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Abstract

In this paperwe presenta computationallyeconomical
methodof recoveringtheprojectivemotionof headmounted
camerasor EyeTap devices,for usein wearable computer
mediatedreality. The tracking systemcombinesfeature-
lessvision and inertial methodsin a closedloop system
to achieveaccuraterobustheadtracking usinginexpensive
sensors. Thecombinationof inertial andvisiontechniques
providesthehighaccuracyvisualregistrationneededfor �t-
ting computergraphicsontoreal imagesandrobustnessto
large interframecamera motiondueto fastheadrotations.
Operating on a 1.2 GHz Pentium III wearable computer
with graphicsacceleratedhardware, the systemis able to
register live video imageswith lessthan 2 pixels of error
(0.3degrees)at 12 framesper second.Fastimageregistra-
tion is achievedby of�oading computervisioncomputation
onto the graphicshardware, which is readily availableon
manywearablecomputersystems.Asanapplicationof this
trackingapproach,wepresenta systemwhich allowswear-
ablecomputerusers to shareviewsof their currentenviron-
mentsthat havebeenstabilizedto anotherviewer's head
position.

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

1 Intr oduction

In acomputermediatedor augmentedrealitysystem,the
uservisuallyperceivesanenvironmentwhererealandcom-
putergeneratedobjectscoexist. Thegoalin suchsystemsis
to augment,diminish, or otherwisemodify what the user
would normally see. In order to achieve this, the system
mustrun in realtimeandmustalign therealandvirtual ob-
jectswith eachother. Achieving this registrationis a major

challengein augmentedandmediatedreality. Solving this
problemrequiresaccuratetrackingof theviewersposition
andorientationrelative to theobjectsin their environment.

Onemajor approachto achieving registrationis vision-
basedtracking. Thesetechniquesinvolve estimatingthe
user's positionandorientationfrom imagescapturedby a
wearablecamera.Severalsystemshavebeendevelopedthat
achieve extremely good registrationusing vision tracking
in controlledenvironments.Thesesystemsgenerallymake
useof �ducial makersat known positionsin the environ-
ment. Many of thesesystemsemploy hybrid techniques
thatcombineinertial methodswith vision, therebymaking
thetrackingmorerobustandlesscomputationallyintensive
[10] [2] [11].

In unpreparedenvironments,the registrationproblemis
muchmoredif�cult. In this situationtrackingmustbe ac-
complishedwithout specialmarkers, and a model of the
environmentmustsomehow be acquired. You et al [12]
presenteda systemthat tracksabsolutethree–degrees–of–
freedom(3DOF)headrotationusinga gyroscopeandcor-
rectsregistrationby trackingnaturalfeatureswith a vision
algorithm. The systemachieved high precision,but was
alsoverycomputationallyintensive. OnanSGI Onyx2, the
systemwasreportedto run at a framerateof 10 fps. Satoh
et al [8] alsoproposeda hybrid schemefor 3DOFrotation
trackingusingprecision�ber optic gyroscopeswith vision
baseddrift compensation.The systemrelied uponthe gy-
roscopefor videoratetracking,andusedtheslowernatural
featuretrackingalgorithmto compensatefor drift.

This paperpresentsa similar systemthat usesinexpen-
sivevibratingelementgyroscopesfor highframeratetrack-
ing, and a vision tracking algorithm for low frame rate
drift compensation.In contrastto themethodsproposedby
Satohor You, this systemdoesnotattemptto resolveabso-
lute positionor rotationto beusedwith a known modelof
theenvironment.Insteadit trackspointsin theuser's�eld of
view by spatiallyregisteringimagesof what theusersees,



therebyeliminatingthe needfor a priori knowledgeof the
scene's3D structurefor addingvirtual contentthatappears
to stay�x edto therealworld . Therearemany typesof me-
diatedrealityapplicationswhereknowledgeof actualdepth
in the sceneis unnecessary. An exampleof this is adding
annotationsto a scenesuchthat the annotationsappearto
stay�x edin theenvironmentastheuserlooksaround(see
�gure 1).

This systemtracksthe visual motion of a static scene
in the users�eld of view in terms of a projective coor-
dinatetransformation(PCT) appliedto entire image. The
systemusesa featurelessmethodfor vision trackingcalled
VideoOrbits,andhasaclosedloopstructurethatallows the
mechanicallybasedinertial sensorsto becontinuouslycal-
ibratedduringuse. This typeof trackingworksbestwhen
theuserstandsstill while lookingaround,but becausetrack-
ing by PCT is lessconstrained,acceptableregistrationis
achieved in many situationswhere the usermoves about
(translates)aswell.

Figure1: An annotationoverlay�x edto thesceneusingprojectionmotiontracking.
By applyingthe best�t projective coordinatetransformationfound betweenframes
of videoto theoverlaid text, theannotationappearsasa planerobjectthat is partof
the scene.This makesfor us to maintainour immersionin the realenvironmentas
well asmakingit easierto interpretthetext.

2. EyeTap

In orderto capture,processandredisplaywhat is in the
user's natural�eld of view we usedevicescalledEyeTap.
The EyeTap (seeFigure2) is a wearablecomputerdevice
that enablesthe user's vision to be computationallypro-
cessedandmodi�ed in real–time[5]. An EyeTapincorpo-
ratesacameraandadisplayarrangedwith appropriateopti-
cal geometrysuchthat thecameraandeye have equivalent
optic centers.This allows the displayto orthospatially[5]
re-synthesizethe incominglight. This arrangementelimi-
natesparallaxbetweenwhat thecameraseeswhat theeye
would see(in the absenceof the device), allowing for the
seamlessaddition of virtual information, even when the
EyeTap device hasbeenmanufacturedwith partial optical
transparency. (Opticaltransparency is oftendesiredfor par-
tial mediation,allowing theuserto seethemajorityof their
environmentwith naturallight, ratherthancompletelyvir-

RIGHTMOST
RAY OF LIGHT

LEFTMOST
RAY OF LIGHT

C
A

M
E

R
A

EYE

LEFTMOST
RAY OF
VIRTUAL LIGHT

RIGHTMOST
RAY OF
VIRTUAL LIGHT

DIVERTER

A
R

E
M

A
C

d

d

(a) (b)

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 theuser's �eld of view [6].

3 Projective HeadTracking

Theproposedheadtrackingsystemcombinesa feature-
lessvisionbasedtrackingalgorithmcalledVideoOrbits1 [5]
with two small,low cost,vibratingelementgyroscopicsen-
sors. The systemhasa closedloop form that enablesthe
calibrationof theinertialsensorduringuseandaddsrobust-
nessdespiteindependentlymoving objects(objectswhose
motionis unrelatedto theuser'sheadmotion)in the�eld of
view.

VideoOrbits�nds best�t Projective CoordinateTrans-
formations(PCTs)to registerpairsof overlappingimages
or scenecontent(Equation(1)).
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where
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�

� aretheeightparametersof theprojective
coordinatetransformation(PCT).

This setof transformations,whenappliedacrosstheen-
tire image,candescribeexactly thecoordinatetransforma-
tion betweentwo imageswhereall theobjectsin thescene
arestaticand the camerais only free to rotateandzoom.
It is alsoexactfor a planarsceneimagedfrom arbitrarylo-
cations.Themotionof a headmountedcameraor EyeTap
betweensuccessive framesof video can be approximated
very well by a purerotation,sincewe oftenscanour envi-
ronmentusingheadrotations. This allows VideoOrbitsto
provideextremelygoodregistrationbetweenEyeTapvideo
frames[5], andforms the basisfor trackingphysicalhead
rotationsfrom a real-timevideosequence.

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

1VideoOrbitsavailablefor freeatwww.wearcam.org/orbits/



0 0.5 1 1.5 2 2.5 3 3.5 4
-0.015

-0.01

-0.005

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

Interframe Displacement (degrees)

T
ra

ck
in

g 
E

rr
or

 (
de

gr
ee

s)

Tracking Error vs. Interframe Displacement

VideoOrbits Error Variance
Gyroscope Error Variance
VideoOrbits Mean Error
Gyroscope Mean Error

Figure3: This graphcomparesthetrackingability of VideoOrbitsandthegyroscope
used. The error barsrepresentthe variancein the trackingerror andaredisplayed
asonetenththeactualsize. For this experiment,theexecutiontime for VideoOrbits
was limited to 0.3 s per frame. Under thesecircumstanceswe can seethat if the
interframedisplacementis lessthanfour degrees,thealgorithmconverges,resulting
in very small error. Beyond four degrees,convergenceis not achieved, resultingin
unusablePCTestimates.While not shown, theerror in thegyroscoperemainsfairly
constantbeyondfour degreesof interframedisplacement.

in thenon–idealcaseis improvedby theextra � ve degrees
of freedomprovidedby the8 parameterPCT. Theextended
freedomallows for visually acceptableregistration to be
achieved in many caseswhere the where the pure rota-
tion conditionhasbeenclearlyviolated. This is especially
true in outdoorurbanenvironmentswheremany video se-
quenceshavedominantplanersurfaces.Its effectivenessin
thesesituationshasbeendemonstratedin a mediatedreal-
ity applicationswherelargeplanarobjectsarereplacedwith
othervirtual content [5] for arbitrarycameramovement.

Like other vision techniques,this methodis computa-
tionally intensive. Moreover, complexity increaseswith in-
terframedisplacement,thusinhibiting its real–timeimple-
mentationon a typical wearablecomputer, unlessthecam-
eramotion is keptvery small. Figure3 shows thetracking
error in VideoOrbitswhenthe executiontime of the algo-
rithm is limited. We canseethatif theinterframedisplace-
ment is kept to lessthanaboutfour degrees,VideoOrbits
convergesandthe trackingerror is in the sub–pixel range
(with thecameraused,1 pixel  0.15degrees).Theconver-
gencerangeis dependentonthesceneaswell asthecompu-
tationtime. Thefour degreerangewasfoundto betypical
for anof�ce environmentwith a0.2sVideoOrbitsexecution
time. Thefour degreerangecanbedramaticallyimproved
by increasingtheexecutiontime aswell ascombiningthe
methodwith a block matchingschemesuchasFFT phase
correlation.

To make real–timetrackingusingVideoOrbitscompu-
tationally feasible,this systemusesa small gyroscopeto

aid VideoOrbitsin �nding interframeprojectivecoordinate
transformations(PCTs). This addition acceleratesthe al-
gorithmandimprovesits ability to handlelarge interframe
displacementsdue to rapid head movements. Figure 3
shows the gyroscopetracking error. With the gyroscope
usedalone,we can seein that in the zero to four degree
rangetheerroris muchlargerin comparisonto VideoOrbits.
Beyond four degrees,VideoOrbitsdoesnot converge giv-
ing extremelylargeerrorswhile theerror in thegyroscope
staysfairly constant.By usingthegyroscopeto estimatethe
PCTbetweenframes,VideoOrbitsis providedwith an ini-
tial guessat theinterframePCTthatallowsthealgorithmto
operatewithin its convergentrange.Thus,thehybrid sys-
tem is ableto �nd the interframePCT solutionswith sub–
pixel error even when thereare very large displacements
betweenimages.

Although thegyroscopeestimatereducesthe necessary
executiontime of VideoOrbits,thealgorithmcannotberun
at morethat a few framesper secondon currentwearable
computers.To achieve higher frame rates,the gyroscope
is usedto estimatethecameramotionbetweenVideoOrbits
solutions.This reducestheoverall accuracy, but allows the
framerateto beincreasedto usablelevel.

The inertial tracking device used is a pair of small,
low cost vibrating elementgyroscopesmadeby Gyration
Inc. Themanufacturerclaimsa maximumaccuracy of 0.15
deg/s with propercalibrationanddrift correction. Due to
theelectromechanicalnatureof thesystem,thecalibration
parametersare affectedby temperatureand power supply
�uctuationsandthegradualchangein gyroscopecharacter-
istics over time. The proposedsystemaims to solve this
problemthroughcontinuousclosedloop calibration.

4 Gyroscopic/VideoOrbits Tracking System

The Gyroscope/VideoOrbitsSystem(GVS) tracks the
absolutepositionof a camerain termsof theprojective co-
ordinatetransformation(PCT) betweenthe currentframe
of videoanda baseframe. In termsof camerarotation,the
baseframewould exist at !#"
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are the Euler anglesdescribingthe directionof the
camera's optical axis. If the cameraundergoespurephys-
ical 3-D rotationaboutits optic center, the rotationcanbe
recoveredfrom the PCT provided the cameraintrinsic pa-
rametersare known. Sincein many scenarios,the user's
headmotion canbe approximatedvery well by purerota-
tion, it makesit possibleto estimatetherotationalposition
of thecamerawith respectto its visualenvironmentfrom its
PCTposition.

TheGVS is a closedloop systemin which a gyroscope
providesan estimateof cameramotion to allow VideoOr-
bits to determinethePCTbetweenvideoframesevenin the
presenceof large interframecameramovements.Thehigh



Figure4: Gyro / VideoOrbitsTrackerBlock Diagram

accuracy PCTsproducedby VideoOrbitsareusedto build
a linearmodelfor thegyroscopein orderto correctfor gyro
drift. A blockdiagramof thesystemis shown in Figure4.

Absolutetrackingwith respectto thevisualenvironment
is measuredby composingtherelativePCTsbetweenvideo
frames.To eliminatetheeffectsof cumulativeerroraspher-
ical mapof the environmentis continuouslygeneratedas
theuserwearsthedevice. The continuousregenerationof
thismapallowsthesystemto maintaingoodvisualregistra-
tion evenwhenheadmotionis not limited to purerotation.
Underthesecircumstances,theachievedaccuracy depends
on theamountof translationalcameramotion andthe dis-
tanceto theobjectsin theuser's �eld of view.

VideoCaptureand Undistortion

Digital video is provided by an inexpensive IEEE1394
camera.The IEEE1394format allows programmaticcon-
trol of exposuresettingsfor most cameras,which is very
desirablesinceVideoOrbitsusesthe brightnessconstancy
constraint.Imagebrightnessinformationis obtainedby se-
lecting the luminancecomponentof theYUV color space.
Camerabarreldistortionwasremovedfrom thecameraim-
ageswith an optimizedundistortionfunction in the Intel
OpenSourceComputerVision Library (OpenCV)2.

Acquir eand processGyroscopesignals

A PIC micro-controllerwasusedto digitize the analog
rateoutputsfrom the gyroscopeandto computethe inter-
frameintegration. Rotationinformationis providedon de-
mandto the wearablecomputerover an RS232communi-
cationport. Theintegratedgyroscopeoutputis transformed
by matrix - to alignthegyroscopeaxiswith thecameraco-
ordinatesystem(CCS)andto scalethegyroscopeoutputto
matchtheunitsusedin thesystem.While gyro drift is in-
evitable,it remainsrelativelyconstantandcanbesubtracted
from therateoutputfairly well.

2OpenCVisavailablefromhttp://sourceforge.net/projects/opencvlibrary/
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Unfortunatelyas with all analogsystems,component
valuesdrift with temperature,andload changescanaffect
the power systemlevels. This tendsto causesigni�cant
shorttermvariationsin therequireddrift parameters.Thus,
the systemdrift must be continuouslyre–estimatedwhile
thesystemis operating.Thetransformation- changeslit-
tle solongasthecameraandgyroscopearemountedrigidly
together, andthuscanbecomputedof�ine. Thiscalibration
is easilyaccomplishedby allowing the systemto run in a
situationwherethevision systemperformsvery well for a
few minutesandthenusinga leastsquaresmethodto �nd
thetransformationparametersfrom thecollectedVideoOr-
bitsandgyroscopedata.Thebestsituationis awell lit static
environmentobservedwith smoothheadmotion.

Calculate Equivalent Projective Transformation
fr om Euler angles

In orderfor thegyroscopeto provide an initial transfor-
mationestimatefor VideoOrbits,theinterframerotationex-
periencedby thegyroscopemustbeconvertedinto a PCT.
To calculatethis PCT, a rotationmatrix is formedusingthe
relative EulerAnglesreturnedby thegyroscope.This ma-
trix is composedwith a �x ed 3-D rotationmatrix to align
thegyroscope'scoordinatesystemwith thecameracoordi-
natesystem.VideoOrbitsoperatesonimagesthathavebeen
scaledsuchthat theupperleft cornerof the imageis !E+

�

+

)

andthebottomright corneris !

�

�

�

)

. To createa PCTfrom
theobtainedrelative rotationmatrix anappropriatechange
of coordinatesis applied:
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W

is therotationmatrix correspondingto thegyroscopero-
tationsin thecameracoordinatesystem,XZY and X\[ arethe
camerafocal lengthsin the horizontaland vertical direc-
tions, ]

Y and ]
[ arethedimensionsof thevideoimagesin

thehorizontalandverticaldirections,!E^
Y

�

^
[

)

is thepoint
of intersectionof theopticalaxisof thecameraandthesen-
sorarray(in unitsof pixels),and I is a scalefactorusedto
forcethelastentryin thePCTmatrix to beone.
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arethePCTparametersde�ned in in Equation(1).



ReferenceFrame Database

This systemtrackstheabsolutecameramotion by �nd-
ing thePCT( L`_badc ) relatingthecurrentframeof videoto a
baseframe.Onemethodof determiningLe_fagc is to compose
therelative PCTs, L4h

FHG

and L4h , from temporallyadjacent
frames,numberedi

7

� and i :

L`_badcj�lk

m

hon

G

L4h (5)

whereL _badc and L h areexpressedin matrix form:
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This methodhowever is quiteproneto drift sincetheer-
rors in the relative PCTshave a cumulative effect on the
absoluteposition. In this systemthecumulativeerror is re-
ducedbystoringwell registeredimagesasreferenceframes.
Absoluterotationis thencalculatedby composingtherela-
tive PCTs( L h ) relatingthecurrentvideo frameto a refer-
enceframe,with thePCT( L4q ) relatingthereferenceframe
to thebaseframe. Theresultingperformanceincreasecan
beseenin Figure5.
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Figure5: Thisgraphshowstheeffectof referenceframeuseonsystemdrift. For this
experiment,thecamerawasheldin a �x edposition.

TheReferenceFrameDatabaseis a sphericallyindexed
databaseof referenceimagesof the environmentthat are
continuouslycollectedandupdatedthroughnormalsystem
use. Eachimagein the databaseincludesa time stamp,a
PCT ( L

q ) describingits position with respectto the base
frame,anda PCT certaintymeasureto allow for judicious
referenceframeselection.Referenceframesareselectedfor
usewith VideoOrbitsbasedonthecurrentpositionestimate
generatedby thegyroscope.

It is importantto notethatif largeheadrotationsoccur, it
is possiblefor consecutiveimageframesto havenooverlap
at all. This canpreventVideoOrbitsfrom estimatinga use-
ful PCTin thecasewherethesphereof environmentimages
is poorly populatedandno nearbyreferenceimagesexist.
In this case,a new referenceimagewill be storedwith a
gyro-generatedPCT. New referenceimageswith gyroscope
generatedPCTscanalsobe createdif VideoOrbitscannot
�nd goodregistrationwith anexisting referenceframe.

Images whose associatedPCTs were generatedby
VideoOrbitsareselectedin preferenceto thosewhosepo-
sitionswereestimatedby thegyroscopealone.More recent
imagesareselectedin preferenceto olderimagesto account
for environmentchanges.Eachtime a referenceframe is
usedsuccessfully, its timestampis updatedto ensurethatit
continuesto beusedinsteadof its neighbors.

Referenceframesaresaved whenthecurrentvideo im-
ageis offset from the currentreferenceframeby a signif-
icant amount. This amountis dependenton the camera's
�eld of view andthesystemresourcesof theoperatingplat-
form. Thesphereof referenceimagesis mappedto atwo di-
mensionalmatrix, indexedby equalincrementsof azimuth
andelevation. In experimentation,four degreeincrements
wereused.Pinchingat thepolesof thesphereis eliminated
by dividing thematrix into petalsof valid imagelocations.
Theremainingentriesof thematrixaremarkedasNULL, as
they areredundant.Searchingthismatrix issimplesincethe
camerapositioncanbedirectlyrelatedto thepositionin this
matrix. If the searchincludesNULL entries,their nearest
neighbors(of greaterazimuthandelevation)areused.Near
thepoles,searchestendto wrapto opposingsidesof thelo-
cationmatrix. It is importantto notethat framesaresaved
only whentheestimatedcameravelocityat thetime of im-
agecaptureis smallenoughto produceacceptableamounts
of imageblurring.

EstimatePCT

ThegyroscopeestimatedPCTis usedto aidVideoOrbits
in registeringthecurrentvideoframeto a referenceframe.
SincethePCTproduceddirectlyby thegyroscopemeasure-
mentis relative to thelast frameof video,it mustbetrans-
formedto be relative to the referenceframethat VideoOr-
bits will use: If L

5 is the gyroscopeestimatedPCT, L4r is
the PCT describingthe positionof the last frameof video
and L�q is thePCT describingthepositionof the reference
frame,the estimatedPCT betweencurrentframeof video
andthereferenceframe( L`s ) is givenby:

L`sj�tIuL

FHG

q

L
r

L

5 (7)

where L`s

�

L�q

�

L
r

�

L
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VideoOrbits Engine

VideoOrbitsestimatesthe PCT ( L`w ) betweenthe cur-
rent frame of video and the referenceframe by substitut-
ing x*y
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into theHorn andSchunkbrightness
constancy constraintequation(BCCE) [3]. This methodis
known as`projective–�ow' [4]. Becauseof effectssuchas
parallaxin theimagesdueto motionotherthanrotation,in-
dependentlymoving objectsin thescene,andcamerablur,
thePCTcannot�t perfectlyatall pointsof theimages.Thus
thesolutionwe seekis thebestestimateof thePCTparam-
etersin a leastsquaressenseacrossall imagepoints. This
is solvedby minimizing:
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Y is the 2-D spatialgradientof the image
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, and ‰ Š is thetemporalgradient,repre-
sentingthe changein brightnessat a particularpixel coor-
dinatefrom oneimageto thenext.

Minimizing (9) is simpli�ed by weightingby !
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where€o‚ denotestheweightederror.

To solve for theminimumwe differentiatewith respect
to thefreeparameters
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Sinceonly the �rst derivative of the spatialgradientis

usedin theBCCE,themodeledchangein pixel brightness
dueto translationalvelocity is only accuratewhenthemo-
tion betweensuccessive imagesis small. The setof PCTs
formsagroup,allowingVideoOrbitstoutilize thegrouplaw
of compositionin amultiscaleiterativetechniqueto �nd the
optimal PCT betweentwo images.The iterationsproceed
asfollows:

(1) EstimatetheprojectivecoordinatetransformationŸ

(2) Usethis Ÿ to transformtheappropriateoriginal image

(3) EstimateanotherPCT, ŸA  , betweenthe transformed
imageandtheotheroriginal image.

(4) Generateanimproved Ÿ by composingŸ
  with Ÿ

(5) goto(2) until thedesiredaccuracy hasbeenachieved

This schemeallows the �nal iterationsto estimatethe
PCT betweentwo imagesthat have very little motion be-
tweenthem,thusallowing the �rst orderapproximationof
pixel brightnesschangeto besuf�ciently accurate.

VideoOrbitsusesthe PCT estimateL

5 from the gyro-
scopeasa startingpoint (step(1)) for the iterative scheme
described.VideoOrbitsrunsfor a prescribednumberof it-
erationsdependingonthecomputationalpowerof thewear-
ablecomputer, andreturnsits bestestimateof thePCTpa-
rameters.VideoOrbitsalsoreturnsa MeanSquaredError
(MSE) valuefor thereturnedPCT, which is usedasa mea-
sureof registrationaccuracy. The MSE is calculatedby
addingthe squareddifferencebetweenthe original image
and its transformedtemporalneighbor. Unfortunatelythe
MSE measureis very sensitive to thenatureof the images
used,andthussensitiveto theuser's localenvironment.For
example,well registeredimagesin a dim environmentwill
have lower MSE valuesthan in a bright environment. To
copewith this, localstatisticsarekepton theMSElevelsto
provide intelligentadaptationto changingenvironments.

4.1 Using Graphics Hardware to Accelerate the
VideoOrbits Algorithm

In VideoOrbits,theprocessof imagewarping(item2 of
the iterative technique)is very computationallyintensive,
and accurate�ltering and interpolationtechniquesadd to
thecomputationalcomplexity of theimagewarp. Our sys-
tem is desiredto run in real–time,and the time spentre–
warpingand�ltering theimagesmakesupalargeportionof
thecalculationsrequiredon eachframe.In orderto speed–
up thealgorithm,our systemusesthegraphicsacceleration
hardwareonboardthewearablecomputer.

Many current graphicschipsetsincorporatehardware
speci�cally designedto achieve fastreal–timerenderingof
texturemappedpolygonsaswell ashardwaredesignedfor
�ltering and pixel interpolationto createaccuratetexture
maps. In particular, graphicschipsetsare tunedto create
perspective projectionsof planar surfaces. Thereforeby
texturemappingthe imageto a planarsurfaceandthenap-
plying the desiredprojection,the imagewill be projected
by thecomputergraphicshardwareratherthandoingso in
software.

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

In OpenGL,the most straightforward way of applying
the projective coordinatetransformationof VideoOrbitsis
to considerequation15 to bea transformationto beapplied
to theprojectionmatrixusedin OpenGL.

Theoperationof applyinga projective coordinatetrans-
formationto animageis isomorphic(isomorphicreferspre-



cisely to algebraicisomorphisms,as discussedin [1]) to
the processof projecting a texture mappedpolygon un-
derperspective projectionin OpenGL[5]. Thus,hardware
accelerationof VideoOrbitsprojective transformationscan
be achievedby de�ning an isomorphismbetweenthe pro-
jective spaceof VideoOrbitsand the projective spaceand
homogeneouscoordinatesystemof OpenGL.An isomor-
phism

'

is de�ned by a mappingof VideoOrbitsprojective
transformations¡ to OpenGLprojectionmatrices¢ :

'¤£

¡¦¥�¢ (12)

In the VideoOrbits algorithm, the projective coordinate
transformationis written asequation1. Thus,it de�nes an
eightparameterspace.Thetransformationcanbere-written
asa §©¨«ª¬¨ matrix:
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whereit can be seenthat the set of projective coordinate
transformationformsa groupactingupona set ] of image
coordinates.

Thus,what is desiredis someisomorphism
'

mapping
the projective coordinatetransformationof VideoOrbitsto
a §•­

ª
­ projectionmatrix in OpenGL.

Thedesiredisomorphismis givenby:
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This mappingtakes into accountthe different coordinate
systemsand conventionsusedby eachprogram. Equa-
tion 15 is usedasa cameratransformationmatrix. Thus,
it describesthetransformationthecameraundergoes,such
that the planewill appearasrequiredunderOpenGLper-
spectiveprojection.

To performthe imageprojectionin OpenGL,the image
is �rst loadedinto the OpenGLprogramasa texture map.
Thenthe camerais positionedandthe perspective projec-
tion is applied.Theresultingimageis readoutof thebuffer
andtheimageis stored.

To determinethe speed–upattainedby usinghardware
acceleration,a programusing the hardware acceleration
wascomparedwith the softwarealgorithm. A setof pro-
jectivecoordinatetransformationswasgeneratedaccording
to theequationsof [9]. All programswererun on a wear-
ablecomputerwith anIntel i810graphicschipset,anda700
MHz Pentium-IIIprocessor.

Figure6: Projectiontimesfor VideoOrbitssoftware,Mesa3D(usingsoftwarerender-
ing) andMesa3Dwith DRI hardwarerenderingenabled.

Figure6 shows the resultsof timing a singleprojection
usingthreemethods:1) aprogramusingMesa3Dandavail-
ablecomputergraphicshardwareandDRI, 2) aprogramus-
ing Mesa3D,usingsoftwarealgorithms,and3) a program
notusinganoptimized3D library.

Thus, an additionalprogramis discussedhere, which
usesthesoftwareimplementationof Mesa3D(actuallythe
Mesa3Dprogramis thesameastheDRI program,with the
directrenderingturnedoff). ThesoftwareMesa3Dwasex-
aminedbecauseit is consideredto be well optimizedcode
for computergraphicsapplications.Thus,computervision
algorithmscan also bene�t from the speedand optimiza-
tionsusedin computergraphicssoftware. Soon machines
whichmaynotbene�t from 3D graphicsacceleration,Mesa
will still implementan optimizedsoftwareprojection,and
additionallythis wasexamined.

For theplot of �gure 6, theinput imagesizewasset,and
differentprojectionparametersweregivento thethreedif-
ferentprograms,andthetimetakento projecttheimagewas
recorded.Theprojectionsusedwereindependentrotations
abouteachof theprincipleaxes,with a maximumrotation
of 15 degreesaboutany axis. From the data,the average
speedupbetweenVideoOrbitsusingDRI vs. usingtheCPU
was ´Dµ·¶o¸�¹ . Mesasoftwarerenderingwas �

µ º=»�¹ fasterthan
not usinganoptimized3D library andtheDRI implemen-
tationimprovedtheperformanceby another�

µ »Zv�¹ .
Figure7 (a)showstheeffectof hardwareaccelerationon

input imagesof differentsizes.For this �gure, theprojec-
tion parameterswereheldconstant,andtheinputimagesize
wasvaried. In all cases,thehardwareacceleratedprogram
projectedtheimagefasterthanoneusingonly theCPU.The
smallestimagesizewas ¶\¼½¹¾¸Z» andthe largestinput im-
agesizewas º=v�¸•¹¾v=v

� . Theslopeof a linear best�t line
throughtheplot is ºMµ +�¶ . Thus,for this rangeof input image



(a) (b)

Figure7: (a) Projectiontimesfor VideoOrbitsusingDRI vs. theCPUgivenvarying
imagesizes.All imagehadidenticalprojectionparameters.(b) Projectiontimesfor
VideoOrbitsprograms,oneusing DRI and the other the CPU. The algorithm was
given a �x ed input imageand the projectionparameterswere varied (resultingin
largeroutputimages).

sizes,thehardwarespeedupwas ºMµ +�¶H¹ .
Figure7 (b) shows theeffect of differentprojectionpa-

rameterson the speedof the projection. For this plot, the
input imagewasheld constant,but theprojectionparame-
terswerevaried. The largerprojectiontimesshown corre-
spondwith increasingnumbersof outputpixels of the re-
sulting image. Thus, this plot is measuringthe effectsof
increasedamountsof pixel interpolation,sincelargeoutput
imagesrequiredmorepixel interpolationsincetherewere
moreoutputpixels.Theslopeof thisgraphwas ´Dµ ¿Z¿ . Slope
heremay be interpretedashow well eachof theprograms
usingDRI andthe CPU dealtwith more interpolationbe-
ing required.Thus,thegraphicshardwarewasableto han-
dleincreasedamountsof interpolatiońDµ ¿Z¿�¹ fasterthanthe
CPU.

EstimateEuler Anglesfr om the PCT

In orderto closethe loop andallow VideoOrbitsto correct
the changinggyroscopedrift parameters,an equivalent3-
axis rotationmustbe obtainedfrom the PCT. It is known
that the PCT haseight free scalarparametersand is thus
not limited to pure rotation, so it is necessaryto �nd the
best�t 3-D rotationmatrix andhavesomeindicationof the
error to determineif a rotation is valid and can be used
in the statisticalmodel for the gyroscope.To �nd the re-
quiredrotations,a PCT ( L

q(s
r ) describingthe relative rota-

tion since the last successfulexecutionof VideoOrbitsis
found: L

qšs
r‹�ÀL

F�G

q

L4h

FHG

L`w , where L
q , L�h

FHG

, and L4h are
thePCTsrelatingthereference,previous,andcurrentvideo
framesto thebaseframe.This relativePCTis thenapprox-
imatedby a purerotationmatrix usinga singularvaluede-
composition(SVD) of L`qšs

r . TheSVD of L4q(s
r is givenby:

L4qšs
r

�JÁ

]ÃÂ

� (16)

where] is adiagonalmatrixof singularvalues.Thebest�t
rotationmatrix § in termsof theFrobeniusnormbetween
itself and L qšs r is givenby:

§
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� (17)

This rotationmatrix is thenusedto computethe corre-
spondingEulerangles

�
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w �C� . This computationis not
dif�cult, but is lengthyandthuswill notbepresentedhere.

TheFrobeniusnormis calculatedasfollows, to give an
errormeasurein therotationmatrix:
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This measureis usedto help identify non-convergentPCT
estimatesfrom VideoOrbitsandselectEulerangleestimates
from L q(s r thataresuitablefor usein gyroscopedrift correc-
tion.

Estimate
�

8 : 8 < 8;>

���

In order to estimatethe gyroscopedrift, a buffer of re-
cent data points correlating the gyroscopeEuler angles

�

"
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$
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5

�C� to the VideoOrbitsEuler angles
�
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w

$

w

'

w
�C� is

maintained.Datapointsassociatedwith poorMSE with re-
spectto thelocal statisticsor with high errorin therotation
matrixapproximationof L

qšs
r arerejected.

Thesedatapointsareusedto createa linear model,us-
ing linear regression,that relatesthe gyroscopemeasured
rotationto the rotationestimatedby VideoOrbits.For this
model, the standarderror in the slope and the intercept,
aswell asthe correlationcoef�cient arecalculated.These
statisticsareusedto decideon correctiveactionfor thegy-
roscopedrift. Thestringency of thedecisiontolerancesin-
creasesas gyroscopecalibrationimproves to ensurecon-
vergenceto anoptimalsolution.To allow re–calibrationin
the event of a large shift in parametervaluesduring oper-
ation, the decisiontolerancesare relaxed if a good linear
�t is found with signi�cantly differentparameters.Large
shifts in parametervalueswere found to occur when the
systemwasexposedto large temperaturechangessuchas
whenmoving from anindoorto anoutdoorenvironment.

5 Results: SystemEvaluation

Thesystempresentedhasshown theability to correctfor
variationsin gyroscopedrift characteristicsthroughnormal
wear. The lengthof time requiredfor calibrationdepends
on the user's motions,sinceVideoOrbitsneedsto achieve
goodregistrationbetweenframesto contributemeaningful
datato thegyro model. Figure8 demonstratesthesuccess
of theclosed-loopcorrection.
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Figure8: Theabove dataweretakenin ascenariowherepowersupplyvoltageto the
gyrohadbeenchanged(at frame0) to simulatepower level �uctuationsin abattery–
driven system. At aroundframe65, the error in the gyro modeldroppedbelow a
thresholdvalueandthesystemstartedto correctthecalibrationparameters.We can
seeby the reductionof the absoluteerror that the systemhasconvergedto a more
desirablestate.
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Figure9: Thehistogramshows thedistribution error in real–timeimageregistration
with a well populatedreferenceframedatabase.

5.1 Tracking Performance

Operatingona1.2GHzPentiumIII with ani810 graph-
ics chipset (with 512 MByte RAM and running Linux
2.4.18), the systemwas able to register imageswith less
than2 pixels of error (0.3 degrees)at 12 framesper sec-
ond. Figure9 shows the distribution of registrationerrors
with thesystemrunningin a staticenvironmentwith a well
populatedreferenceframedatabase.Theseresultsapplyfor
conditionswherethe cameramotion canbe approximated
well by 3DOFrotations.Theabsolutetrackingperformance
of thesystemhowever, suffersgreatlywhenit is exposedto
large accelerationssuchas runningor jumping. It is also
sensitive to low light conditionswhichcauseblurry images
throughlow shutterspeeds.

Figure 10 shows the tracking of a point in the scene
with signi�cant headmotion. This �gure alsoshows how
the tracking algorithm is robust in the presenceof inde-
pendentlymoving objects.VideoOrbitsaloneis subjectto
very large errorswhenan independentlymoving object is

introduced.However, with thegyroscopein thesystem,the
PCTparametersproducedby VideoOrbitsarerejecteddue
to high associatedMSEvalues.

Figure11illustratesreal–timeregistrationresults.In this
examplethe framerate hasbeenreducedto 3 framesper
second,toproducelargeinterframedisplacementsandshow
thesystem'sability to copewith largeheadmotions.

Figure 10: The following imagesshow the GVS tracking a point with signi�cant
headrotationin a nearenvironment. The imagescontainingthe hand,demonstrate
the system's ability to track even when blocked by a large independentlymoving
object.

6. Seeingeye to eye: an application of projec-
tiveheadtracking

Wearablemediatedreality allows for new interactions
betweenpeople.This applicationof projective headtrack-
ing allowsusersto seetheworld througheachother'seyes.
Eachuserin this systemwearsanEyeTapreality mediator
equippedwith the GVS tracking systemdescribedin this
paper. As a userlooksaroundtheir environment,theGVS
generatesan environmentmapof their surroundings.This
environmentmapis thensharedbetweenusers.Whenauser
views another's environment,the reality mediatorpresents
it asthoughit weretheuser'scurrentenvironment.By using
head–tracking,userscan naturally browseanother's envi-
ronmentby simply lookingaround.Userscontinueto build
their environmentmapevenasthey browseanother'senvi-
ronment,andthus,continuallyaddinformationto beshared
with others.This reciprocityallowedthecreationof visual
interactionsbetweenusersthatshareeachother'sreality. In
this interactionuserssee“eye to eye”, to createa shared
mediatedreality.

EyeTap deviceshave beenusedbeforein the transmis-
sionof live videocapturedfrom theuserperspectiveof the
surroundingenvironment. In a previous study, EyeTapre-



Figure11: Real–timeImageregistrationin a closeenvironment. In this instancethe frameratehasbeenreducedto 3 framesper second,to produceextra large interframe
displacementsandput thegyroscopeto thetest.

portersaccomplishwirelessElectronicNews Gathering[7]
thatallow viewersto remotelyexperienceeventsasif they
wereactuallypresent.

In contrast,the systemthat we now describe,allows
usersto seethrougheachother'seyes,yet without thecon-
straintof following exactly thebroadcaster'spoint of view.
Thisdevelopmentis extremelyimportant,sinceexactly fol-
lowing anotherperson's shaky EyeTap video can be dis-
orientingandnauseating.Observation of live eye or head
mountedvideo is generallymuchlessstablewhenviewed
vicariouslythanwhatweseemto experiencein realitysince
our perceptualsystemdoesmuchof thestabilizationbased
onour physicalmotions,andvestibularcues.

The requirementfor thesharedmediatedreality system
to store,retrieveandspatiallyregisterimagesis satis�edby
makinguseof the sphericalreferenceframedatabasethat
is maintainedby theGVS for headtrackingpurposes.The
referenceframeimagesarestoredalongwith therotational
orientationof thecamera§

q , projectiveparametersL
q , and

indexedby integer values !#"

�('�)

, representingthe azimuth
andelevationof thecameraorientation.

Sharingof themediatedreality is accomplishedby trans-

ferring this referenceframedatabaseto wearerB, who can
usea secondGVS and a browser programto synthesize
views of wearerA's environment map from an arbitrary
viewingdirection.As longastheenvironmentmapcontains
somereferenceimagesin the neighborhoodof the precise
directiondesired,the browserprogramwill displaya cor-
rectlyprojectedview.

Synthesisof views is performedby taking the current
estimateof the rotationalposition( § ) of wearerB's GVS
andusingits equivalentPCT ( L ) to re–projectwearerA's
referenceimagesto wearerB's viewpoint. In order to in-
creasethecreationspeedof thesynthesizedview, a bound-
ing boxis computedandonly thereferenceimagesthatwill
contribute to the �nal view are re–projected. In order to
minimizecompositionerror dueto usertranslationandin-
dependentlymoving objects,the imagesare composedin
chronologicalorder suchthat the most recentimagesare
placedon top.

Thus,theheadtrackingof wearerB is usedto providea
perspectivewith whichto view theenvironmentmapgener-
atedby wearerA. As wearerB rotateshis/herhead,new
perspectives are suppliedto the browser program,which



Figure13: Outdoors:theenvironmentmapgeneratedby wearerA, andtheviewsof thatmapsynthesizedby wearerB.

Figure14: Indoors:theenvironmentmapthatwearerB generateswhile browsingwearerA'soutdoormap.
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Figure 12: The sharedmediatedreality systemallows userswearingEyeTap de-
vices to sharetheir visual experience. As eachuser looks around,they createa
visual/temporalmapof their surroundingenvironment. By sharingthis visual his-
tory, userscanseethroughtheeyesof another. They areableto look aboutwithout
beingconstrainedto a singlepointof view, ratherbeingableto generatenew projec-
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causetheprojectionandsynthesisof new portionsof theen-
vironmentmap.All theseprojectionsarerelative to wearer
B's currentheadposition,thusall navigation is performed
solelywith headmovement.

Thethenumberof imagesselectedwithin thebounding
box to contribute to the �nal imagecompositethat wearer
B would see,is adjustedto �t the availablecomputational
resources.With apowerful computer, multiple imagesfrom
themapcanbeprojectively transformedandregistered(see
�gures 13 and14). This allows for the creationof images
thatarespatiallycompletefor thedesiredperspective even
if thereis no imagesin themapfor thatexactviewing per-
spective. It also ensuresthat the most recentimagesare
used,giving themostup to dateestimateof theotheruser's
environment.On a resourceconstrainedwearablecomput-
ing system,Only a few imagesmay be used,so the user
mustdecideon therelative importanceof spatialextentand
temporalaccuracy.

6.1 Accounting for the Camera Intrinsic Param­
eters

TheEyeTapdevicesarecustommadeprototypesandas
suchcontaindifferent cameras. Becauseof this, for one
userto view theother'senvironmentasif they wereseeing
it throughtheirownEyeTap,theintrinsicparametersof both
camerasmustbeaccountedfor. In thecasewherewearerB
is viewing wearerA's environment,theappropriateprojec-
tion to transformtheimagesin wearerA'senvironmentmap



to wearerB'sviewpoint is:
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where §

Ð is the rotationmatrix dscribingthe viewing
orientationof wearerB. L h is thePCTassociatedanimage
in wearerA's environmentmapdescribingits visual loca-
tion. ¢

Ï

h Š Ñ and ¢
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Ò are the matriciesof intrinsic pa-
rametersfor theEyeTapcamerasof wearerA andwearerB
respectively. The de�nition of the intrinsic parameterma-
trix is givenbelow:
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whereX\Y , X\[ arethefocal lengthand ^©Y , ^•[ is thelocation
of theimagecenterin pixel coordinates.

6.2 Demonstration

Thesystemmaybe seenin actionin �gures 13 and14,
demonstratingresultsof wearerB browsinganenvironment
mapcreatedby wearerA. The�rst imagein �gure 13shows
the environmentmap that wearerA hasgeneratedout of
doorsonaveranda.Theboundingbox indicatestheportion
thatwearerB is currentlyviewing. The�rst imageof �gure
14showsthecorrespondingview of B'senvironmentinside
a laboratory, with theboundingbox describedby theEye-
Tap. The middle imagesshow the resultof looking to the
right: in �gure 13 theview hasmovedto themiddleof the
environmentmap,while in �gure 14, we seethatwearerB
is simultaneouslymappingout their own environment.The
�nal pair of imagescarriesthis processfurther, andalsore-
vealshow thesystemhandlesthecaseof insuf�cient refer-
enceframesto �ll aview completely:thereis anarrow band
of whiteat thetopof theboundingbox in �gure 13 indicat-
ing anareawith insuf�cient informationin theenvironment
map.

7 Conclusion

The hybrid Gyro / VideoOrbitsSystem(GVS) operates
in real–time,with reasonableframeratesoncurrentlyavail-
ablewearablecomputers.GVS usesan imageregistration
techniquebasedonprojectivecoordinatetransformationsas
well as a gyroscope,and is suitablefor operationin un-
preparedenvironments. The computergraphicshardware
on boardthewearablecomputerwasusedto providehard-
wareaccelerationfor theimageregistrationalgorithmusing
OpenGL.Thesystemachievesreal–timeheadtrackingwith
suf�cient accuracy to beusedin many augmentedandme-
diatedreality applicationswherethe motion of an eyetap

device or head–mountedcameracan be approximatedby
3DOFrotation.

A sharedmediatedreality applicationthat utilized the
GVS waspresentedthatallowedusersto exchangethevi-
sualenvironmentsviewedthroughtheirEyeTaprealityme-
diators. By utilizing both the projective and 3DOF rota-
tion trackingcapabilitiesof thesystemto stabilizethehead
mountedvideo from one wearablecomputeruser to the
viewing orientationof another, the trackingcapabilitiesof
theGVSweredemonstratedin a very tangibleway.
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