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ABSTRACT
Registeringa six degree-of-freedomtracker with a display
can be time-consumingand frustrating. Yet, establishing
a consistentcoordinatesystemsharedby a display and a
tracker is a necessary�rst stepfor many virtual reality ap-
plications.

We presenta new approachfor registeringa tracker's anda
display's coordinatesystemthathassimpleinstructions,can
becompletedin undera minute,anddoesnot involveunder-
standingor manipulatingany underlyinglinear algebra. A
relatedtechniquefor registeringtrackedstereoglassesgiven
anarbitrarilymountedhead-tracker is alsopresented.

We demonstrate,througha seriesof experiments,that the
registrationtechniqueis fastandeasyto perform,and that
it caneffectively beusedasa basisfor: 1) perceiving depth
from stereopsis,2) changingvantagepointsof avirtual scene
with headmovements,and3)performingsixdegree-of-freedom
manipulationswith hand-heldtrackedobjects.Datacollected
duringour experimentsalsosuggestedapproachesthatmay
helpdevelopersimprovetheir visualizations.

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

INTRODUCTION
Threeattributesof many immersive virtual reality systems
are:

� stereoviewing
� head-trackedviewing
� six degree-of-freedominteractiontechniques

To provide these,virtual reality (VR) applicationsrequire
a clear relationshipbetweena 6 degree-of-freedom(DOF)
trackercoordinatesystemandthedisplay. While therearein-
�nitely many possibleunifying coordinatesystems,usually
a tracker's coordinatesystemis transformedinto a display's

coordinatesystem,sincetrackedmotionsareperformedrel-
ative to visualsshown on thedisplay.

For example,duringapositioningtaskonewouldexpectthat
if a tracker wasmovedto the right thenthevirtual objectit
wasa proxy for shouldalsomove to theright. Similarly, if a
head-trackedusershiftedtheir headto the right, you would
expectthe virtual eye point to shift to the right commensu-
rately. Similarexpectationsapplyfor rotations.

Figure 1: An example of common display and tracker
coordinate systems. The display's origin is centered
on the display and the positive X­axis extends “to the
right”, Y­axis extends “up”, and Z­axis 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'sdefaultcoordinatesystemis almostnever
the sameas the display's for a variety of reasons.For ex-
ample,it physically is not possiblein somecases.Due to
technologylimitations it is sometimesnecessaryto install
trackinghardwaresomedistanceawayfrom adisplay. Other
installationconstraints,suchasmountingsurfaces,may in-
�uence the tracker's coordinatesystem.A translation,rota-
tion, andscalemayneedto beappliedto tracker samplesto
transformthemto thedesiredcoordinatesystem.A common
situationis illustratedin Figure1.



Typically, �nding the requiredtransformsis left to the pro-
grammeroruserandcanbeatime-consumingandnon-intuitive
process.Furthermore,if a VR applicationwill be usedat a
remotesite, someoneunfamiliar with tracker-displayregis-
trationmayberequiredto learnhow to performtheregistra-
tion.

PREVIOUS WORK

This sectionpresentswork relatedto registeringa 6-DOF
tracker with a displayandevaluatesits quality. In general,
immersive VR displaysystemsincludetracked glassesthat
help producea stereoeffect. Additional trackers,possibly
mountedon physicalobjects,may be usedto allow a user
to interactwith the application. Examplesof suchsystems
includeCAVEs,Powerwalls,andFishtankVR.

This paperfocuseson registration rather than calibration.
Calibrationattemptsto minimizethedifferencebetweenthe
coordinatesof a tracked object in somecoordinatesystem
andthe coordinatesreportedby the trackingsystem. Cali-
brationis necessarybecausemosttrackingtechnologieshave
limitations. Givena calibratedsystem,registrationis anor-
thogonalprocessthatrelatestwo coordinatesystemsthrough
a lineartransformation.If a trackingsystemis not calibrated
accurately, even a properly registeredsystemmay produce
errorsin theimagesbeingdisplayed.Many calibrationtech-
niquesexist including[7][1][5], someof whichreportreduc-
ing positionalerrorsby up to 79%.

Augmentedreality (AR) requiresvery accurateregistration
in orderto accuratelyoverlaygraphicson theuser's view of
thesurroundings.Our approachwasnot targetedat register-
ing anAR system;it wasmadefor makingregistrationeasier
for thesimplertypesof systemsdescribedabove. We were
not ableto applyour registrationtechniqueto anAR system
but suspectit is not appropriatefor achieving the degreeof
registrationaccuracy requiredfor AR.

Fuhrmannpresentsa comprehensiveprocessfor registration
thatcanbeaccomplishedby a novice user[3]. Theprocess
canregisterprojective andhead-mounteddisplays,tracking
systems,andtrackedprops.Fuhrmann's techniqueinvolves
fourdistinctsteps,whereasoursinvolvestwo. BothFuhrmann's
techniqueandoursarelimited by theaccuracy of humanin-
put. Whendeterminingthe interpupillarydistanceandeye-
to-tracker offset in Fuhrmann's technique,usersmust hold
their headsin a constrainedpositionfacingthecenterof the
display while aligning a stylus tip with multiple markers.
Fuhrmann'ssystemrequiresanaccuratetrackingsystemover
theworking volume,in additionto having a stylus. Our ap-
proach,on the otherhand,canstill work whenerror exists
within the working volume (e.g. electromagneticinferfer-
enceneara CRT), andour approachalsodoesnot usea sty-
lus.

[4] proposesa techniquefor registrationandcalibrationthat
wasimplementedon theVisualHapticWorkbench.Someof

their goalsaresimilar to ours,suchasstressingthe impor-
tanceof quick andeasyregistrationwith no externaldepen-
dencies.Their approachfollowsa seriesof differentstepsto
achieve registration. It requiresmore individual stepsthan
our method. It is worth noting that somecombinationsof
displaysand trackersarenot always accuratenearthe cor-
nersof a display. [2] proposeda multi-point samplingtech-
niquefor registeringa trackerwith a responsiveworkbench-
like display. It, too, requiresmorestepsthanthe technique
presentedhereandmay give a poor registrationbecauseit
requiressampling3D positionsdirectly on the displaysur-
face,which may not be possiblein caseswherethe display
interfereswith thetrackingsystem.

Someinstallationsin usetodayare registeredin an ad-hoc
manner, by determininga seriesof linear transformations
basedon observation andmeasurementof the physicalen-
vironment.

In termsof evaluatinga registration's quality, [6] presented
a collectionof heuristicsandsimpletestsfor evaluatingthe
quality of a projection-basedvirtual reality display. We re-
peatedmany of thesetestsin our experimentsbelow.

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 approachis to specifythe desired
coordinatesystemby example. Using only a ruler to help
measurea point somedistanceaway, orthogonalto the dis-
play, �rst a tracker and then tracked glassesareposedand
recordedat a known point andorientationrelative to thedis-
play. The tracker datafrom thesetwo stepsis suf�cient to
registerthesystem.

Thefollowing is a descriptionof theprocessfrom theuser's
pointof view.



Basic Registration

Our goal is for tracker valuesto bereportedin thedisplay's
coordinatesystemratherthanits own, asillustratedin Figure
1. If you studya tracker usedin your trackingsystemand
consulttheuser'smanual,thenyoucandiscoverits localori-
gin aswell asits localpositiveX , Y , andZ axes.SeeFigure
2 for an illustrationof a particulartracker's local coordinate
system.After a little manipulation,a trackercanbetumbled
until its axesareorientedto matchthe display's. Next, the
trackercanbemovedto aknown point relativeto thedisplay
while maintainingthisorientation.Whenbothconditionsare
met, if thecomposite4x4 matrix C containingthe tracker's
rotationalandtranslationalcomponentsis capturedfrom the
trackingsystem,thenall the datanecessaryfor registration
hasbeenobtained.

In practice,thereis often moretracker error neara display.
Thereforea known point somedistanceaway from the dis-
playcanbeusedinstead.We useda ruler to measurea point
onefoot away from thecenterof thedisplay. We offer two
suggestionsfor this approach.First, it is importantthat the
ruler be orthogonalto the planeof 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 thecenterof the
displaywhile posingthe tracker on theotherendof the top
edgeof the ruler. Figure3 illustratesthesesuggestions.In
our implementation,we instructedtheuserto pressa key on
thekeyboardto indicatewhenthey werereadyto sampleC.
The userthenhadabout4 secondsto positionandhold the
trackerat theknown positionin thecorrectpose.

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 lower­right 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 thepersondoingtheregistration
neednotunderstandthelinearalgebra,theimplementordoes.
Understandingequations(1)and(9)below is suf�cient to im-
plementour registrationapproach.Theirderivationsarealso
given.Wefoundit easierto understandandexplaintheproof
of our methodusingalgebraicequationsratherthanthrough
�gures becauseof the dif�culty of conceptualizingandvi-
sualizingtheunderlyinglinearalgebra.We assumecolumn
vectorsarebeingused.

Theequationto registeranunregisteredsampleis:

X r eg = (K � C � 1) � X unr eg (1)

whereK is a 4x4 translationmatrix that transformsa point
at theorigin (0, 0, 0) to a known point, andC is thesample
describedabove.

Thederivationof equation(1) follows. We want to �nd the
transformationM that transformsunregisteredtracker sam-
plesX unr eg to registeredtrackersamples.

X r eg = M � X unr 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 unr eg at themomenttheuserposedthe tracker at a
known point andorientation. We canthensubstituteK for
X r eg andC for X unr eg in equation(2) becausewe sampled
thetrackerdataC atthemomenttheuserposedthetrackerat
aknownpositionK in displaycoordinates,with thetracker's
axesalignedwith thedisplay's.

K = M � C (3)

Theunknown M canbesolvedfor by multiplying bothsides
of theequationon theright by C � 1.

K � C � 1 = M � C � C � 1 (4)

K � C � 1 = M (5)

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

To provide a speci�c scenario,if our unitsarefeet, thedis-
tancefrom theedgeto thecenterof our tracker is a quarter
inch (approximately0.021feet),anda one-footruler is used
to �nd thepointonefoot away from thecenterof thedisplay
asshown in Figure3, thenK would havethevalue:

K =

2

6
6
4

1 0 0 0
0 1 0 0
0 0 1 (1 + 0:021)
0 0 0 1

3

7
7
5 (6)



Oneextensionwe madeto our applicationwaswriting out
theregistrationmatricesto a �le in the local directorywhen
they were obtainedso that they could be read in on sub-
sequentruns, 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
Forstereorenderingit isnecessaryto know wheretheviewer's
eyes are relative to the display. Given the interoculardis-
tanced, amatrixH thatdescribesthepointmidwaybetween
a viewer eyes,andtheviewer's headorientationthathasan
x-axispointingfrom theleft eyeto theright eye,theneyelef t

andeyer ig ht canbecomputedasfollows:

eyelef t = H �
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eyer ig ht = H �
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Dueto practicalissues,a tracker is oftenmountedin asome-
what arbitrary location on the stereoviewing glasses. To
achieve correctstereoscopicrendering,the offset and rota-
tion of thetracker to thepoint betweena viewer'seyesmust
be determined. A registrationstep similar to the one de-
scribedabove caneasilydeterminethe transformationfrom
thehead-tracker to thepointbetweentheviewer'seyes.

Similarto thebasicregistrationprocess,if thetrackedglasses
areposedwith theplaneof its lensesparallelto thedisplay
andpositionedsuchthatthemid-pointbetweentheviewer's
left andright eyesis at theknown pointasshown in Figure4

and andat that momenta registeredsampleD is recorded,
then all the information neededto computeH as usedin
equations(7) and(8) hasbeenobtained.

IMPLEMENTATION Theequationto computeH is:

H = X r eg � (R� 1 � (K � T � 1)) (9)

whereX r eg is a registeredsamplefrom thetrackermounted
on theglasses,sampleD from aboveis decomposedinto the
rotationmatrix R and translationmatrix T suchthat D =
T � R, andK is a translationmatrix thattransformsapointat
theorigin to thesameknown pointdescribedabove.

Thederivationof equation(9) is asfollows. To computeH
from thetrackerdata,wemust�nd thevectorv thattranslates
a point from thetracker to themid-eyepoint in thetracker's
coordinatesystem.If v is writtenasthetranslationmatrixV ,
thenH couldbewrittenas:

H = X r eg � V (10)

Since1) T is a translationmatrix that transformsa point at
theorigin to thetracker's locationrelative to thedisplay, and
2) K is a translationmatrix that transformstheorigin to the
known pointmidwaybetweentheleft andright eyes,the4x4
translationmatrix V that translatesa point at the tracker's
positionto theknown point is:

V = K � T � 1 (11)

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

H = X r eg � (E � V ) (12)

Given the tracker's position whenD 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)

D � 1 � K = E � (K � T � 1) (14)

D � 1 � K � (K � T � 1)� 1 = E (15)

(T � R) � 1 � K � (K � T � 1)� 1 = E (16)



R� 1 � T � 1 � K � T � K � 1 = E (17)

Becausetranslationmatricesarecommutative, we canrear-
rangetheequationandsimplify asfollows:

R� 1 � (T � 1 � T ) � (K � K � 1) = E (18)

R� 1 � (I � I ) = E (19)

R� 1 = E (20)

Substitutingfor E andV in equation(12) givesequation(9)
above. Finally, notethatin thecaseK is purelytranslational
equation(9) simpli�es to:

H = X r eg � (D � 1 � K ) (21)

ERROR ANALYSIS
Thereareseveral sourcesof error in this system.First, the
orientedtrackerandtrackedglassesarepositionedattheknown
pointby handandthusareonly asaccurateasthepersondo-
ing thepositioning.We useda ruler to aid in positioningthe
devicesbecauseit wasa readilyavailableobjectto bothour
groupandourcollaboratorsoff-site,althoughaspeciallyde-
signedprop probablywould have worked better. We have
not donerigorousstudiesof the impactof this error, but the
reportbelow providesanecdotalfeedbackon performingthe
registrationand on using the resultsof the registrationfor
� veothertasks.Errormayalsocomefrom dynamicor static
errorfor whichthereexist avarietyof techniquesto compen-
sate.

RESULTS AND DISCUSSION
WewroteanOpenGLGLUT programto implementandeval-
uatethis approachto registration.We hadeightpeople(stu-
dentsandstaff) in our graphicslab performthe registration
procedureandperformseveraltasksaimedatevaluatinghow
well the registrationapproachmet our goalsof supporting
head-trackedstereoviewingand6-DOFdirectmanipulations.

Thehardwarecon�gurationconsistedof a FishtankVR sys-
tem. Speci�cally, an IBM P202monitor, a PolhemusFas-
trak magnetictracker with two trackers (one mountedon
thestereoglassesandonefree tracker), an Intel-basedtwo-
processormachine(3 GHzeach)runningRedhat9, a3Dlabs
Wildcat6210graphicscard,andNuVision60GXstereoglasses.
UNC's VRPN reportedraw tracker datato our software.Fi-
nally, the Fastrakwascon�gured to operateat 38400baud
andin its “X+ hemisphere”.

No attemptwasmadeto calibratethe trackingsystem.We
did not performcalibrationfor two reasons:1) our working
environmentis dynamicandsubjectto changes,which we
expectwould requirefrequentre-calibration,and2) so far,
thetrackingdataappearsto bereliableenoughfor ourneeds,
exceptwhenour magnetictrackersaremovedneartheCRT
monitoror beyondthe3-4 foot working volumeof our Fish-
tankVR system.If trackererroris foundto beconspicuously
prohibitive in the future,we will apply a calibrationstepto

resolve the problem. For example,it appearsTask5 could
havebene�tedfrom calibration.

Thetrackingsystemwe usedhadtwo trackers:onewasnot
attachedto anythingandonewasmountedonthestereoglasses.
This madeit easierto collect the two samplesC andD de-
scribedabove thatareusedfor registration.If your tracking
systemhasonlyonetracker, thenthesametrackerneedstobe
usedfor collectingbothC andD. However, sincethetracker
canbe mountedarbitrarily on the stereoglasses,it may be
possibleto mountit suchthat it neednot be removedwhen
collectingsampleC. For example,noticethat in Figure4,
thetracker couldeasilybeorientedto assumetheposeused
in Figure3 without removing it from thetrackedglasses.

In general,becausethe two tracker posesusedin the basic
andtracked glassesregistrationstepsaredifferent, it is not
possibleto do trackedglassesregistrationwithout �rst doing
thebasicregistration.Theonly casewhereit is possibleis if
thetracker for theglassesis mountedat themid-eyepoint, in
whichcaseC andD would bethesame.However, this situ-
ationisn't realisticwith today's trackingtechnologybecause
the tracker would have to bebehindthebridgeof theuser's
nose.

Our studyconsistedof 6 taskstargetedat testingthe effec-
tivenessof theregistrationtechniqueandoverallperformance
of theregisteredsystem.Wesuppliedeachuserwith aprinted
tutorialof thetasksto beperformed,aswell asverbalexpla-
nationsandbrief demonstrations.A trial consistedof per-
forming the registration task (Task 1) and then evaluation
tasks(Task2-6). Eachpersonperformedthetrial twice, but
on separatedays. Only onepersonhadpreviousexperience
registeringa FishtankVR system.

Webelievehardwarelimitationsmayhavecontributedtosome
userdif�culties, but overall, the registrationtechniqueitself
wassuccessful.Theonesubjectwho hadexperiencein reg-
isteringa FishtankVR systemexpressedinterestin adopting
our technique.The feedbackfor eachof the tasksfrom the
userstudyfollows.

TASK 1

The�rst taskwastheregistrationof thetrackingsystemand
trackedglasses.Wewantedto �nd out if userscouldperform
it easilyandalsogathertheir feedbackon theapproach.Be-
forestarting,weaskedusersabouttheirpreviousbackground
with FishtankVR andwhatmethodsthey thoughtwould be
bestto register the system. All but one of the userscom-
mentedthatthey hadnotusedFishtankVR before,although
many of themhadseenit. Severaluserssaidthatthey would
usea transformationfrom the tracker's basecoordinatesto
thescreen'scoordinatesin orderto achieveregistration.One
usersaidto recordthevalueof thetrackerat differentpoints
onthescreen,suchasatthefour corners,andusingthoseval-
ues,transformreportedcoordinatesinto the tracker system.
While mostusersrespondedwith thesamebasicunderlying



idea,few of themcould explain a clearandeasyprocedure
to correctlyobtainthis transformation.

Our registrationconsistedof holding the tracker at a single
known position,onefoot in front of thecenterof thescreen,
andpressinga key to begin the registration. After the key
waspressed,fourslow beepsweresounded,andonthefourth
beep,theprogramusedthecurrenttrackerpositionto calcu-
late the correctregistationtransform. An analogousproce-
durewasdonefor theregistrationof theglasses.

Most usersdid not havea problemwith our registrationpro-
cedure;they reportedit wasstraightforwardandeasyto do,
but they did have several commentsaboutsomeof the in-
conveniences.A majority of theusersthoughtthekeyboard
interfacewasnotveryintuitive,especiallysincetwo different
keys wereusedto registereachdevice. Many preferredthat
thespacebarbeusedfor all theregistrations,sinceit wasthe
easiestkey to press.Theothersigni�cant problemreported
washaving to hold up a ruler andtrackerafterhaving hadto
pressa key– usersfelt they needed“threehands”.They also
wantedmoreaudibleandclearerbeepsto signaltheregistra-
tion progress,andoneusersuggestedhaving a visualcount-
down. To help align the tracker's coordinatesystemwith
thedisplay's,a usersuggestedhaving physicalmarkson the
tracker devices. In general,usersdid not like theideaof be-
ing timed to get the tracker positionedcorrectly. Although
oneuserdid not complainaboutthesetup,severalothersdid
andpointedout thata standor a typeof �xture would have
helpeda lot; however, no usercoulddescribehow to easily
build sucha standor �xture. An “L-ruler” from a hardware
store,or a book with de�ned edges,weresuggestedto re-
placetheruler. Having a standor �xture mostlikely would
havehelpedwith keepingthetrackersmoreperpendicularto
thescreen.

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

We allowedusersto performthis taskasmany timesasnec-
essary, until they weresatis�ed with theregistrationresults.
Many userssaidthe taskbecameeasierwith morepractice.
Multiple registrationstendedto help achieve betterresults.

All userswereableto dotheregistrationquickerontheirsec-
ondtrial. Onceusersunderstoodtheprocess,theregistration
stepstook lessthana minuteto perform.

TASK 2

Task2 involvedmovingavirtualcubetomatchatargetcube's
randomlyselectedorientation.Wewantedto �nd out if users
couldperceiveany errorin theregistrationwhile performing
adirect-manipulationtask.Thevirtual cubewasmanipulated
by holding down the 'g' key while translatingandrotating
thefreetracker. We provideda wireframeoutlinenext to the
targetwhich userswereaskedto move their cubeinto. Both
theuser'sandthetargetcubehadthesamecolorschemewith
no two sidessharingthesamecolor.

Usersrespondedvery well to this task,which indicatedthat
theregistrationwasworkingwell. All of themsaidthemove-
mentof thevirtual cubewaswhat they expectedfrom rotat-
ing andtranslatingthe free tracker. They alsosaidthe task
was relatively easyto accomplish. The imageswere clear
andappearedwell in stereo.

One of the troublesthat usersencounteredinvolved situa-
tions wherethe usertried to rotatethe cubeandfound that
it resultedin rotatingtheir handinto anawkwardor uncom-
fortableposition. Another inconveniencethat several users
mentionedwasthecableon thetracker. Usersbelievedthat
a wirelesstracker or a sphericallyshapedtracker, that can
rotatefreely aboutthecable,would have helped.However,
bothof thesearecharacteristicsof the interactiontechnique
andhardware,not theregistrationprocedure.

Again, userscommentedthat with more practice,the task
becameeasier. After becomingfamiliarwith thesetup,some
userswereno longerbotheredby thetracker'scableanddis-
coveredhow to avoid awkwardorientationswith it. Oneuser
commentedthat the control of the tracker wasvery similar
to a mouse;whentheuserranout of spaceto maneuver, the
userlet go of 'g', repositionedthe tracker, andgrabbedthe
cubeagain,muchin thesamemannerasa userwould repo-
sition a mousewhenthereis no morespaceon a mousepad.
This is the familiar “clutching” operationusedin many VR
techniques.

TASK 3
In this task,userswerepresentedwith asetof 8 squaresona
horizontalline at thecenterof thescreen.We wantedto test
whethertheregistrationproducedagoodstereoeffect. With-
out moving their head,userswereasked to determinehow
many differentdepthsthe squareslay on. The answerwas
always1, 2, or 3. Theactualdepthsvariedby three-quarters
of aninch,a smallvaluewe selectedto make thetasksome-
whatchallenging.The nearestsquarewasthree-quartersof
an inch behindthe planeof the display. Eachsquarewas
approximately1 inch wide, but its scalewas randomlyal-
teredslightly so that userscould not easily usethe sizeof
thesquaresto determinedepth.A horizontalgapof abouta



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

half inch existedbetweeneachsquareto prevent occlusion
betweensquares.Initially we drew solid yellow squareson
awhitebackground.After preliminaryrunsindicateddepths
weredif�cult to judge,we changedthesquares'color from
solid yellow to a 5x5 grayscalecheckerboardpattern. This
texturepatternmadethedepthof thesquaresmoreapparent.

Onaverage,usersscored80%correct.Mostusersfoundthis
taskeasyto perform. Eachuserwasgivenabout5 or 6 sets
of squares,andeachusergot at most2 wrong. The initial
accuracy of the usersvaried from personto person. Some
userswere betterable to immediatelyperceive the differ-
entdepthsfrom thestereoalonewhile othersrequiredsome
morepracticebeforethey could distinguishbetweenthem.
After makingtheir inital guesses,userswerethenallowedto
move their head. A lot of the userssaid that headtracking
helpedtremendously, althougha few saidit wasnot neces-
sary. Several userssaidheadtrackingwasa helpful method
to con�rm their initial guesses.

After beingshown setsof squareshaving eachof thepossi-
bledepths,theusers'performanceimproved.Oneusercom-
mentedthat this helpedto understandthe degreeof depth
differencesthatwewerelooking for.

TASK 4

The fourth taskconsistedof viewing a cubecenteredin the
displayandbig enoughthatuserscouldnot seeall its sides
from any onevantagepoint. Wewantedto testwhetherusers
coulddetectproblemswith thehead-trackedstereoviewing.
Onthetop,right,bottom,andleft sidesof thecubetherewere
a randomnumberof dots rangingfrom noneto 10. Users
wereasked to countthenumberof dotsper sideandreport
any dif�culties they hadperformingthetask.

Headtrackingbehaved mostly asusersexpected. All users
wereableto seethedotsclearly. Viewing the left andright
sideswerenot problematic.Problemsarosein viewing the
top andbottomsidesof thecube;viewing thebottomsome-
timesresultedin alossof stereoimage,dueto thetrackergo-

ing out of range,andviewing thetop requiredmoving a lot,
suchthattheuserwasalmoststandingup. Thelossof stereo
appearsto bealimitationof thetrackinghardwareratherthan
our registrationtechnique.

Forcingtheuserto make exaggeratedmovementsto seethe
cube's sideswasintentional;we wantedto requireusersto
make useof theheadtrackingto accomplishthegoalof this
task.Theunfortunatesideeffectof makingsuchlargemove-
mentsis theincorrectreportingof thetrackers' positionsdue
to limitationsin thetracker technology. Becauseregistration
is a linear transformation,shearingandsmall cubetransla-
tion errors,reportedasa functionof headposition,canmost
likely beattributedto trackercalibration.

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

TASK 5
In the �fth task, a cube just smaller than the tracker was
drawn wherever the systemreportedthe tracker was posi-
tioned. This wasour mostrigoroustestof systemaccuracy.
If therewasnoerrorin thesystem,thentheuserwould have
never beenableto seethecubeor 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 cubepro-
jectedontothedisplayscreen.

However, this wasthe leastsuccessfultaskof thestudy. In-
steadof drawing thecubeat the tracker's position,thecube
tendedto appearto usersslightly above and to the left of
thetracker. Thereportederrordistances,all within about1”,
varieddependingontheactualtrackerposition.Not only did
usersexperienceproblemswith thecube'sposition,they also
reportedseveredouble-imaging.While double-imagingdid
stopwhenthe tracker waswithin about4”-6” of thescreen,
magneticinterferencecausedthecubeto startjittering a lot.
Otherwise,translationsandrotationsworkedasusersexpected.

Theinconsistenciesin errorprobablyspanfrom anincorrect
transformationin drawing thecube.Task2 performedmuch
better, andtheonly differencebetweenTask2 andthis task
is theuseof relative positioningasopposedto absolutepo-



sitioning. We alsobelieve thatcalibrationcouldhave signif-
icantly improvedresults.

TASK 6

In thistask,acubewasshown atrandomdepthsrangingfrom
4 feet pastthe screento 2 feet in front of the screen. We
wantedto try to quantify the z-valuesthat userscould fuse
3D objectsat whenour registrationwasused.We alsoran-
domizedcubeandbackgroundcolor becauseaswe usedthe
systemwe noticedcolor choicesseemedcorrelatedwith our
ability to view objectsatdifferentdistances.Cubered,green,
andbluecolorcomponentswererandomlysetto either0%or
100%intensity(but thecolorwasneversetto blackor white)
andthebackgroundwasrandomlysetto 0%,33%,66%and
100%grayintensity.

Userswereaskedto reportwhetherthecubeimageappeared
“good,” in thatit convergedandproducedastereoimagewith
possiblyslight ghosting,or “bad,” in that the cubewasun-
comfortableto look at or distinct double-imagingoccurred.
Eachuserjudgedabout30cubes.

In summary, thebestresultswereseenwhenredcubeswere
shown on a blackor white backgroundat a depthrangeof 2
feetbehindto 1 foot in front of thedisplay. Yellow cubesdid
aswell asredcubeson lighter coloredbackgrounds.Yellow
on backgroundsdarker than33%couldonly beseenat best
from the display surfaceto 6 inchesin front of it. Cubes
coloredwith 0%red,100%green,and100%blue,aswell as
puregreencubes,onablackbackgrounddid theworst.

FUTURE WORK

Thepresentedregistrationtechniqueisusefulfor quicklyget-
ting startedwith a�shtank VR system.Theideasaretheoret-
ically readilyapplicableto largerdisplaysystems.For exam-
ple, thesametechniqueandparametersusedon our �shtank
VR systemcould be usedon a powerwall. However, if the
knownpointK isn't easyto positionatrackerat(e.g.,it must
be far from a displaysurfacebecauseof high error closeto
thedisplaysurface),thenhumanerrormaybeampli�ed.

We have two ideasfor increasingtheaccuracy of thesystem
at the costof someadditionalwork. First, onecould build
a specializedapparatusthat canmoreaccuratelypositiona
tracker andglassesat a known point relative to the display.
Althoughwefoundtherulerworkedwell for positioningob-
jectsata �x eddistanceperpendicularto thedisplay, it seems
that a simpleandmoreeffective prop could have beende-
signedandmanufacturedto replacetherulerusedin our reg-
istrationtechnique.Sucha prop shouldmake it easyto po-
sition an objecta �x ed distanceperpendicularto a point on
the displayand have rigid mountingpoints for both a free
tracker aswell asthetrackedglasses.This would helpwith
simplifying theprocessfurtherandimprovingaccuracy. Sec-
ond,multiple known pointscouldbesampledinsteadof just
one.Registrationresultsfor eachof theselocationscouldbe
averagedto producea moreaccurateregistration.

Finally, while Task6 shows thatuserscansuccessfullyview
cubesat differentdepthswith our registrationtechnique,it
alsosuggestscolor choicesarestronglyconnectedto depth
perceptionin IVR visualizationsandshouldbefurtherinves-
tigated.

CONCLUSIONS
We presenteda low-cost techniquefor registeringa track-
ing systemwith a display. We demonstratedthat it couldbe
performedin undera minuteby peoplewho have never reg-
istereda 6-DOF tracker with a displaybefore. Througha
seriesof experimentsrun on a FishtankVR system,we also
demonstratedthat it performedfairly well for absolutema-
nipulationsandthat it worked very well for tasksrequiring
head-trackedstereoandrelativemanipulations.
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