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ABSTRACT

Registeringa six degree-of-freedontracker with a display
can be time-consumingand frustrating. Yet, establishing
a consistentcoordinatesystemsharedby a display and a
tracker is a necessaryrst stepfor mary virtual reality ap-
plications.

We presenta new approachor registeringa tracker's anda
display's coordinatesystenthathassimpleinstructionscan
becompletedn undera minute,anddoesnotinvolve under
standingor manipulatingary underlyinglinear algebra. A
relatedtechniquéor registeringtracked stereoglassegiven
anarbitrarily mountechead-trackris alsopresented.

We demonstratethrougha seriesof experiments,that the
registrationtechniqueis fastand easyto perform, andthat
it caneffectively be usedasa basisfor: 1) perceving depth
from stereopsis?) changingvantagepointsof avirtual scene

with headmovementsand3) performingsix degree-of-freedom

manipulationsvith hand-heldrackedobjects.Datacollected
during our experimentsalsosuggeste@pproacheshat may
helpdeveloperamprovetheirvisualizations.

KEYWORDS: registration, 6 degree-of-freedomntracking,
virtual reality, FishtankVR.

INTRODUCTION
Threeattributesof mary immersve virtual reality systems
are:

stereoviewing
head-trackdviewing
six degree-of-freedoninteractiontechniques

To provide these,virtual reality (VR) applicationsrequire
a clearrelationshipbetweena 6 degree-of-freedon{DOF)
trackercoordinatesystemandthedisplay While therearein-
nitely mary possibleunifying coordinatesystemsusually
atraclker's coordinatesystemis transformednto a display's

coordinatesystem sincetracked motionsare performedrel-
ative to visualsshovn onthedisplay

For example,duringapositioningtaskonewould expectthat
if atracker wasmovedto the right thenthe virtual objectit
wasa proxy for shouldalsomove to theright. Similarly, if a
head-trackd usershiftedtheir headto theright, you would
expectthe virtual eye point to shift to the right commensu-
rately Similar expectationsapplyfor rotations.

Figure 1: An example of common display and tracker
coordinate systems. The display's origin is centered
on the display and the positive X-axis extends “to the
right”, Y-axis extends “up”, and Z-axis extends “out of
the display”. A possible tracker coordinate system is
shown to the left of the monitor near the stereo glasses
and is very different in position and orientation from the
display coordinate system.

However, atracker'sdefaultcoordinatesystenis almostever
the sameasthe display's for a variety of reasons.For ex-

ample, it physicallyis not possiblein somecases.Due to

technologylimitations it is sometimesnecessanto install

trackinghardwaresomedistanceaway from adisplay Other
installationconstraints suchas mountingsurfaces,may in-

uence thetracker's coordinatesystem.A translation rota-
tion, andscalemay needto be appliedto tracker samplego

transformthemto thedesiredcoordinatesystem A common
situationis illustratedin Figurel.



Typically, nding the requiredtransformsis left to the pro-
grammeior userandcanbeatime-consumingndnon-intuitive
process.Furthermorejf a VR applicationwill be usedata
remotesite, someonaunfamiliar with tracker-displayregis-
trationmayberequiredto learnhow to performtheregistra-
tion.

PREVIOUS WORK

This sectionpresentsawork relatedto registeringa 6-DOF
tracker with a display and evaluatesits quality. In general,
immersie VR display systemsanclude tracked glasseghat
help producea stereoeffect. Additional trackers, possibly
mountedon physicalobjects,may be usedto allow a user
to interactwith the application. Examplesof suchsystems
includeCAVEs, Poverwalls, andFishtankVR.

This paperfocuseson registration rather than calibration.
Calibrationattemptgo minimize the differencebetweerthe
coordinatesf a tracked objectin somecoordinatesystem
andthe coordinategeportedby the tracking system. Cali-

brationis necessarpecausenosttrackingtechnologiehave

limitations. Given a calibratedsystem registrationis anor-

thogonalprocesghatrelateswo coordinatesystemghrough
alineartransformation!f atrackingsystemis not calibrated
accurately even a properly registeredsystemmay produce
errorsin theimagesbeingdisplayed.Many calibrationtech-
niguesexist including[7][1][5], someof which reportreduc-
ing positionalerrorsby up to 79%.

Augmentedreality (AR) requiresvery accurateregistration
in orderto accuratelyoverlay graphicson the users view of
the surroundingsOur approachwasnot targetedat register
ing anAR systemjt wasmadefor makingregistrationeasier
for the simplertypesof systemgsdescribedabore. We were
not ableto applyour registrationtechniqueo an AR system
but suspecit is not appropriatefor achieving the degreeof
registrationaccurag requiredfor AR.

Fuhrmanrmpresents comprehensie procesdor registration
that canbe accomplishedy a novice user[3]. The process
canregisterprojectve and head-mountediisplays,tracking
systemsandtracked props. Fuhrmanns techniquenvolves
four distinctstepswhereasursinvolvestwo. Both Fuhrmanns
techniqgueandoursarelimited by theaccurag of humanin-
put. Whendeterminingthe interpupillarydistanceandeye-
to-tracler offsetin Fuhrmanns technique,usersmusthold
their headsn a constrainegositionfacingthe centerof the
display while aligning a stylus tip with multiple markers.
Fuhrmannssystenrequiresanaccurateérackingsystenover
theworking volume,in additionto having a stylus. Our ap-
proach,on the otherhand,canstill work whenerror exists
within the working volume (e.g. electromagnetiénferfer-
enceneara CRT), andour approactalsodoesnot usea sty-
lus.

[4] proposes techniquefor registrationandcalibrationthat
wasimplementecn the VisualHaptic Workbench.Someof

their goalsare similar to ours, suchas stressinghe impor-
tanceof quick andeasyregistrationwith no externaldepen-
dencies.Theirapproactfollows a seriesof differentstepsto
achieve registration. It requiresmoreindividual stepsthan
our method. It is worth noting that somecombinationsof
displaysandtrackers are not always accuratenearthe cor
nersof adisplay [2] proposeda multi-point samplingtech-
niquefor registeringa tracker with aresponste workbench-
like display It, too, requiresmore stepsthanthe technique
presentechereand may give a poor registrationbecauset
requiressampling3D positionsdirectly on the display sur
face,which may not be possiblein caseswvherethe display
interfereswith the trackingsystem.

Someinstallationsin usetoday are registeredin an ad-hoc
manney by determininga seriesof linear transformations
basedon obsenation and measurementf the physicalen-

vironment.

In termsof evaluatinga registrations quality, [6] presented
a collectionof heuristicsandsimpletestsfor evaluatingthe
quality of a projection-basedirtual reality display We re-
peatedmnary of thesetestsin our experimentdelow.

Figure 2. The local coordinate system of a tracked
sensor. The origin is the point at which the three axes
intersect.

REGISTRATION BY EXAMPLE

The key ideabehindour approachs to specifythe desired
coordinatesystemby example. Using only a ruler to help
measurea point somedistanceaway, orthogonatto the dis-

play, rst atracker andthentracked glassesare posedand
recordedata known pointandorientationrelative to thedis-

play. The tracker datafrom thesetwo stepsis sufcient to

registerthe system.

Thefollowing is a descriptionof the procesdrom theusers
pointof view.



Basic Registration

Our goalis for tracker valuesto bereportedin the display's
coordinatesystenratherthanits own, asillustratedin Figure
1. If you studya tracker usedin your tracking systemand
consulttheusers manualthenyou candiscoverits local ori-
gin aswell asits local positive X , Y, andZ axes.SeeFigure
2 for anillustration of a particulartracker's local coordinate
system.After alittle manipulationa tracker canbetumbled
until its axesare orientedto matchthe display's. Next, the
tracker canbemovedto a known pointrelative to thedisplay
while maintainingthis orientation.Whenbothconditionsare
met, if the compositedx4 matrix C containingthe tracker's
rotationalandtranslationacomponentss capturedrom the
tracking system thenall the datanecessaryor registration
hasbeenobtained.

In practice thereis often moretracker error neara display

Thereforea known point somedistanceaway from the dis-
play canbeusedinstead.We useda ruler to measurea point
onefoot away from the centerof the display We offer two

suggestiongor this approach.First, it is importantthat the
ruler be orthogonalto the plane of the display We found
this is easierif oneholdsthe ruler in onehandnearwhere
it meetsthe display Second,it helpsto align the top edge
of the ruler on a graphicalobjectdrawn in the centerof the
displaywhile posingthe tracker on the otherendof the top
edgeof theruler. Figure 3 illustratesthesesuggestionsin

our implementationwe instructedthe userto pressakey on
thekeyboardto indicatewhenthey werereadyto sampleC.

The userthenhadabout4 secondgo positionandhold the
tracker attheknown positionin the correctpose.

Figure 3: To do the basic registration, a tracker is ori-
ented such that its local coordinate system is aligned
with the display's coordinate system, and it is posi-
tioned at a known point relative to the display. The red
marker, emphasized here for clarity, indicates the posi-
tion of the known point projected onto the display. The
small image attached to the lower-right of the moni-
tor is a picture reference that we used in our study,
to help users understand the tracker's local coordinate
system.

IMPLEMENTATION  While thepersordoingtheregistration
needhotunderstanthelinearalgebratheimplementodoes.
Understandingquationg1) and(9) below is suf cient toim-
plementour registrationapproachTheir derivationsarealso
given.Wefoundit easietto understanéndexplain the proof
of our methodusingalgebraicequationgatherthanthrough
gures becausef the dif culty of conceptualizingand vi-
sualizingthe underlyinglinear algebra.We assumecolumn
vectorsarebeingused.

The equationto registeranunreyisteredsampleis:

Xreg: (K C l) Xunr eg (1)

whereK is a 4x4 translationmatrix that transformsa point
attheorigin (0, 0, 0) to a known point, andC is the sample
describedhbore.

The derivation of equation(1) follows. We wantto nd the
transformatiorM thattransformsunregisteredtracker sam-
plesX unr eg to registeredracker samples.

Xreg: M Xunr eg (2)

Let K be a 4x4 matrix describingthe translationfrom the

display's origin to the known point, andlet C be a sample
setto X ynr g atthe momentthe userposedthe tracker at a

known point and orientation. We canthensubstituteK for

Xreg andC for Xynr eg in equation(2) becauseve sampled
thetrackerdataC atthemomentheuserposedhetrackerat

aknown positionK in displaycoordinateswith thetracker's

axesalignedwith thedisplay’s.

K=M C 3)

Theunknavn M canbesolvedfor by multiplying bothsides
of theequatiorontheright by C 1.

K cl=mMm cc!? (4)
K Cl=M (5)

Substitutingfor M in equation(2) givesequation(1) above.

To provide a speci ¢ scenariojf our units arefeet, the dis-
tancefrom the edgeto the centerof our tracker is a quarter
inch (approximately0.021feet),anda one-footruleris used
to nd thepointonefoot away from the centerof thedisplay
asshowvnin Figure3, thenK would have thevalue:

-f

021) é (6)
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One extensionwe madeto our applicationwas writing out
theregistrationmatricesto a le in thelocal directorywhen
they were obtainedso that they could be readin on sub-
sequentuns, thus, eliminating the needfor re-registration.
Thesecachedvaluescould be replacedwith the resultsof
anotherregistrationif theuserdesired.

Figure 4: The pose used for registering the tracked
glasses is similar to that for basic registration. The
point midway between the viewer's eyes is positioned
in the same known point, and the glasses' lenses are
oriented parallel to the display.

Tracked Glasses Registration

For stereaenderingt is necessarto know wheretheviewer's
eyes arerelative to the display Given the interoculardis-
tanced, amatrixH thatdescribeshe pointmidway between
aviewer eyes,andthe viewer's headorientationthathasan
x-axispointingfrom theleft eyeto theright eye, theneyes ¢
andeyeign: canbecomputedasfollows:

2 g 3
B
eyeert = H g 0 Z (7
1
2 q 3
5
eYeright = H g 0 Z 8)
1

Dueto practicalissuesatrackeris oftenmountedn asome-
what arbitrary location on the stereoviewing glasses. To

achieve correctstereoscopicendering,the offset and rota-
tion of thetrackerto the point betweera viewer's eyesmust
be determined. A registration step similar to the one de-
scribedabove caneasily determinethe transformatiorfrom

thehead-trackrto the point betweerthe viewer's eyes.

Similarto thebasicregistrationprocessif thetrackedglasses
areposedwith the planeof its lensesparallelto the display
andpositionedsuchthatthe mid-pointbetweerthe viewer's
left andright eyesis attheknown pointasshown in Figure4

and andat thatmomenta registeredsampleD is recorded,
then all the information neededto computeH as usedin
equationg7) and(8) hasbeenobtained.

IMPLEMENTATION Theequationto computeH is:

H=Xreg (R (K T %) ©
whereX ¢4 is aregisteredsamplefrom the tracker mounted
ontheglassessampleD from aboveis decomposethto the
rotation matrix R andtranslationmatrix T suchthatD =
T R, andK isatranslatiormatrixthattransformsapointat
theorigin to the sameknown pointdescribedaborve.

The derivation of equation(9) is asfollows. To computeH
fromthetrackerdatawemust nd thevectorv thattranslates
apointfrom thetracker to the mid-eye pointin thetradker's
coordinatesystem If v is writtenasthetranslatiormatrix V',
thenH couldbewrittenas:

H=Xieq V (10)

Sincel) T is atranslationmatrix that transformsa point at
theorigin to thetracker'slocationrelative to thedisplay and
2) K is atranslationmatrix thattransformghe origin to the
known pointmidway betweertheleft andright eyes,the4x4
translationmatrix V that translatesa point at the tracker's
positionto theknown pointis:

v=kK T1 (11)

However, V is in the display's coordinateframe and does
not accountfor the arbitrarymountingof the tracker on the
glasses.If V is rst transformedby a matrix E (which we
de ne asthe matrix that will compensatdor the arbitrary
mountingof thetrackerontheglasses)}thenwewill havethe
correctequation.Thus,we correctequation(10) by rewriting
it asfollows:

H=Xie (E V) (12)

Given the tracker's positionwhen D was sampledand the
valuefor V from equation(11), we cansubstitutevaluesfor
all variablesbut E in equation(12) andthensolve for E as
follows:

K=D (E (K T 1) (13)
DK=E (K T (14)
DK K TYH1I=E (15)
(MTR 'K (K THI=E (16)



R!T!'!K TK=E (17)
Becausdranslationmatricesare commutatve, we canrear
rangethe equationandsimplify asfollows:

RI(T!'!T) (K KH=E (18)
R0 I=E (19)
R=E (20)

Substitutingfor E andV in equation(12) givesequation(9)
above. Finally, notethatin thecaseK is purelytranslational
equation(9) simpli es to:
H = Xieg (D ! K) (21)

ERROR ANALYSIS
Thereare several sourcesof errorin this system. First, the
orientedrackerandtrackedglassesrepositionedattheknown
pointby handandthusareonly asaccurateasthe persordo-
ing the positioning.We useda rulerto aid in positioningthe
devicesbecauset wasa readily available objectto both our
groupandour collaboratorff-site, althougha speciallyde-
signedprop probablywould have worked better We have
not donerigorousstudiesof theimpactof this error, but the
reportbelov providesanecdotafeedbaclkon performingthe
registrationand on using the resultsof the registrationfor

ve othertasks.Error mayalsocomefrom dynamicor static
errorfor whichthereexist avarietyof techniqueso compen-
sate.

RESULTS AND DISCUSSION

WewroteanOpenGLGLUT prograntoimplementandeval-
uatethis approacthto registration. We hadeight people(stu-
dentsandstaf) in our graphicslab performthe registration
procedureandperformseveraltasksaimedat evaluatinghow
well the registrationapproachmet our goalsof supporting
head-trackdstereoviewing and6-DOFdirectmanipulations.

Thehardwarecon guration consistedf a FishtankVR sys-
tem. Speci cally, an IBM P202monitor, a PolhemusFas-
trak magnetictracker with two trackers (one mountedon
the stereoglassesandonefree tracker), an Intel-basedwo-
processomaching3 GHz each)yunningRedha®, a3Dlabs

Wildcat6210graphicscard,andNuVision60G X stereaglasses.

UNC's VRPN reportedraw tracker datato our software. Fi-
nally, the Fastrakwas con gured to operateat 38400baud
andin its “X+ hemisphere”.

No attemptwas madeto calibratethe tracking system. We
did not performcalibrationfor two reasons:) our working
ervironmentis dynamicand subjectto changeswhich we
expectwould requirefrequentre-calibration,and 2) sofar,
thetrackingdataappearso bereliableenoughfor ourneeds,
exceptwhenour magnetictrackersaremovednearthe CRT
monitoror beyondthe 3-4 foot working volumeof our Fish-
tankVR system.f trackererroris foundto beconspicuously
prohibitive in the future, we will apply a calibrationstepto

resole the problem. For example,it appearsTask5 could
have bene tedfrom calibration.

The trackingsystemwe usedhadtwo trackers: onewasnot
attachedo anythingandonewasmountednthestereqylasses.
This madeit easierto collectthetwo samplesC andD de-
scribedabove thatareusedfor registration. If your tracking
systemrhasonly onetracker, thenthesametrackerneedgo be
usedfor collectingbothC andD . However, sincethetracker
canbe mountedarbitrarily on the stereoglassesjt may be
possibleto mountit suchthatit neednot be removedwhen
collectingsampleC. For example,noticethatin Figure4,

thetracker could easilybe orientedto assumehe poseused
in Figure3 withoutremoving it from thetracked glasses.

In general,becausehe two tracker posesusedin the basic
andtracked glassegegistrationstepsare different, it is not
possibleto do trackedglassesegistrationwithout rst doing
thebasicregistration. Theonly casewhereit is possibles if
thetracker for theglassess mountedatthe mid-eye point,in
which caseC andD would bethe same However, this situ-
ationisn't realisticwith today'strackingtechnologybecause
the tracker would have to be behindthe bridge of the users
nose.

Our study consistedof 6 taskstargetedat testingthe effec-
tivenes®f theregistrationtechniqueandoverallperformance
of theregisteredsystem We suppliedeachusemwith aprinted
tutorial of thetasksto be performed aswell asverbalexpla-
nationsand brief demonstrations A trial consistedof per
forming the registrationtask (Task 1) and then evaluation
tasks(Task2-6). Eachpersonperformedthetrial twice, but
on separatalays. Only one personhad previous experience
registeringa FishtankVR system.

We believe hardwarelimitationsmayhave contributedto some
userdif culties, but overall, the registrationtechniqueitself
wassuccessfulThe onesubjectwho hadexperiencan reg-
isteringa FishtankVR systemexpressednterestin adopting
our technique.The feedbackfor eachof the tasksfrom the
userstudyfollows.

TASK 1

The rst taskwastheregistrationof the trackingsystemand
trackedglassesWe wantedto nd outif userscouldperform
it easilyandalsogathertheir feedbackon theapproachBe-
forestarting,we aslkedusersabouttheir previousbackground
with FishtankVR andwhat methodsthey thoughtwould be
bestto registerthe system. All but one of the userscom-
mentedthatthey hadnot usedFishtankVR before,although
mary of themhadseenit. Severaluserssaidthatthey would
usea transformatiorfrom the tracker's basecoordinatego
thescreens coordinatesn orderto achieveregistration.One
usersaidto recordthevalueof thetracker at differentpoints
onthescreensuchasatthefour cornersandusingthoseval-
ues,transformreportedcoordinatesnto the tracker system.
While mostusersrespondedvith the samebasicunderlying



idea, few of themcould explain a clearand easyprocedure
to correctlyobtainthis transformation.

Our registrationconsistedf holding the tracker at a single
known position,onefoot in front of the centerof thescreen,
and pressinga key to begin the registration. After the key

waspressedfour slow beepsveresoundedandonthefourth

beepthe programusedthe currenttracker positionto calcu-
late the correctregistationtransform. An analogougproce-
durewasdonefor theregistrationof theglasses.

Most usersdid not have a problemwith our registrationpro-
cedure;they reportedit wasstraightforvard andeasyto do,

but they did have several commentsaboutsomeof the in-

corveniencesA majority of the usersthoughtthe keyboard
interfacewasnotveryintuitive, especiallysincetwo different
keys wereusedto registereachdevice. Many preferredthat
thespacebabe usedfor all theregistrationssinceit wasthe
easieskey to press.The othersigni cant problemreported
washaving to hold up aruler andtraclker afterhaving hadto

pressa key— usersfelt they neededthreehands”. They also
wantedmoreaudibleandclearebeepgo signaltheregistra-
tion progressandoneusersuggestethaving a visual count-
down. To help align the tracker's coordinatesystemwith

thedisplay's, a usersuggestethaving physicalmarksonthe
tracker devices. In generalusersdid not like theideaof be-
ing timed to getthe tracker positionedcorrectly Although
oneuserdid notcomplainaboutthe setup severalothersdid

andpointedout thata standor a type of xture would have
helpeda lot; however, no usercould describehow to easily
build sucha standor xture. An “L-ruler” from a hardware
store,or a book with de ned edges,were suggestedo re-
placetheruler. Having a standor xture mostlikely would
have helpedwith keepingthetrackersmoreperpendiculato

thescreen.

Figure 5: In Task 2, users tried to re-orient the left cube
to match the right one.

We allowed usergto performthis taskasmary timesasnec-
essaryuntil they weresatis ed with the registrationresults.
Many userssaidthe taskbecameeasiemwith morepractice.
Multiple registrationstendedto help achieve betterresults.

All userswvereableto dotheregistrationquickerontheirsec-
ondtrial. Onceusersunderstoodhe processtheregistration
stepstooklessthana minuteto perform.

TASK 2

Task2 involvedmoving avirtual cubeto matchatargetcubes
randomlyselectedrientation.We wantedto nd outif users
couldperceveary errorin theregistrationwhile performing
adirect-manipulatiotiask. Thevirtual cubewasmanipulated
by holding down the 'g' key while translatingandrotating
thefreetracker. We provideda wireframeoutline next to the
targetwhich userswereaslkedto move their cubeinto. Both
theusersandthetargetcubehadthesamecolorschemawith
no two sidessharingthe samecolor.

Usersrespondedrery well to this task,which indicatedthat
theregistrationwasworkingwell. All of themsaidthemove-
mentof the virtual cubewaswhatthey expectedfrom rotat-
ing andtranslatingthe free tracker. They alsosaidthe task
was relatively easyto accomplish. The imageswere clear
andappearedvell in stereo.

One of the troublesthat usersencounterednvolved situa-
tions wherethe usertried to rotatethe cubeandfound that
it resultedin rotatingtheir handinto an awkward or uncom-
fortable position. Anotherincorveniencethat several users
mentionedvasthe cableon thetracker. Usersbelievedthat
a wirelesstracker or a sphericallyshapedracler, that can
rotatefreely aboutthe cable,would have helped. However,
both of thesearecharacteristicef the interactiontechnique
andhardware,nottheregistrationprocedure.

Again, userscommentedhat with more practice, the task
becameesasier After becomingfamiliar with thesetup,some
userswerenolongerbotheredoy thetracker's cableanddis-
coveredhow to avoid awkwardorientationswith it. Oneuser
commentedhat the control of the tracker was very similar
to amouse;whenthe userranout of spaceto maneuer, the
userlet go of 'g', repositionedhe tracker, andgrabbedthe
cubeagain,muchin the samemannerasa userwould repo-
sition a mousewhenthereis no morespaceon a mousepad.
This is the familiar “clutching” operationusedin mary VR
techniques.

TASK 3

In thistask,userswerepresenteavith asetof 8 square®na
horizontalline at the centerof the screen.We wantedto test
whethertheregistrationproduceda goodstereceffect. With-
out moving their head,userswere asled to determinehow
mary differentdepthsthe squareday on. The answerwas
always1, 2, or 3. Theactualdepthsvariedby three-quarters
of aninch, asmallvaluewe selectedo make thetasksome-
what challenging. The nearessquarewasthree-quartersf
an inch behindthe planeof the display Eachsquarewas
approximatelyl inch wide, but its scalewas randomlyal-
teredslightly so that userscould not easily usethe size of
the squarego determinedepth. A horizontalgapof abouta



Figure 6: Task 3 consisted of determining how many
different planes a set of squares lay on.

half inch existed betweeneachsquareto prevent occlusion
betweernsquares.Initially we drew solid yellow squareon
awhite backgroundAfter preliminaryrunsindicateddepths
weredif cult to judge,we changedhe squares'color from
solid yellow to a 5x5 grayscalecheclerboardpattern. This
texture patternmadethe depthof the squaresnoreapparent.

Onaverageusersscored30% correct.Most usersoundthis
taskeasyto perform. Eachuserwasgivenabout5 or 6 sets
of squaresand eachusergot at most2 wrong. The initial
accurag of the usersvaried from personto person. Some
userswere better able to immediatelyperceve the differ-
entdepthsfrom the sterecalonewhile othersrequiredsome
more practicebeforethey could distinguishbetweenthem.
After makingtheirinital guessesjserswerethenallowedto
move their head. A lot of the userssaid that headtracking
helpedtremendouslyalthougha few saidit wasnot neces-
sary Severaluserssaidheadtrackingvasa helpful method
to con rm theirinitial guesses.

After beingshown setsof squaresaving eachof the possi-
ble depthsthe users'performancémproved. Oneusercom-
mentedthat this helpedto understandhe degree of depth
differenceghatwe werelooking for.

TASK 4

The fourth task consistedf viewing a cubecenteredn the
displayandbig enoughthat userscould not seeall its sides
from ary onevantagepoint. We wantedto testwhetherusers
could detectproblemswith the head-trackdstereoviewing.
Onthetop, right, bottom,andleft sidesof thecubetherewere
a randomnumberof dotsrangingfrom noneto 10. Users
wereaskedto countthe numberof dotsper sideandreport
ary dif culties they hadperformingthetask.

Headtrackingoehared mostly as usersexpected. All users
wereableto seethe dotsclearly Viewing the left andright
sideswere not problematic. Problemsarosein viewing the
top andbottomsidesof the cube;viewing the bottomsome-
timesresultedn alossof stereamage,dueto thetrackergo-

ing out of range,andviewing the top requiredmoving a lot,

suchthatthe userwasalmoststandingup. Thelossof stereo
appearso bealimitation of thetrackinghardwareratherthan
ourregistrationtechnique.

Forcingthe userto make exaggeratednovementdo seethe
cubes sideswasintentional; we wantedto requireusersto
make useof the headtrackingo accomplishthe goal of this
task. Theunfortunatesideeffect of makingsuchlargemove-
mentsis theincorrectreportingof thetrackers' positionsdue
to limitationsin thetrackertechnology Becauseegistration
is a linear transformationshearingand small cubetransla-
tion errors,reportedasa functionof headposition,canmost
likely beattributedto tracker calibration.

Figure 7: Task 5 displayed a small virtual cube at the
position reported back by the tracker.

TASK 5

In the fth task, a cubejust smallerthan the tracker was
dravn wherever the systemreportedthe tracker was posi-
tioned. This wasour mostrigoroustestof systemaccurag.
If therewasno errorin the systemthenthe userwould have
never beenableto seethe cubeor might have seenit brie y

during fastmovements dependingon the amountof lag in

the system. In an errorlesssystem.the tracker itself would
occludethe left and right eye's renderingof the cube pro-
jectedontothedisplayscreen.

However, this wasthe leastsuccessfutaskof the study In-
steadof drawing the cubeat the tracker's position, the cube
tendedto appearto usersslightly above andto the left of
thetracker. Thereportederrordistancesall within aboutl1”,
varieddependingn theactualtracker position.Not only did
usersexperienceproblemawith thecubes position,they also
reportedsevere double-imaging.While double-imagingdid
stopwhenthe tracker waswithin about4”-6” of the screen,
magnetidnterferencecausedhe cubeto startjittering a lot.
Otherwisetranslationandrotationsworkedasusersexpected.

Theinconsistenciem error probablyspanfrom anincorrect
transformatiorin drawing the cube.Task?2 performedmuch
better andthe only differencebetweenTask?2 andthis task
is the useof relative positioningasopposedo absolutepo-



sitioning. We alsobelieve thatcalibrationcould have signif-
icantly improvedresults.

TASK 6

In thistask,acubewasshavn atrandomdepthsangingfrom
4 feet pastthe screento 2 feetin front of the screen. We
wantedto try to quantify the z-valuesthat userscould fuse
3D objectsat whenour registrationwasused. We alsoran-
domizedcubeandbackgrounctolor becaus@aswe usedthe
systemwe noticedcolor choicesseemedtorrelatedwith our
ability to view objectsatdifferentdistancesCubered,green,
andbluecolorcomponentsvererandomlysetto either0% or
100%intensity(but the colorwasnever setto blackor white)
andthe backgroundvasrandomlysetto 0%, 33%,66% and
100%grayintensity

Userswereasledto reportwhetherthe cubeimageappeared
“good;" in thatit corvergedandproduceda steredmagewith
possiblyslight ghosting,or “bad; in thatthe cubewasun-
comfortableto look at or distinct double-imagingoccurred.
Eachuserjudgedabout30 cubes.

In summarythebestresultswereseenwhenred cubeswere
shawvn on a black or white backgroundht a depthrangeof 2

feetbehindto 1 foot in front of the display Yellow cubesdid

aswell asred cubeson lighter coloredbackgroundsYellow

on backgroundslarker than33% could only be seenat best
from the display surfaceto 6 inchesin front of it. Cubes
coloredwith 0%red,100%green,and100%blue,aswell as
puregreencubespn ablackbackgroundlid theworst.

FUTURE WORK

Thepresentedegistrationtechniques usefulfor quickly get-
ting startedwith a shtank VR system.Theideasaretheoret-
ically readilyapplicableto largerdisplaysystemsFor exam-
ple, the sametechniqueandparametersisedon our shtank
VR systemcould be usedon a powerwall. However, if the
known pointK isn't easyto positionatrackerat(e.g.,it must
be far from a display surfacebecausef high error closeto
thedisplaysurface),thenhumanerrormaybeampli ed.

We have two ideasfor increasinghe accurayg of the system
at the costof someadditionalwork. First, one could build
a specializedapparatughat can more accuratelypositiona
tracker andglassest a known point relative to the display
Althoughwe foundtherulerworkedwell for positioningob-
jectsata x eddistanceperpendiculato thedisplay it seems
that a simple and more effective prop could have beende-
signedandmanufcturedo replacetheruler usedin ourreg-
istrationtechnique.Sucha prop shouldmake it easyto po-
sition an objecta x ed distanceperpendiculato a point on
the display and have rigid mountingpointsfor both a free
tracker aswell asthetracked glasses.This would helpwith
simplifying theprocesgurtherandimproving accurag. Sec-
ond, multiple known pointscould be samplednsteadof just
one.Ragistrationresultsfor eachof thesdocationscouldbe
averagedo producea moreaccurateegistration.

Finally, while Task6 shavs thatuserscansuccessfullyiew
cubesat differentdepthswith our registrationtechnique,it
alsosuggestgolor choicesare strongly connectedo depth
perceptionn IVR visualizationsaandshouldbefurtherinves-
tigated.

CONCLUSIONS

We presenteda low-cost techniquefor registeringa track-
ing systemwith a display We demonstratethatit couldbe
performedn undera minuteby peoplewho have never reg-
istereda 6-DOF tracker with a display before. Througha
seriesof experimentsun on a FishtankVR systemwe also
demonstratedhat it performedfairly well for absolutema-
nipulationsandthat it worked very well for tasksrequiring
head-trackdsterecandrelative manipulations.
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