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Abstract

In this paper, we presentan “appearance-based”virtual view generationmethodfor temporally-varying
eventstakenby multiplecamerasof the“3D Room”,developedby our group. With this method,we can
generateimagesfrom any virtual view point betweentwo selectedreal views. The virtual appearance
view generationmethodisbasedonsimpleinterpolationbetweentwo selectedviews. Thecorrespondence
betweentheviews areautomaticallygeneratedfrom themultiple imagesby useof thevolumetricmodel
shapereconstructionframework. Sincethe correspondencesareobtainedby the recoveredvolumetric
model,evenoccludedregionsin theviews canbecorrectlyinterpolatedin thevirtual view images.The
virtual view imagesequencesarepresentedfor demonstratingtheperformanceof thevirtual view image
generationin the3D Room.

This researchwassupportedby RoboticsInstituteinternalfunds. Also, partialsupportwasprovidedby Intel Corporation,
MatsushitaElectricLtd., Sony Corporation,andK2T, Inc.
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1 Intr oduction

The technologyof 3D shapereconstructionfrom multiple view imageshasrecentlybeenintenselyre-
searched,mainlybecauseof advancesof computationpowerandcapacityof datahandling.Researchin 3D
shapereconstructionfrom multipleview imageshasconventionallybeenappliedin robotvisionandma-
chinevisionsystems,in which thereconstructed3D shapeis usedfor recognizingtherealscenestructure
andobjectshape.For thosekindsof applications,the3D shapeitself is thetargetof thereconstruction.

New applicationsof 3D shapereconstructionhave recentlybeenintroduced,oneof which is arbitrary
view generationfrommultipleview images.Thenew view imagesaregeneratedby renderingpixel colors
of input imagesin accordancewith thegeometryof thenew view andthe3D structuremodelof thescene.
The3D shapereconstructiontechniquescanbeappliedto recover the3D modelthatis usedfor generating
new views. Suchaframework for generatingnew viewsvia recoveryof a3D modelis generallycalledas
“model-basedrendering”.

On the contrary, image-basedrendering(IBR) hasrecentlybeendevelopedfor generatingnew view
imagesfrom multiple view imageswithout recovering the 3D shapeof the object. BecauseIBR is
essentiallybasedon2D imageprocessing(cut,warp,paste,etc.),theerrorsin 3D shapereconstructiondo
not affect thequality of thegeneratednew imagesasmuchasfor model-basedrendering.This implies
thatthequalityof theinput imagescanbewell preservedin thegeneratednew view images.

In thispaper,wepresentanavirtualview generationmethodbasedontheIBRframeworkfor temporally-
varying eventstakenby multiple cameraimagesof the “3D Room”[10], which we have developedfor
digitizing dynamicevents,asis andin theirentirety. With this method,wecangenerateimagesfrom any
virtual appearanceviewpointwhichis specifiedby therelativepositionof theview pointsof input images.
This way of specifyingthevirtual view point is not controlledby theexplicit 3D positionin theobject
space,but ratherby locationrelative to theinput cameras.

The virtual appearanceviews aregeneratedin accordancewith the correspondencebetweenimages.
Even though the imagegenerationprocedureis basedon a simple 2D imagemorphingprocess,the
generatedvirtual view imagesreasonablyrepresent3D structureof thescenebecauseof the3D structure
informationincludedin the correspondencebetweenthe images. The correspondencebetweenimages
areautomaticallydetectedby the3D reconstructionalgorithm[14] which we developedfor our previous
multiple camerasystems.The 3D structurerecovery helpsto avoid the occlusionproblembetweenthe
imagesusedto generatevirtual view images.

We demonstratetheperformanceof theproposedframework for virtual view generationfrom multiple
camerasby showing severalvirtual imagesequencesof adynamicevent.

2 RelatedWork

Recentresearchin bothcomputervision andgraphicshasmadeimportantstepstowardgeneratingnew
view images.This work canbebrokendown into two basicgroups:generatingnew view imagesfrom
3D structuremodelsthatarereconstructedfrom rangeimages(socalled“model-basedrendering”),and
generatingnew view imagesdirectly from multiple images(so called “image-basedrendering”). 3D
structurereconstructionusingvolumetricintegrationof rangeimages,suchasHilton et. al. [7], Curless
andLevoy [3], andWheeleret.al. [21], ledto severalrobustapproachesto recoveringglobal3D geometry.
Most of this work relieson direct range-scanninghardware,which is too slow andcostly for a dynamic
multiple sensormodelingsystem. Our methoddoesnot usea range-scannerbut appliesimage-based
stereofor generationof rangeimages[14]. Debevecet.al. [5] useahumaneditingsystemwith automatic
modelrefinementto recover 3D geometryanda view-dependenttexturemappingschemeto themodel.
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Thisstructurerecoverymethoddoesnotmapwell to ourobjectivesbecauseof thehumanmodelingtime.
Image-basedrenderinghasalso seensignificantdevelopment. Katayamaet. al. demonstratedthat

imagesfrom a denseset of viewing positionson a planecanbe directly usedto generateimagesfor
arbitraryviewing positions[11]. Levoy andHanrahan[12] andGortleret al. [6] extendthis conceptto
constructa four-dimensionalfield representingall light rayspassingthrougha 3D surface. New view
generationis posedascomputingthecorrect2D crosssectionof thefield of light rays. A majorproblem
with theseapproachesis thatthousandsof realimagesmayberequiredto generatenew viewsrealistically,
thereforemakingtheextensionto dynamicscenemodelingimpractical.View interpolation[2, 20] is one
of the first approachesthat exploited correspondencesbetweenimagesto projectpixels in real images
into a virtual imageplane. This approachlinearly interpolatesthe correspondences,or flow vectors,to
predictintermediateviewpoints.View morphing[16] isanextensionof imagemorphing[1], thatcorrectly
handlesthe 3D geometryof multiple views. The methodpresentedin our paperis basedon this view
interpolationframework.

Thereareotherbodiesof work involving multiplecamerasystems.Ourgrouphasdevelopeda system
using a numberof camerasfor digitizing whole real world eventsincluding 3D shapeinformationof
dynamicscenes[9, 14, 19]. Davis et. al. [4] have developeda multiple camerasystemfor human
motioncapturingwithoutany sensorsonthehumanbody. Jainet. al. [8] proposedMultiple Perspective
Interactive (MPI) Video, which attemptsto give viewers control of what they see,by computing3D
environmentsfor view generationby combining a priori environment modelsand the dynamicpre-
determinedmotionmodels.Evenin thesinglecameracase,3D structurerecovery from amoving camera
involvesusinga numberof imagesaroundtheobject[15, 17].

3 3D Room

The“3D room” is a facility for “4D” digitization- capturingandmodelinga realtime-varyingeventinto
computersas3D representationswhich dependon time (1D). On the walls andceiling of the room, a
large numberof camerasaremounted,all of which aresynchronizedwith a commonsignal. Our 3D
Room [10] is 20 feet (L) � 20 feet (W) � 9 feet (H). As shown in figures1 and 2, 49 camerasare
currentlydistributedinsidetheroom: 10 camerasaremountedon eachof thefour walls,and9 cameras
on theceiling. A PCclustercomputersystem(currently17 PCs)candigitize all thevideosignalsfrom
the camerassimultaneouslyin real time as uncompressedand losslesscolor imagesat full video rate
(640 � 480 � 2 � 30 bytesper seconds).Figure3 shows the diagramof the digitization system. The
imagesthuscapturedareusedfor generatingthevirtual view imagesequencesin this paper.

4 Appearance-basedvirtual view generationfr om multiple cameraimages

Figure4 shows the overview of the procedurefor generatingvirtual view imagesfrom multiple image
sequencescollectedin the3D Room.

Theinput imagesequencesprovidedepthimagesequencesby applyingmultiplebaselinestereoframe
by frame. The depthimagesof all camerasaremerged into a sequenceof 3D shapemodels,using a
volumetricmergingalgorithm.

For controllingtheappearance-basedvirtual view point in the3D Room,two interpolatingcamerasare
selected.Theintermediateimagesbetweentheselectedtwo imagesaregeneratedby interpolationof the
selectedimagesfrom thecorrespondencebetweentheimages.Thecorrespondingpointsarecomputedby
usingthe3D shapemodel.Theweightingvaluebetweentheimagescontrolstheappearanceof thevirtual
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Figure1: Cameraplacementin the3D Room.

Figure2: Panoramicview of the3D Room.
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Figure3: Thedigitizationsystemof the3D Roomconsistsof 49 synchronizedcameras,onetime code
generator, 49 timecodetranslators,17Digitizing PCsandoneControlPC.
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Figure4: Overview of theprocedurefor generatingvirtual view imagesfrom multiple camerain the3D
Room.

view point.
In this way, virtual view imagesequencescanbegenerated.In thefollowing subsections,we explain

thedetailsof theprocedure.

4.1 3D shapemodelcomputation

Multiple baselinestereo(MBS) [13] is employedfor obtaininga depthimagefor every camerain the3D
Room. Some(2-4) neighboringcamerasareselectedfor computingtheMBS of every camera.All the
depthimagesfor all camerasaremergedto generatethevolumetricmodel.

This volumetricmerging generatesa 3D shapemodelof the object that is representedby a triangle
mesh.Thevolumeof interestis specifiedduringthevolumetricmergingsothatonly theobjectsof interest
canbeextracted.An exampleof thereconstructed3D shapemodelin, asa trianglemeshrepresentation
is shown in figure5.

For reconstructingthe3D shapemodelsfrom multiple images,eachcamerahasto befully calibrated
prior to thereconstructionprocedure.We useTsai’scameracalibrationmethod[18], whichcalculatessix
degreesof freedomof rotationandtranslationfor extrinsicparameters,andfiveintrinsicparameterswhich
arefocal length,aspectratioof pixel, opticalcenterposition,andfirst orderradiallensdistortion.

To estimatethecameraparametersof all cameras,we put point light sources(LEDs) in thevolumeof
interest,andcaptureimagesfrom all cameras.Theplacementof thepoint light sourcesin thevolumeof
interestis shown in figure6, wheretheplatethat has8 � 8 LEDs at an interval of 300mmis placedat
5 verticalpositions,displaced300mmfrom eachother. The imagesof thesepoint light sourcesprovide
therelationshipof the3D world coordinatesto the2D imagecoordinatesfor every camera.Thecamera
parametersareestimatedfrom this relationshipby a non-linearoptimization[18].

4.2 Correspondencefr om 3D model

The3D shapemodelof theobjectis usedto computecorrespondencesbetweenany pairof views. Figure
7 shows theschemefor makingcorrespondencesin accordancewith the3D shapemodel. For a point in
view 1, theintersectionof thepixel raywith thesurfaceof the3D modelis computed.The3D positionof
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Figure5: An exampleof the reconstructed3D shapemodel,usinga trianglemeshrepresentation.The
numberof trianglesin themeshis 10,000.
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Figure6: Placementof point light sourcesfor calibrationof everycamerain the3D Room.
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Figure7: Theschemefor makingcorrespondencesin accordancewith a 3D shapemodel.

theintersectingpoint is projectedontotheotherimage,view 2. Theprojectedpoint is thecorresponding
pointof thepixel in view 1.

In figure7, therayof thepoint R intersectsthesurfaceat S , andis thenprojectedontothepoint R
T . In
thiscase,thepoint R T in view 2 is thecorrespondingpoint for thepoint R in view 1.

If thereis no intersectionon the surface(like the point U in view 1), the pixel doesnot have any
correspondingpoint.

For eachpoint that hascorrespondingpoint, the disparityvectorof correspondenceis defined. The
disparityvector V�W for thepoint R is theflow vectorfrom R to R T . Thedisparityvector V T W for thepoint R T
is theflow vectorfrom RXT to R .
4.3 Virtual view generation

For controllingtheappearance-basedvirtualview pointin the3D Room,twocamerasareselectedinitially.
Theintermediateimagesbetweentheselectedtwo imagesaregeneratedby interpolationof theselected
imagesfrom thecorrespondencebetweenthem. Thecorrespondenceis computedby usingthe3D shape
modelasdescribedabove. Theweightingvaluebetweentheimagescontrolsthevirtual view point in the
senseof theappearance.

The interpolationis basedon the relatedconceptsof “view interpolation” [2] and“view morphing”
[1], in which thepositionandcolor of every pixel areinterpolatedfrom thecorrespondingpointsin two
images.Thefollowing equationsareappliedto theinterpolation:Y[Z]\_^

1
Y4`J^

2
Y T,a (1)b�Z*cdY[Zfeg\_^

1
bMcdYhe�`J^

2
b T cdY T e a (2)

where ^
1
`i^

2
\

1 aY
and

Y T arethepositionof thecorrespondingpointsin the two views (view 1 andview 2),
bMcdYje

andb T cdY T e arethecolorsof thecorrespondingpoints,and
Y Z

and
bMcdY Z e

aretheinterpolatedpositionandcolor.
Theinterpolationweightingfactorsarerepresentedby

^
1 and

^
2 (
^

1
`J^

2
\

1).
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Figure8: Consistentcorrespondenceandpseudocorrespondence.As thepointa is in anoccludedregion,
thereis nocorrespondingpoint in view B. Thepseudocorrespondencefrom thepointa is providedby the
3D shapeof theobject,by virtually projectingthesurfacepoint ontotheview B (representedasb’). The
pointb’ is notonly thepseudocorrespondingpoint from a,but alsotherealcorrespondingpoint from b in
theview A.
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This interpolationmethodrequiresconsistentcorrespondencebetweentwo images. However, there
is the casethat someregions in one imagecannotbe seenin anotherimage,asshown in figure 8. In
this case,interpolationof thecolor betweentwo viewsby themethoddescribedby equations(1) and(2)
is impossible. As a result, thereis no descriptionof the color of the occlusionregion in the generated
interpolatedimages.

To avoid suchproblemsin view interpolation,we introducetheconceptof a “pseudocorresponding
point” whichcanbecomputedfor the3D shapeof thescene.In figure8,apoint R in view 1 is re-projected
onto Ó T in view 2 by usingthe reconstructedshape,even thoughthepoint on the objectsurfacecannot
be seenin view 2. The point Ó T is the pseudocorrespondingpoint for R , that correspondsto R only
in the geometricalsense.The pseudocorrespondingpoint enablesthe interpolationof the positionby
applyingtheequation(1) for occludedpoints.Theinterpolationof thecoloris still impossiblebecausethe
color of thepseudocorrespondingpoint is not actuallycorrespondingin termsof thecolor of theimage.
Accordingly, thecolor is not interpolatedfor thepseudocorrespondence,but just selectedto bethecolor
of theoccludedpoint. This is expressedby thefollowing equation.

b Z cdY Z eg\ÕÔÖ × b�cdYhe if
Y

is not seenin view 2b T cdY T e if
Y T is not seenin view 1

(3)

By usingthepseudocorrespondingpoint, we cangenerateintermediateview imageswithout missing
partsof occlusionregions.

Pseudocorrespondingpointscanbe detectedonly if the 3D structureof thesceneis available. This
suggeststhat3D shapereconstructionplaysan importantrole in view interpolationbetweentwo views,
eventhoughtheinterpolationprocedureinvolvesonly 2D imageprocessingwithoutany conceptof a 3D
structure.

In figure 9, the effect of the pseudocorrespondenceis presented.If only the two input imagesare
given without any 3D shapeinformation, the points in the occlusionregions in view 1 (circled areas)
cannothave any correspondingpoints,becauseno informationis availablefor makingthepointsin the
occlusionregionsthatcorrespondto theimageof theview 2. Therefore,thecolorsin theocclusionregion
completelyvanishin theinterpolatedview imagesasshown in figure9(a). On thecontrary, thecomplete
3D shapemodel,which is reconstructedby the volumetricmerging of the depthimagesat all cameras,
enablesus to computethepseudocorrespondenceeven for theocclusionregion. Becauseof thepseudo
correspondences,the occlusionregion canbe successfullyinterpolatedin the virtual view asshown in
figure9(b).

4.4 View interpolation algorithm

For implementingtheinterpolationby thepseudocorrespondence,wetakethetwo-stepalgorithm,where
two warpedimagesof two interpolatingrealimagesarefirst generatedin accordancewith thedisparityof
correspondence,andthenthetwo warpedimagesareblended.Figure10showsthis algorithm.

As describedin section4.2,disparityvectorimagesV cAØ a~Ù e and V T cdØ a~Ù e arecomputedfor two interpo-
lating images

bMcdØ a~Ù e and
b T cdØ a~Ù e of view 1 andview 2, respectively. For eachinterpolatingimage,the

warpedimageis generatedby shiftingthepixel in theweighteddisparityvector. Therelationbetweenthe
warpedimages

b�Ú�cdØ a�Ù e and
b TÚ cdØ a�Ù e andinput images

bMcdØ a~Ù e and
b T cdØ a~Ù e isb�Ú�cAØj`J^

1 ÛXÜ cdØ a~Ù e a~Ù `J^ 1 ÛXÝ cdØ a~Ù e*e]\_bMcdØ a~Ù e ab TÚ cAØj`J^ 2 Û TÜ cdØ a~Ù e a~Ù `J^ 2 Û TÝ cdØ a~Ù e*e]\_b T cAØ a~Ù eßÞ (4)
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Figure9: Effect of thepseudocorrespondencein view interpolation. If we only have two views, there
is no way to computethecorrespondencescorrectlyfor theocclusionregionsin view 1 (circledareas).
Thereforethecolorsin thisregionsdonotexist in theinterpolatedview images(a). Ontheotherhand,the
3D shapemodelprovidesthepseudocorrespondingpointsfor theocclusionregionsin view 1. Therefore
thecolorsin thoseregionsappearin theinterpolatedview images(b).
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Figure10: Interpolationbetweentwo views. Eachimageis warpedby theweighteddisparityof corre-
spondences.Thewarpedimagesarethenblendedfor generatingtheinterpolatedimage.
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Sincethe disparityvalueis not limited to an integer but a floatingpoint value,the shiftedpixel canbe
placedonany point thatis notcoincidentwith thepixel samplingpoint. Thecolorvalueonthepixel point
is computedby bilinearly interpolatingfrom theneighboringshiftedcolorvalues.

Thetwo warpedimagesareblendedinto theinterpolatedimageof thetwo input imagesaccordingto
thefollowing equation.

b Z cdØ a~Ù eò\
ÔnnnnnnnnnÖ
nnnnnnnnn
×

^
1
b�cAØ a~Ù e a
if
b�cdØ a~Ù epo\

0 and
b T cdØ a~Ù eò\ 0,^

2
b T cdØ a�Ù e a
if
b�cdØ a~Ù e]\ 0 and

b T cdØ a~Ù e/o\
0,^

1
b�cAØ a~Ù e�`J^ 2

b T cdØ a�Ù e a otherwise,

(5)

If a warpedpixel color is shiftedby thepseudocorrespondingpoint, thecolor valueis computedin only
onewarpedimage.This correspondsto thefirst two casesin thisequation.

5 Examplesof the virtual view

The interpolatedview imagesusingvariousweightingfactorsfor thefixed instanceareshown in figure
11. This demonstratesthat thevirtual view smoothlymovesastheweight factor is changed.As canbe
seen,theocclusionregionshave successfullybeeninterpolatedin thevirtual view images.

Figure12showsthevirtualview imagesfor adynamicevent. Therealview imagesusedfor interpolation
arealsoshown with thevirtual view images.This figurealsodemonstratesthattheocclusionregion has
correctlybeeninterpolatedin theimagesequence.

Figure13showsanexampleof virtual view imagesequencefor a dynamiceventmodeledby multiple
cameras.As seenin this figure, the virtual viewpoint canmove betweenmultiple pairsof camerasfor
generatingthelong trajectoryof thevirtual view.

6 Conclusionsand Future Work

We have presenteda methodfor virtual view imagegenerationfrom multiple imagesequencescollected
in the3D Room. Thevirtual view generationmethodis basedon view interpolationof two views from
correspondencesthatareprovidedby avolumetricmodelrecoveredfrom inputmultipleviews. Occlusion
regionscanbeinterpolatedusingthepseudocorrespondenceinformationthatrepresentsonly geometrical
correspondence.

This framework for virtual view generationfalls into the IBR framework becausewe do not use3D
structureinformationdirectly at the imagegenerationstage.However, thecorrespondenceusedfor the
generationcannotbe obtainedwithout the 3D structureinformationwhich is recoveredby volumetric
mergingof thedepthimagesprovidedby aMultiple BaselineStereoalgorithm.In thissense,3D recovery
is asignificantcomponentin generatingnew view imagesevenif thegenerationprocedureis basedon2D
imageprocessing.

In thepresentmethod,wedonottakeintoaccountthegeometricalcorrectnessof theinterpolatedvirtual
view becausewe currentlyonly usesimplecorrespondencesbetweenimages.However, asSeitzet .al.
[16] pointedout in view morphing,suchsimplecorrespondenceinterpolationcannotcorrectlyinterpolate
thegeometryof theviews. For morerealisticnew view generation,suchcorrectnessof thegeometryhas
to beconsideredalso.
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Figure11: Generatedvirtualview imagesby interpolationof tworealview imagesusingvariousweighting
factorsfor the fixed instance. The virtual view smoothlymovesas the weight factor is changed.The
occlusionregions(circledareas)have successfullybeeninterpolatedin thevirtual view images.
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Figure12: Generatedvirtualview imagesfor adynamicevent. Therealview imagesusedfor interpolation
arealsoshown with thevirtual view images.Theocclusionregion hascorrectlybeeninterpolatedin the
imagesequence.
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Figure13: Generatedvirtual view imagesfor adynamiceventfor four cameras(cameras#7,#8,#9,#10).

Wecurrentlyinterpolatenew viewsfrom two views. Thismeansthatthevirtual cameracanonly move
ontheline betweentheviews. Weplanto extendourframework to theinterpolationof threecameraviews
to makethevirtual view moveon theplaneof thesethreecameras.
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