisof thecameraandthesen-
sorarray(in unitsof pixels),and is a scalefactorusedto
forcethelastentryin the PCTmatrix to beone. and
arethe PCT parametersle ned in in Equation(1).



ReferenceFrame Database

This systemtracksthe absolutecameramotion by nd-
ingthePCT( ) relatingthe currentframeof videoto a
baseframe.Onemethodof determining isto compose
therelative PCTSs, and , from temporallyadjacent
frameshumbered and :

()

where and areexpressedn matrix form:

(6)

This methodhoweveris quite proneto drift sincetheer
rorsin the relatve PCTshave a cumulative effect on the
absoluteposition. In this systemthe cumulative erroris re-
ducedby storingwell registeredmagesasreferencdrames.
Absoluterotationis thencalculatedoy composingherela-
tive PCTs( ) relatingthe currentvideo frameto a refer
enceframe,with the PCT () relatingthereferencdrame
to the baseframe. Theresultingperformancencreasecan
beseenin Figure5.
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Figure5: This graphshovs the effectof referencdrameuseon systemdrift. For this
experimentthecameravasheldin a x edposition.

The Referencd-rameDatabases a sphericallyindexed
databasef referenceimagesof the ervironmentthat are
continuouslycollectedandupdatedhroughnormalsystem
use. Eachimagein the databaseéncludesa time stamp,a
PCT () describingits position with respectto the base
frame,anda PCT certaintymeasureo allow for judicious
referencdrameselection Referencéramesareselectedor
usewith VideoOrbitsbasedn the currentpositionestimate
generatedby thegyroscope.

It isimportantto notethatif largeheadrotationsoccur it
is possiblefor consecutieimageframesto have no overlap
atall. This canpreventVideoOrbitsfrom estimatinga use-
ful PCTin thecasewherethesphereof ervironmentimages
is poorly populatedand no nearbyreferenceémagesexist.
In this case,a new referencemagewill be storedwith a
gyro-generate®CT New referencémageswith gyroscope
generatedPCTscanalsobe createdif VideoOrbitscannot

nd goodregistrationwith anexisting referenceérame.

Images whose associatedPCTs were generatedby
VideoOrbitsare selectedn preferenceo thosewhosepo-
sitionswereestimatedy thegyroscopelone.More recent
imagesareselectedn preferenceo olderimagego account
for environmentchanges.Eachtime a referenceframeis
usedsuccessfullyits timestampgs updatedo ensurethatit
continuego be usedinsteadof its neighbors.

Referencdramesare saved whenthe currentvideoim-
ageis offsetfrom the currentreferenceframe by a signif-
icantamount. This amountis dependenbn the cameras
eld of view andthesystenresourcesf theoperatingplat-
form. Thesphereof referencémagess mappedo atwo di-
mensionalmatrix, indexed by equalincrementf azimuth
andelevation. In experimentationfour degreeincrements
wereused.Pinchingatthe polesof the spherds eliminated
by dividing the matrix into petalsof valid imagelocations.
Theremainingentriesof thematrixaremarkedasNULL, as
they areredundantSearchinghis matrixis simplesincethe
camergositioncanbedirectlyrelatedto the positionin this
matrix. If the searchincludesNULL entries,their nearest
neighborqof greaterazimuthandelevation) areused.Near
thepoles,searchetendto wrapto opposingsidesof thelo-
cationmatrix. It is importantto notethatframesaresaved
only whenthe estimateccameravelocity at thetime of im-
agecaptureis smallenoughto produceacceptablemounts
of imageblurring.

Estimate PCT

ThegyroscopeestimatedPCTis usedto aid VideoOrbits
in registeringthe currentvideo frameto a referencérame.
Sincethe PCT producedlirectly by thegyroscopeneasure-
mentis relative to the lastframeof video, it mustbetrans-
formedto berelative to the referenceramethat VideoOr
bits will use: If is the gyroscopeestimatedPCT, is
the PCT describingthe position of the last frame of video
and isthe PCT describingthe positionof the reference
frame, the estimatedPCT betweencurrentframe of video
andthereferencdrame( ) is givenby:

(7)

arePCTsin the matrix form. As be-
is usedto forcethe entryof tobel.

where
fore,



VideoOrbits Engine

VideoOrbitsestimateshe PCT () betweenthe cur
rent frame of video andthe referenceframe by substitut-
ing  — into the Horn andSchunkbrightness
constang constraintequation(BCCE)[3]. This methodis
known asprojectve— ow' [4]. Becausef effectssuchas
parallaxin theimagesdueto motionotherthanrotation,in-
dependentlymoving objectsin the scene andcamerablur,
thePCTcannott perfectlyatall pointsof theimages.Thus
the solutionwe seekis the bestestimateof the PCT param-
etersin aleastsquaresenseacrossall imagepoints. This
is solved by minimizing:

(8)
(9)

where is the 2-D spatialgradientof theimage
atsomepoint ,and isthetemporalgradientrepre-
sentingthe changein brightnessat a particularpixel coor
dinatefrom oneimageto the next.

Minimizing (9) is simpli ed by weightingby ,
giving:

(10)
where  denotegheweightederror.
To solve for the minimum we differentiatewith respect
to thefreeparameters and , andsettheresultto zero
to give alinearsolution:

(11)
where

Sinceonly the rst derivative of the spatialgradientis
usedin the BCCE, the modeledchangein pixel brightness
dueto translationalelocity is only accuratevhenthe mo-
tion betweensuccessie imagesis small. The setof PCTs
formsagroup,allowing VideoOrbitgo utilize thegrouplaw
of compositionn amultiscaleiterativetechniqueo nd the
optimal PCT betweentwo images. The iterationsproceed
asfollows:

(1) Estimatetheprojective coordinatgransformation
(2) Usethis totransformtheappropriateoriginalimage

(3) EstimateanotherPCT, , betweenthe transformed
imageandtheotheroriginalimage.

(4) Generatanimproved bycomposing with

(5) goto(2) until thedesiredaccurag hasbeenachieved

This schemeallows the nal iterationsto estimatethe
PCT betweentwo imagesthat have very little motion be-
tweenthem, thusallowing the rst orderapproximatiorof
pixel brightnesshangeto be sufciently accurate.

VideoOrbitsusesthe PCT estimate  from the gyro-
scopeasa startingpoint (step(1)) for the iterative scheme
described.VideoOrbitsrunsfor a prescribechumberof it-
erationgddependingnthecomputationapowerof thewear
ablecomputerandreturnsits bestestimateof the PCT pa-
rameters.VideoOrbitsalso returnsa Mean Squarederror
(MSE) valuefor thereturnedPCT, whichis usedasa mea-
sure of registrationaccurag. The MSE is calculatedby
addingthe squareddifferencebetweenthe original image
andits transformedemporalneighbor Unfortunatelythe
MSE measuras very sensitve to the natureof theimages
used andthussensitve to theuserslocal ervironment.For
example,well registeredimagesin a dim ervironmentwill
have lower MSE valuesthanin a bright ervironment. To
copewith this, local statisticsarekeptonthe MSE levelsto
provide intelligentadaptatiorto changingernvironments.

4.1 Using Graphics Hardware to Accelerate the
VideoOrbits Algorithm

In VideoOrbits the procesof imagewarping(item 2 of
the iterative technique)is very computationallyintensie,
and accurate ltering and interpolationtechniquesadd to
the computationabomplexity of theimagewarp. Our sys-
temis desiredto run in real-time,andthe time spentre—
warpingand ltering theimagesmakesupalargeportionof
the calculationgrequiredon eachframe. In orderto speed—
up the algorithm,our systemusesthe graphicsacceleration
hardwareon boardthewearablecomputer

Many current graphicschipsetsincorporatehardware
speci cally designedo achieve fastreal-timerenderingof
texture mappedpolygonsaswell ashardwaredesignedor

Itering and pixel interpolationto createaccuratetexture
maps. In particular graphicschipsetsare tunedto create
perspectie projectionsof planarsurfaces. Thereforeby
texture mappingtheimageto a planarsurfaceandthenap-
plying the desiredprojection,the imagewill be projected
by the computergraphicshardwareratherthandoing soin
software.

In this way, the computergraphicshardware, which is
usuallyusedfor imagesynthesisjs insteadbeingusedfor
the purposeof acceleratinga computervision algorithm
(imageanalysis).

In OpenGL,the most straightforward way of applying
the projective coordinatetransformatiorof VideoOrbitsis
to considerequationl5to beatransformatiorto beapplied
to the projectionmatrix usedin OpenGL.

The operationof applyinga projective coordinatetrans-
formationto animageis isomorphigiisomorphiceferspre-



cisely to algebraicisomorphisms,as discussedn [1]) to
the processof projectinga texture mappedpolygon un-
der perspectie projectionin OpenGL[5]. Thus,hardware
acceleratiorof VideoOrbitsprojective transformationsan
be achiezed by de ning anisomorphismbetweenthe pro-
jective spaceof VideoOrbitsand the projective spaceand
homogeneousoordinatesystemof OpenGL.An isomokr
phism is de ned by a mappingof VideoOrbitsprojective
transformations to OpenGLprojectionmatrices

(12)

In the VideoOrbits algorithm, the projective coordinate
transformatioris written asequationl. Thus,it de nesan
eightparametespace.Thetransformatiorcanbere-written
asa matrix:

X (13)

whereit canbe seenthat the set of projective coordinate
transformatiorformsa groupactinguponaset of image
coordinates.

Thus,whatis desiredis someisomorphism mapping
the projective coordinatetransformatiorof VideoOrbitsto
a projectionmatrixin OpenGL.

Thedesiredsomorphisnis givenby:

(14)

(15)

This mappingtakes into accountthe different coordinate
systemsand corventionsused by eachprogram. Equa-
tion 15 is usedas a cameratransformatiommatrix. Thus,
it describeghe transformatiorthe cameraundegoes,such
thatthe planewill appearasrequiredunderOpenGLper

spectve projection.

To performthe imageprojectionin OpenGL,theimage
is rst loadedinto the OpenGLprogramasa texture map.
Thenthe camerais positionedandthe perspectie projec-
tion is applied.Theresultingimageis readout of the buffer
andtheimageis stored.

To determinethe speed—upattainedby using hardware
acceleration,a programusing the hardware acceleration
was comparedwith the software algorithm. A setof pro-
jective coordinateransformationsvasgenerateéccording
to the equationsof [9]. All programswererun on a wear
ablecomputemwith anintel i810graphicschipsetanda 700
MHz Pentium-Illprocessar
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Figure6: Projectiontimesfor VideoOrbitssoftware,Mesa3D(usingsoftwarerendes
ing) andMesa3Dwith DRI hardwarerenderingenabled.

Figure 6 shavs the resultsof timing a single projection
usingthreemethods:) a programusingMesa3Dandavail-
ablecomputegraphicshardwareandDRI, 2) aprogramus-
ing Mesa3D,using software algorithms,and 3) a program
notusinganoptimized3D library.

Thus, an additional programis discussechere, which
usesthe softwareimplementatiorof Mesa3D(actuallythe
Mesa3Dprogramis the sameasthe DRI program with the
directrenderingturnedoff). The softwareMesa3Dwasex-
aminedbecauset is consideredo be well optimizedcode
for computergraphicsapplications.Thus,computervision
algorithmscan also bene t from the speedand optimiza-
tionsusedin computergraphicssoftware. Soon machines
whichmaynotbene tfrom 3D graphicsaccelerationiMesa
will still implementan optimizedsoftware projection,and
additionallythis wasexamined.

Fortheplotof gure 6,theinputimagesizewasset,and
differentprojectionparametersveregivento the threedif-
ferentprogramsandthetimetakento projecttheimagewas
recorded.The projectionsusedwereindependentotations
abouteachof the principle axes,with a maximumrotation
of 15 degreesaboutary axis. From the data,the average
speedupetweerVideoOrbitsusingDRI vs. usingthe CPU
was . Mesasoftwarerenderingwvas fasterthan
not usinganoptimized3D library andthe DRI implemen-
tationimprovedthe performancéy another

Figure7 (a) shavstheeffectof hardwareacceleratioron
input imagesof differentsizes. For this gure, the projec-
tion parametersereheldconstantandtheinputimagesize
wasvaried. In all casesthe hardwareaccelerateghrogram
projectedheimagefasterthanoneusingonly theCPU.The
smallestimagesizewas andthe largestinput im-
agesizewas . Theslopeof alinearbest t line
throughtheplotis . Thus,for thisrangeof inputimage
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Figure7: (a) Projectiontimesfor VideoOrbitsusingDRI vs. the CPU givenvarying
imagesizes.All imagehadidenticalprojectionparameters(b) Projectiontimesfor
VideoOrbitsprograms,one using DRI and the otherthe CPU. The algorithm was
given a x ed input image and the projection parametersvere varied (resultingin
largeroutputimages).

sizesthehardwarespeedupvas

Figure 7 (b) shows the effect of differentprojectionpa-
rameterson the speedof the projection. For this plot, the
input imagewas held constant put the projectionparame-
terswerevaried. The larger projectiontimesshavn corre-
spondwith increasingnumbersof output pixels of the re-
sulting image. Thus, this plot is measuringhe effects of
increasec@mountsof pixel interpolation,sincelarge output
imagesrequiredmore pixel interpolationsincetherewere
moreoutputpixels. The slopeof this graphwas . Slope
heremay be interpretedashow well eachof the programs
using DRI andthe CPU dealtwith more interpolationbe-
ing required.Thus,the graphicshardwarewasableto han-
dleincrease@mountof interpolation fasterthanthe
CPU.

Estimate Euler Anglesfromthe PCT

In orderto closethe loop andallow VideoOrbitsto correct
the changinggyroscopedrift parametersan equivalent 3-
axis rotation mustbe obtainedfrom the PCT. It is known
that the PCT haseight free scalarparameterandis thus
not limited to pure rotation, so it is necessaryo nd the
bestt 3-D rotationmatrix andhave someindicationof the
error to determineif a rotation is valid and can be used
in the statisticalmodelfor the gyroscope.To nd there-
quiredrotations,a PCT( ) describingthe relative rota-
tion sincethe last successfukexecutionof VideoOrbitsis
found: , Where ,and are
thePCTsrelatingthereferenceprevious,andcurrentvideo
framesto thebaseframe. Thisrelative PCTis thenapprox-
imatedby a purerotationmatrix usinga singularvaluede-
composition(SVD) of . TheSVD of is givenby:

(16)

where is adiagonalmatrix of singularvalues.Thebest t
rotationmatrix  in termsof the Frobeniusnorm between
itself and is givenby:

(17)

This rotation matrix is thenusedto computethe corre-
spondingEulerangles . This computations not
dif cult, butis lengthyandthuswill notbepresentedhere.

The Frobeniusnormis calculatedasfollows, to give an
errormeasuren therotationmatrix:

(18)

This measurds usedto helpidentify non-corvergentPCT

estimatedrom VideoOrbitsandselectEulerangleestimates
from thataresuitablefor usein gyroscopelrift correc-

tion.

Estimate

In orderto estimatethe gyroscopedrift, a buffer of re-
cent data points correlating the gyroscopeEuler angles
to the VideoOrbitsEuler angles is
maintained Datapointsassociateavith poor MSE with re-
spectto thelocal statisticsor with high errorin therotation
matrix approximatiorof arerejected.
Thesedatapointsare usedto createa linear model, us-
ing linear regression that relatesthe gyroscopemeasured
rotationto the rotationestimatecdby VideoOrbits. For this
model, the standarderror in the slope and the intercept,
aswell asthe correlationcoefcient arecalculated.These
statisticsareusedto decideon correctize actionfor the gy-
roscopedrift. Thestringeny of the decisiontolerancesn-
creasesas gyroscopecalibrationimprovesto ensurecon-
vergenceto an optimal solution. To allow re—calibrationin
the eventof a large shift in parametewraluesduring oper
ation, the decisiontolerancesarerelaxed if a good linear
t is found with signi cantly differentparameters.Large
shifts in parametewalueswere found to occur whenthe
systemwas exposedto large temperaturehangesuchas
whenmoving from anindoorto anoutdoorervironment.

5 Results: SystemEvaluation

Thesystenpresentedhasshavn theability to correctfor
variationsin gyroscopedrift characteristicshroughnormal
wear Thelengthof time requiredfor calibrationdepends
on the users motions,sinceVideoOrbitsneedsto achieve
goodregistrationbetweerframesto contribute meaningful
datato the gyro model. Figure 8 demonstratethe success
of theclosed-loopcorrection.
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Figure8: Theabove dataweretakenin ascenariovherepower supplyvoltageto the
gyrohadbeenchangedatframe0) to simulatepower level uctuationsin abattery—
driven system. At aroundframe 65, the errorin the gyro model droppedbelov a
thresholdvalueandthe systemstartedto correctthe calibrationparametersWe can
seeby the reductionof the absoluteerror thatthe systemhasconvergedto a more
desirablestate.
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Figure9: The histogramshaws the distribution errorin real-timeimageregistration
with awell populatedeferencdramedatabase.

5.1 Tracking Performance

Operatingona 1.2 GHz Pentiumlll with ani810 graph-
ics chipset (with 512 MByte RAM and running Linux
2.4.18),the systemwas able to registerimageswith less
than 2 pixels of error (0.3 degrees)at 12 framesper sec-
ond. Figure9 shaws the distribution of registrationerrors
with the systenrunningin a staticenvironmentwith awell
populatedeferencdramedatabaseTheseresultsapplyfor
conditionswherethe cameramotion can be approximated
well by 3DOFrotations.Theabsolutdrackingperformance
of thesystemhowever, suffersgreatlywhenit is exposedo
large accelerationsuchas runningor jumping. It is also
sensitve to low light conditionswhich causeblurry images
throughlow shutterspeeds.

Figure 10 shaws the tracking of a point in the scene
with signi cant headmotion. This gure alsoshavs how
the tracking algorithm is robust in the presenceof inde-
pendentlymoving objects. VideoOrbitsaloneis subjectto
very large errorswhen an independentlynoving objectis

introduced.However, with thegyroscopen the systemthe
PCT parameterproducedby VideoOrbitsarerejecteddue
to high associated1SE values.

Figurellillustratesreal-timeregistrationresults.In this
examplethe frame rate hasbeenreducedto 3 framesper
secondto producdargeinterframedisplacementandshav
the systems ability to copewith large headmotions.

Figure 10: The following imagesshov the GVS tracking a point with signi cant
headrotationin a nearervironment. The imagescontainingthe hand,demonstrate
the systems ability to track even when blocked by a large independentlymoving
object.

6. Seeingeye to eye: an application of projec-
tive headtracking

Wearablemediatedreality allows for new interactions
betweerpeople. This applicationof projective headtrack-
ing allows usergto seetheworld througheachother's eyes.
Eachuserin this systemwearsan EyeTap reality mediator
equippedwith the GVS tracking systemdescribedn this
paper As a userlooks aroundtheir environment,the GVS
generatesn ervironmentmap of their surroundings.This
ervironmentmapis thensharedetweerusers Whenauser
views anothers ervironment,the reality mediatorpresents
it asthoughit weretheuserscurrentervironment.By using
head-trackinguserscan naturally browse anothers envi-
ronmentby simply looking around.Userscontinueto build
their environmentmapeven asthey brovseanothers ervi-
ronmentandthus,continuallyaddinformationto be shared
with others.This reciprocityallowedthe creationof visual
interactiondetweeruserghatsharesachothersreality. In
this interactionuserssee“eye to eye”, to createa shared
mediated-eality.

EyeTap deviceshave beenusedbeforein the transmis-
sionof live video capturedrom the userperspeciie of the
surroundingervironment. In a previous study EyeTapre-



Figure 11: Real-timelmageregistrationin a closeervironment. In this instancethe frame rate hasbeenreducedto 3 framesper second,to produceextra large interframe

displacementandputthegyroscopeo thetest.

portersaccomplishwirelessElectronicNews Gathering[T
thatallow viewersto remotelyexperienceeventsasif they
wereactuallypresent.

In contrast,the systemthat we now describe,allows
usersto seethrougheachother's eyes,yet without the con-
straintof following exactly the broadcastes point of view.
This developmenis extremelyimportant,sinceexactly fol-
lowing anotherpersons shaly EyeTap video can be dis-
orientingand nauseating.Obsenation of live eye or head
mountedvideo is generallymuchlessstablewhenviewed
vicariouslythanwhatwe seento experiencen reality since
our perceptuabystemdoesmuchof the stabilizationbased
onour physicalmotions,andvestilular cues.

The requiremenfor the sharedmediatedreality system
to store retrieve andspatiallyregisterimagess satis ed by
making useof the sphericalreferenceframe databasehat
is maintainedoy the GVS for headtrackingpurposesThe
referencdrameimagesarestoredalongwith therotational
orientationof thecamera , projectve parameters , and
indexed by integer values , representinghe azimuth
andelevationof the camereorientation.

Sharingof themediatedealityis accomplishedby trans-

ferring this referencdrame databas¢o wearerB, who can
usea secondGVS and a browser programto synthesize
views of wearerA's ervironmentmap from an arbitrary
viewing direction.As longastheernvironmentmapcontains
somereferencemagesin the neighborhoof the precise
direction desired,the browserprogramwill displaya cor-
rectly projectedview.

Synthesisof views is performedby taking the current
estimateof the rotationalposition( ) of wearerB's GVS
andusingits equivalentPCT ( ) to re—projectwearerA’'s
referenceimagesto wearerB's viewpoint. In orderto in-
creasehe creationspeedf the synthesizediew, a bound-
ing boxis computedcandonly thereferencemageshatwiill
contritute to the nal view arere—projected. In orderto
minimize compositionerror dueto usertranslationandin-
dependentlymoving objects,the imagesare composedn
chronologicalorder suchthat the most recentimagesare
placedontop.

Thus,the headtrackingof wearerB is usedto provide a
perspectiewith whichto view theenvironmentmapgener
atedby wearerA. As wearerB rotateshis/herhead,new
perspecties are suppliedto the browser program,which



Figure13: Outdoors:the ervironmentmapgeneratedy wearerA, andthe views of thatmapsynthesizedby wearerB.

Figure14: Indoors:the ervironmentmapthatwearerB generatesvhile browsingwearerA's outdoormap.

Wearer A

Figure 12: The sharedmediatedreality systemallows userswearing EyeTap de-
vices to sharetheir visual experience. As eachuserlooks around,they createa
visual/temporaimap of their surroundingervironment. By sharingthis visual his-
tory, userscanseethroughthe eyesof another They areableto look aboutwithout
beingconstrainedo a singlepoint of view, ratherbeingableto generatenew projec-
tive views from thevisual/temporakervironmentmaps.WearerA, in agrocerystore,
is building an ervironmentmap thatincludesan imageof milk
cartons. WearerB is browsing wearerA's ervironmentmap at home. The images

aredisplayedn thepositions , replacingwearer
B'sview of thechairandplant. At the sametime, wearerB is incidentallyconstruct-
ing anervironmentmapof the home,which would allow wearerA to view the chair
andplantfrom WearerB's position.

causdheprojectionandsynthesiof new portionsof theen-
vironmentmap. All theseprojectionsarerelative to wearer
B's currentheadposition,thusall navigationis performed
solelywith headmovement.

The the numberof imagesselectedwithin the bounding
box to contributeto the nal imagecompositethat wearer
B would see,is adjustedto t the available computational
resourcesWith apowerful computermultiple imagesrom
themapcanbeprojectively transformedandregisteredsee
gures 13 and14). This allows for the creationof images
thatarespatiallycompletefor the desiredperspectie even
if thereis noimagesin the mapfor thatexactviewing per
spectve. It alsoensureghat the mostrecentimagesare
used giving the mostup to dateestimateof the otherusers
ervironment. On aresourceconstrainedvearablecomput-
ing system,Only a few imagesmay be used,so the user
mustdecideon therelativeimportanceof spatialextentand
temporalaccurag.

6.1 Accounting for the Camera Intrinsic Param-
eters

The EyeTapdevicesarecustommadeprototypesandas
suchcontaindifferent cameras. Becauseof this, for one
userto view the other's ervironmentasif they wereseeing
it throughtheirown EyeTap,theintrinsic parametersf both
camerasnustbeaccountedor. In thecasewherewearerB
is viewing wearerA's ervironment,the appropriateprojec-
tion to transformtheimagesn wearerA's ervironmentmap



to wearerB's viewpointis:

(19)

where is the rotation matrix dscribingthe viewing
orientationof wearerB.  isthePCTassociateédnimage
in wearerA's ervironmentmap describingits visual loca-
tion. and are the matriciesof intrinsic pa-
rameterdor the EyeTapcamera®f wearerA andwearerB
respectiely. Thede nition of the intrinsic parametema-
trix is givenbelow:

(20)

where , arethefocallengthand , isthelocation

of theimagecenterin pixel coordinates.
6.2 Demonstration

The systemmay be seenin actionin gures 13 and 14,
demonstratingesultsof wearerB browsinganervironment
mapcreatedy wearerA. The rst imagein gure 13showvs
the ervironmentmap that wearerA hasgeneratedut of
doorsonaverandaTheboundingboxindicatesheportion
thatweareB is currentlyviewing. The rst imageof gure
14shavsthecorrespondingiew of B's ervironmentinside
a laboratory with the boundingbox describedy the Eye-
Tap. The middle imagesshawv the resultof looking to the
right: in gure 13theview hasmovedto the middle of the
ervironmentmap,while in gure 14, we seethatwearerB
is simultaneouslynappingout their own ervironment.The
nal pairof imagescarriesthis procesgurther, andalsore-
vealshow the systemhandleghe caseof insufcient refer
enceframego Il aview completely:thereis anarrav band
of white atthetop of theboundingboxin gure 13indicat-
ing anareawith insufcient informationin theernvironment
map.

7 Conclusion

The hybrid Gyro / VideoOrbitsSystem(GVS) operates
in real-time with reasonabléramerateson currentlyavail-
ablewearablecomputers.GVS usesan imageregistration
techniquébasedn projective coordinatdransformationas
well as a gyroscope,andis suitablefor operationin un-
preparedervironments. The computergraphicshardware
on boardthe wearablecomputemwasusedto provide hard-
wareacceleratioror theimageregistrationalgorithmusing
OpenGL.Thesystemachievesreal-timeheadtrackingwith
sufcient accuray to be usedin mary augmente@ndme-
diatedreality applicationswherethe motion of an eyetap

device or head—mounte@ameracan be approximatedoy
3DOFrotation.

A sharedmediatedreality applicationthat utilized the
GVS waspresentedhat allowed usersto exchangethe vi-
sualervironmentsviewedthroughtheir EyeTapreality me-
diators. By utilizing both the projectve and 3DOF rota-
tion trackingcapabilitiesof the systenmto stabilizethe head
mountedvideo from one wearablecomputeruserto the
viewing orientationof anothey the tracking capabilitiesof
the GVS weredemonstrateth a very tangibleway.
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