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Abstract

Curvedscreensare increasinglybeingusedfor high-resolutionmmessivevisualizationervironments\We describe
a new techniqueto display seamlessmages using overlapping projectors on curvedquadric surfacessud as
sphericalor cylindrical shape We exploit a quadric image transferfunction and showhow it can be usedto
achieve sub-pixelregistration while interactivelydisplayingtwo or three-dimensionadlatasetdor a head-tacked
user Currenttechniquesfor automaticallyregisteled seamlesslisplayshavefocusedmainly on planar displays.
On the other hand, techniquesfor curvedscreenscurrently involve cumbesomemanualalignmentto male the
installationconformto theintendeddesign We showa seamlesseal-timedisplaysystenanddiscusour methods

for smoothintensityblendingandefcient rendering

Categyories and SubjectDescriptors(accordingto ACM CCS)

GraphicsandRealism-Virtual reality

1.3.7 [Computer Graphics]: Three-Dimensional

1. Intr oduction

Large seamlesslisplaysusing overlappingprojectorsis an

emeging technologyfor constructinghigh-resolutionim-

mersve visualization ervironmentscapableof presenting
high-resolutiorimagesfrom scienti ¢ simulation,largefor-

mat imagesfor entertainmentand surround environment
for instruction. Such overlappedprojector systemscom-
plementnon-overlappingmulti-projectortechnologiesuch
asthe CAVE [CNSD93, Blue-C [SGKMO0( andwell de-
ned tiled planar[Jup02 or curved displays[Tri02]. In the
last few years,we have seena numberof ideasfor creat-
ing seamlesslisplayson planarscreensaising electro-optic
approachesuchas vignetting[LC99] or using camerain

theloop [RvBCO02 Sur99 YGHTO1, BS02 Fut0] to deter

minetheregistrationandblendingparameterdn this paper
we extendthe camera-basettchniquego dealwith curved
screens.

1.1 Overview

Accurateestimatiorof geometriaelationshigbetweerover
lapping projectorsis the key for achieving seamlesdis-
plays(Figurel). They in uence therenderingandintensity
blendingalgorithms.Generatechniquego supportcasually
installed projectorsand exploit geometricrelationshipbe-
tweenprojectorsanddisplaysurfaceeliminatecumbersome
manual alignment and reduce maintenancecosts. While
camera-baseparametri@pproachefor planarscreenhave
exploited the homograplg, a 3 by 3 matrix, induceddueto
the planeof the screen YGHTO01, CSWL02 BS02, to our
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knowledge therehasbeenno similarwork to exploit apara-
metric relationshipfor curved surfacesfor immersie ervi-
ronments.

Therelationshipfor surfacesthatadhereto quadricequa-
tions, such as spheres.cylinders, cones,paraboloidsand
ellipsoids, can be de ned using a quadric image transfer
[ST97.

Contrib utions In this paperwe presentacompletesetof
techniquego generateseamlesslisplayson curved quadric
surface.Ourtechnicalcontritutionsareasfollows.

- Adaptation of quadric transfer in a semi-permanent
setupusinga stereccamergpair

- Calibrationmethodsto estimatequadrictransferusing
partial Euclidearreconstruction

- Headtrackingsupportfor immersie display
- Intensityblendingschemeusingparametri@pproach

- Single passrendering that canexploit renderinghard-
warewhile maintaininghigh imagequality

Corventional non-parametricapproachesfor displaying
multiprojectorimageson curvedscreensamplediscretam-
agefeaturedo build alook-uptablefor bilinearinterpolation
for pixel locations[Jar97 RWF9§ andhenceerrorsin fea-
turelocalizationareimmediatelyvisible. We proposeacom-
pletely parametricapproachthat ts a quadricmodelto the
discretefeaturegeducingthemto afew parametersSimilar
to theadvantage®f usingahomograpk for planarscreens,
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Figure 1: Misualizationon curvedquadric surfaces(Left) Domewith casuallyalignedoverlappingprojectors (Middle) Reg-
istered images (Right) Displayedwith intensitycorrection. The parametricapproac leadsto accurate geometricregistration
andperceptuallyseamlesimages.(Embeddedmagesare high-resolution Pleasezoomwith PDF browser)

the quadrictransferbasedparametricapproacheadsto re-
ducedconstraintson cameraresolution,bettertoleranceto
pixel localizationerrors fastercalibrationand nally asim-
plersinglepassparameterizedarpingprocessAnotherad-
vantageis that our camerasdo not needto be placedat or
nearthe'sweet-spoti.e. theideal viewer location.

The scopeof the paperis limited to descriptionof al-
gorithmsrelatedto quadrictransfer its estimationand use
with graphicshardware. We do not focus on photometric
issuegMHTWOQ], datadistribution [HHN 02], interaction
[FBZ 99 andload balancing[SZF 99] during rendering.
Our approachin thecurrentform, lackseaseof usebecause
of the time involved in non-linearoptimizationinvolved in
estimatingthe parametergor imagetransfer but this is an
active areaof research.

1.2 RelatedWork

Seamles®isplays In commerciallyavailableplanardis-
plays, alignmentis typically performedmanually How-
ever, mary researchgroups have exploited camera-based
non-parametri¢look-uptablebased) Sur99 andparamet-
ric (homograpk based)[YGHTO01, CSWL02 BS0] ap-
proachedo automatehis procesdor planarscreens.

Multi-projector alignment for curved screens is
sometimes aided by projecting a “navigator' pattern
[Tri02, Jar97. Then all the overlapping projectors are
manually aligned with the grid [Tri02]. We have heard
that, at Hayden Planetarium[Hay0g in New York, two
techniciansspendone hour eachmorning trying to adjust
the registrationbetweerthe seven overlappingTrimensions
Prodasprojectors.

An automatedipproactfor planaror non-planaiscreens,
using a non-parametrigrocessjnvolves putting a camera
at the sweet-spotThe cameraobsenres the structuredpat-
ternsprojectedby projector The sampledreadingsarethen
usedto build aninversewarping function betweenthe in-
put image and projectedimage by meansof interpolation
[Jar97 RWF98 Sur99.

We opt for a parametric method and extend the
homograpg-basedapproachfor planar screensto an ap-
proachbasedon quadrictransfer However, curved screens
presentnewn challengesMany Euclideanquantitiesare re-
quiredto be calibratedearly in the processand non-linear
optimizationof parametersakesrobustnessnissue.

Quadric Surfaces Quadricsfor imagetransferhave been
introducedin computervision literature [ST97, CZ9§. In
multi-projector systems,however, there has beenlittle or
no work on techniquedor parameterizedvarping and au-
tomatic registrationof higher order surfaces.Quadricsap-
pearin mary projectorbasedcon gurations.Large format
ight simulatorshave traditionallybeencylindrical or dome
shaped[SM99, planetariumsand OmniMax theatersuse
hemisphericabcreengAlb94], andmary virtual reality se-
tupsusea cylindrical shapedscreen.

As part of applicationsof handheldautonomousrojec-
tors,[RvB 03] describeda quadrictransferbasedapproach
wherea camerais embeddedn eachprojector In an ex-
tendedtext abstract[VWRRO03, at a workshopspeculated
abouthow this embeddedcameraapproachcould be used
for a display system.The large numberof cameradeadto
a signi cant increasein the numberof pairwise Euclidean
3D parametersin the absencef anernvironmentalcamera,
thepairwiseparameterarere ned to beglobally consistent.
While this approacheliminatesthe needfor external cam-
eras,which is appropriatefor self-containegprojectors,we
focuson semi-permanernhnstallations.

For several reasonsjncluding (i) supportingimmersve
renderingfor a head-trackd user (ii) exploiting singlepass
renderingusing graphicshardware,and (iii) building prac-
tical solutionfor semi-permaneritistallations pneneedso
usea differentapproachWe presenta simplerandef cient
solutionusinga stereocamerapair appropriatefor suchin-
stallations.In addition,we proposea completesolutionfor
a practicalcalibration,intensity blendingand ef cient ren-
dering. We addresghe inherentproblemsin using quadric
transferand presenta solutionto overcomethe robustness
issueshy exploiting a partial EuclideanreconstructionTo
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our knowledge,a parameterizedolutionfor a head-trackd
systenfor curvedscreernis beingpresentedor the rst time.

2. Quadric imagetransfer

We presenthe notationsandbasicsof quadrictransfer and
describehowv we adaptit to register overlappingprojector
images.

2.1 Basics

Mapping betweentwo arbitrary perspectie views of an
opaquequadric surface Q in 3D can be expressedusing
a quadric transferfunction Y. While planar homograpk
transferscanbe computedrom 4 or morepixel correspon-

dencesguadrictransferrequires9 or morecorrespondences.

The quadrictransfercanbe de ned in a closedform using
the 3D quadricsurfaceQ, andadditionalparametershatre-
late perspectie projection of the two views. The quadric
transferin our casemeansmagetransferfrom rst view to
thesecondview.

ThequadricQ is asurfacerepresentetlya4 4 symmet-
ric matrix, suchthat 3D homogeneoupoints X (expressed
asa4 1vector)thatlie onthesurfacesatisfythe quadratic
constraint,

XTQx=0

ThequadricQ has9 degreesof freedomcorrespondingo
the independenelementf the matrix. The matrix is sym-
metricandde ned upto anoverall scale.

The homogeneousoordinatef the correspondingix-
elsxin the rst view, andx?in the secondview arerelated

by

X=Bx q'x (q™x)2 xTQas3x e

From pixel correspondences; xo), we computethe 21
unknawns: 10 for the unknavn 3D quadricQ, 8 for a 3x3
homograpk matrix B and3 morefor theepipoleein homo-
geneougoordinatesTheepipoleeis theimageof thecenter
of projectionof the rst view, in the secondview. The sign
= denotesqualityupto scalefor the homogeneousoordi-
natesMatrix Q is decomposedsfollows.

_ Qs3 ¢

Q - qT d
Thus,Qs3 isthetop3 3 symmetricsubmatrixof Q and
gis a3 vector Q(4;4), or d, is non-zeraf thequadricdoes
not passthroughthe origin, i.e. the centerof projectionof
the rst view. Hence,it canbe safelyassignedo be 1.0 for
mostdisplaysurfacesThe nal 2D pixel coordinatefor ho-

mogeneougixel X is (x41)=x%3); X%2)=x%3)).
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The transferdescribedby 21 parametehasfour depen-
dentparameter§ST97, WS99. This ambiguityis removed
[RvB 03] by de ning

A=B eq E=qq Qs

sothat,

P
X = Ax xTEx e

The equationxT Ex = 0 de nes the outline conic of the
quadricin the rst view. (The outline conic canbe geomet-
rically visualizedastheimageof the silhouetteor the points
onthesurfacewheretheview raysarelocally tangento the
surface e.g.theelliptical silhouetteof a sphereviewedfrom
outsidethe sphere. A is thehomograpl via thepolarplane
betweerthe rst andthe secondview. Theambiguityin rel-
ative scalingbetweenE ande is removed by introducinga
normalizationconstraint,E(3;3) = 1. The signin front of
thesquareaootis x edwithin theoutlineconicin theimage.
Thesignis easilydeterminedy testingthe equationabove
by pluggingin coordinate$or onepairof correspondingix-
els.

Note that the parametersof the quadric transferY =
f A;E;eg can be directly computedfrom 9 or more pixel
correspondences a projective coordinatesystem.Soit is
temptingto follow a approachsimilar to estimatingplanar
homograpk for planardisplayswithout computingary Eu-
clideanparametersHowever, asdescribedater, in practice
it is dif cult to robustly estimatethe epipolarrelationshipin
mary casesHence we follow apseudo-Euclideaapproach
asdescribedelow.

2.2 Approach

All registrationinformationis calculatedelative to acamera
steregair. We assumeéhatthestereacamergair canseethe
entire 3D surface.Oneof the camerads arbitrarily chosen
asthe origin. The camerashereareusedto determineonly
the 3D pointson the display surfaceand not for ary color
sampling Hence ary suitable3D acquisitionsystemcanbe
used.Theoutline of ourtechniquds asfollows. The details
arein Section3 and4.

During pre-processingthefollowing stepsareperformed.

For eachprojector i

. Projectstructuredight patternwith projector

. Detectfeaturesn stereccamergpair andreconstruct
3D pointsonthedisplaysurface

Fit aquadricQ to all the 3D pointsdetected

For eachprojector i

. Findits posewrt the camerausingthe correspondence
betweenprojectorpixels and 3D coordinatesof points
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they illuminate

. FindthequadrictransferY g, betweerthe camera
andprojectori

. Findintensityblendingweights,F, in overlapregions

At run time, the renderingfor 2D imagesor 3D scenes
follows thesesteps.

Readheadtracker andupdatequadrictransferY yg
betweervirtual view andcamera

Readtheinputimagein the 2D videoor compute
theinputimageby renderinga 3D scengrom
thevirtual viewpoint

For eachprojector i

. Pre-warpinputimageinto projectorsframehuffer
usingquadrictransferYg  Yho

. Attenuatepixel intensitieswith blendingweights,F

This approacthowever, involvesseveralissuesThequadric
transfer estimation, although a linear operation, requires
non-linearoptimizationto reducepixel re-projectionerrors.
It is dif cult to estimateprojectorpose(externalparameters)
becausehe 3D points projectedon the quadricare usually
nearlyplanarleadingto a degeneratecondition. Theseplus
otherissuesandpracticalsolutionsarediscussedbelow.

3. Calibration

The goal is to computethe parameter®f quadrictransfer
Yo = fA;Ei; 609 so,thatthe projectedmagesaregeomet-
rically registeredon the displaysurface.The methodto cal-
culate quadrictransferparameterglirectly from pixel cor
respondencessivolvesestimatingthe 4x4 quadricmatrix Q
in 3D [ST97, CZ9§ usinga triangulationof corresponding
pixelsandalinearmethod.If theinternalparametersf the
two views are not known, all the calculationsare donein
projective spaceafter computingthe epipolargeometryi.e.
the epipolesandthe fundamentamatrix. However, we no-
ticedthatwhenprojectorsratherthancamerasareinvolved,
the linear methodproducesvery large re-projectionerrors
in estimated3D quadric Q. We model the projectoras a
pinhole device, but most commonprojectorsperform ver-
tical off-axis projectionto accomodateeiling mounting,or
deskplacementDueto this off-axis projectiontheerrorsare
of the orderof 30 pixels for XGA resolutionprojectors.In
addition, the fundamentaimatrix is inherently noisy given
that the 3D pointson the quadricsurfaceilluminated by a
single projectordo not have signi cant depthvariationin
display settingsuchas segmentsof sphericalor cylindrical
surfaces.We insteadfollow a pseudo-Euclideamapproach
wheretheinternalandexternalparametersf thecameraand
theprojectorsareknown approximately andareusedto esti-
mateEuclidearrigid transformationgd-Hence unlike thepla-
nar case computationof accuratamagetransferfor curved
screensinvolvesthree-dimensionajuantities We describe

Figure 2: Imagescaptued by the 640x480resolutioncam-
era during calibration. The resolutionof ead projector is
signi cantly higherat 1024x768andyetis captuedin only
a smallpart of thecamen view.

our approachanduseof approximateEuclideanparameters
for estimatingwarpingparameters.

3.1 Quadric Surface

We usearigid stereocamergpair Cy and08 for computing
all thegeometriarelationshipsWe arbitrarily chooseoneof
the camerago de ne the origin and coordinatesystemWe
calibratethe smallbaselinesteregpair with a smallchecler
boardpattern[Zha99. Note that the camerasdo not need
to be nearthe sweet-spoin this setupwhich is an impor
tant differencewith respectto someof the non-parametric
approaches.

The stereopair obseresthe structuredpatterngrojected
by eachprojector(Figure 2) and using triangulationcom-
putesasetof N 3D pointsf Xjg onthedisplaysurface.The
quadricQ passinghrougheachX is computedoy solving
asetof Iinearequations)(jT QXj = 0for each3D point. This
equationcanbewrittenin theform

cjv=20

wherecjisal 10 matrix whichis afunctionof X; only
andV is ahomogeneousectorcontainingthedistinctinde-
pendenunknavn variablesof Q. With N 9, we construct
aN 10matrix X andsolwve thelinearmatrix equation

XV=0

Given pointsin generalposition,the elementf V (and
henceQ) aretheonedimensionahull-spaceof X.

3.2 Projector View

In additionto the quadricQ we needto estimatetheinternal
andexternalparametersf eachprojectorwith respecto the
cameraorigin. We usethe correspondencieetweerthe pro-
jectorpixelsandcoordinate®f the3D pointsthey illuminate
to computethe poseandinternalparameters.

However, nding the poseof a projectorfrom known 3D
pointson a quadricis errorpronebecausehe 3D pointsare
usuallyquitecloseto a planeleadingto anunstablesolution

¢ TheEurographicfAssociationandBlackwell Publishing2004.
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[FPOJ. Dealingwith nearplanarpointsis a dif cult prob-
lem. If pointsaredistributedin depth,we caneasilyusea
linear methodto estimatethe internalsaswell asexternals
of the projector On the otherhand,if the pointsareknown
to be planar we can estimatethe externalsif someof the
internalsareknown.

How aboutbringing in a temporarysurfaceto add non-
planarpointsfor the sale of calibration?ln mostcaseghis
is impracticalor cumbersomeThe temporarysurface will
have to be approximatelythe samesize asthe display sur
face.Ourgoalis to computethe quadrictransfercompletely
automatically

For dealingwith 3D pointsof nearplanarsurfaceswe are
requiredto usean iterative algorithm.If we know the pro-
jectorinternalparametersye can rst nd aninitial guess
for externalparameterbasedon a homograph by tting a
planethroughthe 3D points.We thenusean iterative algo-
rithm describedn [LHMO0O]. We usePowell's methodfor
nonlinearre nementof re-projectionerrors.However, esti-
mating projectorinternalsis equallydif cult. If the projec-
tors cannotbe easilymoved, as mentionedabove, calibrat-
ing themusuallyrequireslarge surfacesilluminatedin two
or morepositions.

Ourstrateyy is to useprojectorinternalparameterthatare
approximatelyknown. We nd internal parameterof just
one projectorandusetheseinternal parametergor all pro-
jectorsfor all future settings.The sameprojectorat a later
time and other projectorswill clearly have differentzoom
settingsandhave othermechanicabr optical deviations.In
addition, the external parametergomputedby the iterative
methodin [LHMOO], will alsobeapproximate.

3.3 Camerato Projector Transfer

Theideais to usethe perspectie projectionparametersf
the cameraalongwith approximateprojectionmatrix of the
projectorto nd the camerato projectorquadrictransferus-
ing linearmethodsThenre ne thesolutionusingnon-linear
optimization.

The quadric transfer parametersy o; = fAj;Ej; 69 be-
tweencameraand projectori areeasyto calculatefrom Q,
camergprojectionmatrix [ | jO] andprojectorprojectionma-
trix [ P, j&].

A=PR eaq E=dq" Qs

In our teststhe parameterdound by the linear method
turnedout to be far too imprecisefor our purposefor rea-
sonsdescribedin the next subsectionWe obsered mis-
alignmentbetweerthe projectorsof 15-30pixelson screen.
Sinceseamlesslisplaysrequiresub-pi>el accurag, we ap-
ply a nonlinearminimizationto re ne the resultsobtained
via the linear method.The joth pixel in cameraxé, physi-
cally correspondso pixel xiJ, in projectori, while thetrans-
ferredpixel Iocatiom?iJ for projectori is givenby
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ol = Ayl 1 Exd
X=AX X Exe
The objective function for nonlinearoptimizationis the

total squaredransfererrorfor all pixels,
|

L) Fwy
MEEIC)

Note thatthe signin front of the squareroot found using
the linear method,which is the samefor all the pixels, re-
mainsthe sameduring the nonlinearoptimization.We used
NelderMeadSimplex andobtainedvery satishctoryresults.

o
&=a
j

3.4 Partial Euclidean Reconstruction

Therearetwo questionshere:(i) Why notignoreEuclidean
approachaltogetheranddirectly go for projective spaceand
non-linearoptimizationand(ii) If we have accurateprojec-
tor internal parametersgan we avoid non-linearoptimiza-
tion stages?

As mentioneckarliet ignoring Euclidearviewing param-
etersandsolvingthe quadrictransferpurely from pixel cor
respondencekeadsto poor re-projectionerrors. The esti-
mated3D quadricQ cannotbe usedasa goodguesdor fur-
thernon-linearoptimization.In fact,in mostof ourteststhe
solutiondid not converge.

Using accurateprojectorsinternalsonly reducesthe re-
projectionerrors but doesnot eliminatethem. This is be-
causemary kinds of errorsare propagtedin the threedi-
mensionalEuclideancalculations,ncluding estimating3D
points on the display surface by triangulation, estimating
the 3D quadricusinglinearmethodsand nding theprojec-
tor pose.The non-linearoptimizationattemptsto minimize
the physical quantity we careaboutthe most,i.e. pixel re-
projectionerrorin imagetransferfrom camerato projector
for known correspondingetof pixels. Sincethe correspon-
dencebetweeroverlappingprojectorpixelsis indirectly de-

ned by this imagetransferequation,minimizing pixel re-
projectionerrorsensuregeometriaegistrationbetweerthe
displayedprojectorpixels.

4. Rendering

The renderinginvolves a two-stepapproachFor 2D data,
we extract the appropriaténput image.For 3D sceneswe
rst renderthe 3D modelsfrom the head-trackd viewer's
viewpoint. In the secondstep, the resultantimageis then
warpedusing the quadricimagetransferinto the projector
imagespace.

4.1 Virtual View

When 3D scenesaredisplayedon a curved screenthe im-
agesare perspectiely correctfrom only a single point in
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Figure 3: Top row: Image in top-right projector's frame-
buffer, befoe and after attenuatiornwith alphamapF;. Bot-
tom row: Other three projectors with intensity correction.
Notethe outer bladk areaswhich are automaticallygener
atedafter quadrictransfer

spaceWe trackthis 3D location,thevirtual viewpoint, with
ahead-trackingystemandupdatethe view asusermoves.

We recalculatethe quadrictransferY; betweenvirtual
view imagespaceandprojectori frameluffer by cascading
two transfersY gi Y ho, WhereY g is calculatedduring pre-
processingand Y g is updatedas the usermoves. Y g is
calculateusinga linear methodfrom Q plus the projection
matricesof the cameraandthevirtual view.

4.2 Display Region

The view frustumfor the virtual view is de ned usingthe
head-trackd positionandthe extentsof an orientedbound-
ing box (OBB) aroundthe displaysurface.Thelook-atvec-
tor is from the virtual viewpoint toward the centerof the
OBB (Note, the view frustumis only usedfor computing
the VirtualViewProjectionmatrix andY g, andnot for ren-
dering).

We crop the view frustumto an aestheticshapesuchas
a disk or a screenspacerectangleFor 3D applicationswe
draw a setof blackquadrilateralgo cutoutthe areasoutside
the desireddisplay region. For example,for a rectangular
view, theviewportis madeby four largequadseartheouter
edgeof the viewport in the frameluffer. The black quads
alongwith restof the 3D modelsget renderedandwarped
as describedbelov (Figure 3). For 2D applications,areas
outsidetheinputimageto bedisplayedareconsideredlack.

4.3 Image Transfer using a Single PassRendering

We preseng single-passenderingsolutionto pre-warpren-
deredimagesof a 3D scenebefore projectionon curved
screen. A single-passsolution avoids the costly post-
renderingwarp andit also eliminatesthe aliasingartifacts
commonin texture mappingof limited resolutioninputim-
agesA single-passolutionis possibledueto theparametric

Figure 4: An unmodi ed 3D rendering application dis-
playedwith correctdepthsort and texture mappingwithout
andwith intensityblending(Pleaseseethevideo).

approachthatdoesnot requirea look-up tableandinvolves
only asmallnumberof parameters.

Givena3D vertex M in thesceneo berenderedywe nd

its screerspacecoordinatesn in thevirtual view. Then,we
nd thetransferregixel coordinatem; in theframeluffer of
projectori, usingthe quadrictransferY; = f Aj;Ej; 9. The
polygonsin the scenearethenrenderedvith verticesM re-
placedwith verticesm;. Thusthe renderingprocessat each
projectoris the same Eachprojectorframetuffer automati-
cally picksup the appropriatepartof thevirtual view image
andthereis no needto explicitly gure outtheextentsof the
projector

At eachprojector i

. For eachvertex M
Computepixel mvia VirtualViewProjection(M )
Computewarpedpixel mj via quadrictransferY (m)

. For eachtriangleT with verticesf MJg_
Rendettrianglewith 2D verticesf mi' g

Thereare two issueswith this approachFirst, only the
verticesin the scene but not the polygoninteriors,are ac-
curatelypre-warped.Secondyisibility sortingof polygons
needsa specialtreatment.

After quadrictransfer the edgesbetweenverticesof the
polygon,theoretically shouldmapto second-dgreecurves
in projectorframebuffer. But scancorversioncorvertsthem
to straight-linesegmentsbetweenthe warpedvertex loca-
tions. This problemwill not be discernibleif only a single
projectoris displayingthe image.But, overlappingprojec-
tors will createindividually different deviations from the
originalcurve andhencetheedgewill appeamis-rayistered
on the displayscreenTherefore,it is necessaryo usesuf-
ciently ne tessellatiorof triangles.Commercialsystems
arealreadyavailablethattessellateandpre-distortthe input
modelson the y [Eva02 IZRB97, KQST94 so that they
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appearstraightin a perspectiely correctrenderingon the
cunedscreenSoour methodis compatiblewith ne tessel-
lation provided by suchsystemsPre-distortiorof the scene
geometryin commercialsystemss usedto avoid the two-
passrenderingwhichinvolvestexture-mappingesultof the
rst passln ourcasejnsteadof pre-distortinghegeometry
we pre-distorttheimagespaceprojection.Our approachar-
guably is morepracticalthanksto the programmableertex
shadersiow available(seeAppendix).

ScanConversionIssues Whenpixel locationsin the pro-
jection of a triangle are warped,information needsto be
passealongsothatthe depthbuffer will createappropriate
visibility computationsln addition for perspectiely correct
color and texture coordinateinterpolation,the appropriate
‘W valuesneedto bepassedOursolutionis to post-multiply
the pixel coordinatesvith “w'.

m(X;y; z;w) = VirtualViewProjectiorfM (X))
ol = Y (m(x=w y=w); 1)
mx:yiziw) = [wx=wes wyP=n’ z;w]

Thus,the z andw valuesare presered usingexplicit as-
signment.Homogeneousoordinateof m; have the appro-
priate nal pixel coordinate(xj=wi;yi=wi) = (= yP=nf)
dueto quadrictransferalongwith original depth,(z=w;) =
z=w, andw; = w values.The correspondingodeis in the
AppendixandFigure4 showvs a photoof the domedisplay-
ing a sampleinteractve animationthatis synchronizedand
displayedon the domewith four overlappingprojectors.

For rendering2D inputimageswe denselytessellatehe
virtual view imagespaceinto trianglesand mapthe image
asa texture on thesetriangles.Vertex m of eachtriangleis
warpedusingthe quadrictransferinto vertex (andpixel) mj
asabore. Scancorversionautomaticalljtransfersolorsand
texture attributesat m to m; and interpolatesin between.
If required,two-passrenderingof 3D scenescan also be
achieed in this mannerby rst renderingthe inputimage
dueto VirtualViewProjection.

Figure5: CalculatedalphamapsF; for intensitycorrection
of four overlappingprojectors.
¢ TheEurographic#ssociationandBlackwell Publishing2004.

Figure 6: The setupof four casuallyinstalled projectors,
stereo camen pair and tradker with a concavedome The
camean pair is notnearthe sweetspot.

4.4 Intensity Blending

Pixel intensitiesin the areasof overlappingprojectorsare
attenuatediusing alphablending of the graphicshardware.
Usingthe parametrieequation®f quadrictransferthealpha
mapsarecalculatedobustly andef ciently .

For every projectorpixel x; in projectori, we nd thecor
respondingixelsin projector k usingthe equation

%= Yok Yoil(x)

For cross-ading, pixels at the boundaryof the projector
framebuffer areattenuatedHence the weightsare propor
tional to the shortestdistancgrom theframeboundary The
weightassignedo pixel x;, expressedn normalizedvindow
pixel coordinatequ;; v;) which arein therange[0; 1], is

Fit) = d0s) 8 ,d0%)

whered(x) is min(u;v;1 w1l v)if 0 uv 1, else
d(x) = 0. Thanksto a parametricapproachwe are ableto
computecorrespondingprojector pixels X, and hencethe
weightsatthoselocationsat sub-pixel registrationaccurag.
The sumof weightsat correspondingrojectorpixels accu-
ratelyaddsto 1.0.

At eachprojector the correspondingalphamap F; is
loadedasatexturemapandrendereasscreeralignedquads
duringthelaststageof therendering(Figure5).

4.5 Distrib uted Rendering

We usea Chromium[HHN 02] framework to build a dis-
tributedrenderingsystem Chromiumdoesnot supportver
tex position manipulationor post-renderingwvarp. So we
modi ed the Chromiumsener codeto include a one-pass
renderingschemeimplementedvia a vertex shaderas de-
scribedabove. This allows us to renderclient applications
withoutmodi cation or re-compiling(Figure4). Eachsener
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Figure 7: Raistration accuracy. (Left) Four overlapping
projectors projectinga grid (Right) Closeupof displayre-
gionwheeeall four projectorsoverlap. Theembedded@nages
are 2000x150(ixels.Pleasezoomwith your PDF browser

is connectedo a projector We believe one-passendering
for curved screenis an importantdevelopmentwhere off-
the-shelfapplicationscanbe displayedin curvedimmersie
ervironmentswithout ary lossin imagequality or decrease
in renderingperformance.

5. Results

Pleaseseehttp:/iwww.merl.com/projects/Projector for moreimages
andvideosof theresults.

Ourprototype system(Figure6) involvesfour Mitsubishi
X80 LCD projectors, XGA (1024x768)resolutionat 1500
lumens.Thestereacamergpair is built with two cheapLog-
itechUSB VGA (640x480)resolutionwebcamswhich suf-
ferfrom Bayercolor patterningThecolorinterpolationneg-
atively affects the accurag of featurelocation. We inten-
tionally chosethe low quality camerago demonstrateéhat
aparametri@pproactcanovercomefeaturelocalizationer
rorsaslong asthe errorsare Gaussiardistributedandinde-
pendentEachprojectoris assignedo a PCwith correspond-
ing Chromiumsener. The client running on a masterPC
runsan OpenGLapplication.The OpenGLapplicationdoes
not require modi cation, since by using Chromium each
senerwarpsthegeometryusingthevertex shaderWe useda
Origin DynaSight3-DOFtrackeropticaltracker[Ori], which
tracks a user wearing a retro-re ective dot on the head,
to updatethe renderingat the client. To demonstrateour
techniqueswve use an eLumensVisionStationhemispheri-
cal domewith a diameterof 1.5 meter The accompaying
video shows registrationandintensity correctionfor both a
concae sphericalsggment,asa well asa corvex spherical
segment(the back-sideof theeLumensdome).

Our calibration processis slov comparedto the pla-
narhomograpk basedsystemgBS07 which take just two
secondger projector We computethe projectorposefrom
nearplanar3D pointsusinganiterative schemeén [LHMOOQ],
andthe non-linearre nementof Y ¢ = f A;; Ej; g to mini-
mizepixel re-projectiorerrors.Currentlyour non-optimized
codetakesabout45 - 60 secondsper projector The linear
optimizationfor projectorposetakes about4 secondsand
the non-linearoptimizationtakesabout40-55secondsThe
time neededor the non-linearoptimizationincreaseswith

Figure 8: Raistration after linear estimateof quadric
transfer Theerrors on screenare 15to 30 pixels.

the numberof featuresdetectedrom the projectedchecler
patternsTypically around100-200iterationsare necessary
andwe noticedthattheiterationscorvergein mostcases.

To determinehow well the registrationof projectorsus-
ing poseestimationfrom nearplanar3D points performs,
we compareour resultsto the pixel re-projection errors of
afully calibratedsystem.In thefully calibratedsystemwe
determineinternalsand externalsfor the two camerasand
the projectors.We usethe OpenCV library [Int02] to de-
terminethe camerainternals.The externalsare determined
from point correspondencesf planarsurfacesat multiple
depthsandorientationsProjectorinternalsandexternalsare
thenfound from triangulated3D pointsand corresponding
projectorimage checler corner pixels. Table 1 shavs the
resultsof theoreticalpixel re-projectionerrorsfor the lin-
earestimationof Q beforeandafter non-linearre nement.
The setupcontainsfour projectors,Proj1 and Proj3 were
closerto the camera(-pair)As mentionecearlier temporar
ily installing large surfacesat multiple depthand orienta-
tionsis not practicalin mostof the real settings.Hence,in
ourpseudo-Euclideamethodwe assumehe sameapproxi-
mateprojectorinternalmatrix for all projectorsandcompute
theprojectorexternalparameterfrom thenearplanamoints
obseredin thegivendisplaysetting. TheRMSre-projection
errorsafterlinear estimationarelarge (Figure 8), but this is
agoodinitial guessAfter nonlinearre nement,theerroris
aboutonepixel which is acceptablelt is importantto note
thatthe computedpixel re-projectionerrorsdo not directly
predictpixel mis-registrationerrorson the display surface.
As seenin Figure8 andin thevideo, afterlinearestimation,
the visible errorson display surfaceare 15 to 30 pixels al-
thoughpredictedprojectorto projectorre-projectiorerroris
about12 pixels (twice the camerao projectortransfererror
of about6 pixels).

Weusedall 9 checler patternwhich wasoptimalfor
generatingsufcient featurepointson the screenwith reli-
abledetection(Figure?2). Thecasuaplacemenbf thedome
surfaceresultsin a smalldeviation from its intendedspher
ical form. However we demonstratéhat our techniquestill
producesaccurateesults(Figure7).

We have alsoappliedourtechniqudor registeringthepro-
jectionson the convex side of the domesurfaceandon a
planarsurface(whichis a degenerateyuadric).This demon-
stratesthe generality of our technique.Projectingon the

¢ TheEurographicfAssociationandBlackwell Publishing2004.
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Fully Calibrated Pseudo-Euclidean

Linear NL Optim Linear NL Optim
Proj1 3.5 0.3 5.4 0.73
Proj2 5.3 0.5 7.1 1.02
Proj3 3.7 0.35 5.6 0.79
Proj4 4.8 0.45 6.5 0.91

Table 1: Comparingresultswith an ideal systemRMSre-
projectionpixelerror in quadrictransferof camen pixelsto
projectorpixels.

Figure 9: Threeprojectorsystenon a corvex quadric sur
face before andafterintensityblending

corvex sidewould be particularlyusefulfor rearprojection.
Rearprojection,wherethe usercould be inside the dome,
will provide a full immersie experiencewithout blocking
projectors Figure9 shaws a setupof threeoverlappingpro-
jectors. The left image shaws registration, the right image
alsohasintensity correctionapplied.We obsened that pro-
jectedpatternsaremoredistorteddueto the corvexity of the
surfacein all directions.Thereforefeaturedetectionusing
checler patternds moredif cult in this case.

6. Conclusion

We have presentedechniquesthat are ideal for building

multi-projectorscurved displaysfor 2D or 3D visualiza-
tion that do not require expensve infrastructureand can
be achieved with casualalignment.Our automaticregistra-
tion exploits quadricimagetransferand eliminatestedious
setupand maintenanceand hencereducescostof the sys-
tem. The techniquesan simplify the constructioncalibra-
tion andrenderingprocessfor widely usedapplicationsin

ight simulators,planetariumsand high-endvisualization
theaters.Our methodcan also make casualuse of multi-

projectorscreensn gamearcade®r entertainmenpossible.

The new parametricapproachellows an elegant solution
to a problemthat hasso far beensolved by discretesam-
pling. An advantagds that, unlike look-uptablebasechon-
parametriapproacheflar97 RWF9g, our cameraslo not
needto be placedatthesweet-spotThisis importantin real-
world applicationswhere sweet-spois rightfully resened
for the humanusernot cameraor expensve equipmentin

¢ TheEurographic#ssociatiorandBlackwell Publishing2004.

somecaseskeepinga cameraat the sweet-spotneansus-
ing averywide- eld of view cameravhichis expensve and
typically suffersfrom radialor sh-eye distortion.

We are currentlyworking on extendingour techniqueto
generalcurved surfacesor surfacesthat have minor devia-
tions from quadricpropertiesWe alsowould like to extend
to thecasewherequadrictransfercannotbeeasilycascaded
usinga smallnumberof camerassuchaswrap-aroundear
or front projectiondisplays.
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Appendix A
Codefor Vertex Shadefor quadrictransfer(in Cglanguage)

vertout  main( appin IN, uniform float4x4 modelView-
Proj,uniform float4  constColor, uniform  float3x3 A, uniform
float3x3 E, uniform float3 e) {

vertout  OUT,;

float4  ml = float4(IN.position.x, IN.position.y,

IN.position.z, 1.0f );

float4 m, mi ; float3 m2mp; float scale;

m = mul( modelViewProj, ml);

m2x = mx/mw;, m2y = mymw, m2z = 1,

scale = mul(m2, mul(E,m2));

mp = mul(A,m2) + sqrt(scale)*e;

mix = mw * (mp.x)/(mp.z);

miy = mw * (mp.y)/(mp.z);

mizw = m.zw;

OUT.position = mi;
}
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