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Figure 1: Light eld deformationenablesananimatorto interactvely deformphoto-realisticobjects. Theleft gure shavs animageof a
light eld of atoy TerraCottaWarrior. The middleimageshavs a view of the samelight eld afterapplyinga deformation,n this casea
twist to the left. Noticethathis feetremain x ed andhis right earnow becomesisible. The right imageshows the warrior turningto his

right.

Abstract

We presenta softwarepipelinethatenablesan animatorto deform
light elds. The pipelinecanbe usedto deformcomplec objects,
suchasfurry toys, while maintainingphoto-realisticquality. Our
pipelineconsistsof threestages.First, we split the light eld into

sub-light elds. To facilitatesplitting of complex objects,we em-
ploy a novel techniquebasedon projectedlight patterns.Second,
we deform eachsub-light eld. To do this, we provide the ani-

matorwith controlssimilar to volumetric free-form deformation.
Third, we recombineandrendereachsub-light eld. Our render

ing techniqueproperlyhandlesvisibility changesiueto occlusion
amongsub-light elds. To ensureconsistentllumination of objects
after they have beendeformed,our light elds are capturedwith

the light source x edto the camerayratherthanbeing x edto the
object. We demonstrat®ur deformationpipeline using synthetic
and photographicallyacquiredlight elds. Potentialapplications
includeanimation,interior design,andinteractve gaming.
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1 Intro duction

A light eld enablephoto-realisticenderingof objectsandscenes
withoutknawing theirgeometnjLevoy andHanrahari996]. Since
they operateon capturedphotographslight elds remove the need
to explicitly modelgeometrylighting, or surfacere ectanceprop-
erties. Novel views of interestingobjectsare found in [Matusik
etal. 2002],wherethey renderlight elds of furry teddybearstoy
angelsandplants;suchobjectshave a very complex geometryand
comple re ectancemodels.

Theability to deformanobjecthasmary usesjncludingmodeling
and animation. In cartoonanimation,“squash”and “stretch” de-
formationsarewidely usedto enhancenotionandcharactefJohn-
stonand Thomas1995]. In modeling, deformationis often used
to simulate e xible materials. Unfortunately deforminga three-
dimensionabbjecttypically requireshaving arepresentationf the
object's geometry Light elds, onthe otherhand,have no geome-
try, or perhapgust a simpleproxy [Gortler etal. 1996]. Therefore,
it is notimmediatelyclearhow to applydeformationdo light elds.

In this paperwe describesuch a techniquefor deforming light
elds. By doingso,ananimatorcanleverageboththe photorealism
of image-basedenderingandtheexpressie power of deformation.
Figure 1 illustratesa deformationon a light eld of a TerraCotta
soldier We ensureconsistenillumination of the soldierasit de-
forms by capturinga light eld of it in which the illumination is
x ednearthe cameraasit moves. We call this image-basedepre-
sentatiora coaxiallight eld. In Section3 we de ne thisrepresen-
tationin moredetail,andwe shaw thatit keepstheillumination of
objects‘consistent’duringdeformations.

Ourmethodfor deformingalight eld is performedn threestages:
splitting the light eld into sub-light elds, deformingeachone,
andrenderinghemtogether
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First, thelight eld is split into sub-light elds. This is doneby
partitioning 3D spaceinto multiple subvolumes. With each3D
subvolume we associatea subsetof the light eld, namelythose
raysthat intersectobjectslying inside that subsolume. Figure 2
illustratesthis notion. In this paper we assumehat subsolumes
arerectangulaparallelepipedsandwe henceforttreferto themas
“deformationboxes” or simply “boxes™. To associateaysof the
light eld with particulardeformationboxes,onecanusea variety
of techniques.The techniquewe presentin this paperusesvideo
projectors. Speci cally, during image capturewe illuminate that
portionof the objectlying in eachdeformatiorbox with adifferent
color. By analyzingthe colorsof pixelsin eachview of the light
eld, we canassociatéheray correspondingo thatpixel with the
appropriatesubvolumeandhencethe appropriatesub-light eld.

e

Figure2: Anillustrationof asub-light eld. In thistop-davn view,

two objectsare shavn in black. The subsolumeis drawn in light

gray. Raysthatstrike the objectin thatsubvolume,andarehencen

its sub-light eld, aredrawn in pink; raysthateitherdonotintersect
the subvolume or that do not strike the objectare dravn in blue.

Theseraysarenotincludedin the sub-light eld.

Seconda deformationis appliedto eachsub-light eld. The ani-

matorspeci esthedeformatiorby moving theverticesof thecorre-

spondingbox. We thenapplya 3D warpthatmapsthe undeformed
box to a deformedone,transformingthe raysassociatedvith that

box. Figure3 illustrateshow a deformationaffectsthe raysin the

sub-light eld. Thevariantof trilinear warpswe employ in this pa-

permapsstraightlinesto straightlines, therebyproducingstraight
viewing rays. This allows usto extractthe rayswe needfrom the

light eld we have captured.

Figure 3: Theleft imageshavs anundeformedox (in black)and
severalrays(pink arrons). In theright image,the animatormanip-
ulatesthe deformationbox, thuscausinga 3D warpon therays.

Finally, the deformedsub-light elds arejoined togetherandren-
deredusingatechniquethatpreserestheocclusionorderingof the
subvolumes.

10ur techniquewould alsowork usingothersubvolumeshapesbut we
foundboxesto be simpleandeffective for deformation.

The restof the paperis organizedasfollows. Section2 discusses
relatedwork. Section3 introducesthe coaxiallight eld anddis-
cusseswhy it is usefulfor deformation. Section4 presentgech-
niguesfor splitting alight eld into sub-light elds. Section5 il-
lustrateshow to de ne alight eld deformation.Section6 shavs
how to combineand rendermultiple deformedlight elds using
hardware-acceleratetdxture mapping.Section7 shavs ourimple-
mentationand results. Section8 discusseshe limitations of our
techniqueandfuturework.

2 Related work

Light elds [Levoy andHanraharnl996; Gortleretal. 1996]area
popularalternatve to geometriaepresentationsf scenesallowing
photorealisticythroughs of comple« scenestinteractve rates.A
suney of light elds andotherimage-basetepresentations given
in [ShumandKang2000].

Aside from rendering,relatively little researchhasbeendoneon
light elds; in particularon editing them. Notableexceptionsare
[Seitz and Kutulakos 1998; Rangaswamy 1998] which allow the
userto performimageeditingoperationsuchaspainting,cropping
andmorphingon a setof images. The editsin a singleimageare
propagtedto otherimagesvia an underlyingvolumetric model.
[Oh etal. 2001]allows cloningandtexture-illuminancedecoupling
in alayered-deptlimagerepresentatioof thescene.

The editing techniquemostsimilar to oursis [Zhanget al. 2002],
which permitsmorphingof a sourcelight eld into a target one.
Corresponding3D featuresare speci ed in the sourceand tamget
light elds by theuser Thesecorrespondingointsarethenused
to drive a warping of the two light elds, followed by a blending
betweenthem. In our methodwe alsowarpthelight eld, butwe
de ne deformationasa 3D spatialtransformationn otherwords,
we warp the volumethat containsthe object,asopposedo warp-
ing the speci ed featurepointson the object. Althoughit doesnot
directly supportmorphingbetweertwo light elds, we believe our
formulationmalkesit easieffor usersto animatea singlelight eld.

Sofar, renderinghesdight elds have usedittle or nogeometry If
werelaxthisrestrictionandprovide ageometrigoroxy of thescene,
thendeformatiorncanberealizedby warpingtheproxy andpreserv-
ing the surfacere ectancepropertiesduring this process Weyrich
etal., presented systemwhich allows for therelightinganddefor
mationof surfacere ectance elds [Weyrich etal. 2004]. Givenan
“impostor” geometryonwhichasurfacere ectanceeld is de ned,
they deformthis representatioandshaw thatit approximatelypre-
senesthematerialpropertiesf the object. Ourtechniqueappliesa
warponrays,whichfacilitatesinteractve deformationindependent
of the complity of the geometry However, our implementation
tradesoff theaccurag in theappearancef thedeformedobjectfor
interactve renderingrates.

Finally, deformationson volumes(e.g. 3D points)have alsobeen
explored in the computergraphicsand simulation communities.
However, no oneto datehasappliedthesedeformationtechniques
to light elds, i.e. to collectionsof 4D rays. Our work is inspired
by the work of Alan Barr [1984], who obsered that a deformed
objectcanbe renderedby tracingwarpedrays throughthe unde-
formed spacecontainingthe object. Kurzion and Yagelalso ex-
tendedtheoriginalideaby de ning “ray de ectors” to deformrays
beforethey entereda renderingsystem[KurzionandYagel1996].
Ourtechniquausesdeformatiorboxes,atechniquesimilar to volu-
metricfree-formdeformationwhich providestheanimatomwith an
intuitive way to specifytheray warp.

Beforewe discusghedeformatiorprocesswe rst shav why using
a coaxiallight eld helpsproducemoreconsistentighting during
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deformation.

3 Coaxial light elds

[Levoy andHanrahanl996] de nesthe 4D light eld asradiance
alongraysasa function of positionanddirectionin a sceneunder
x edlighting. Their de nitions permitconstructionof nev views
of an object, but its illumination cannotbe changed.By contrast,
[Debevec et al. 2000] de nes the 4D re ectance eld asradiance
alongaparticular2D setof rays,i.e. a x edview of theworld, asa
functionof (2D) directionto the light source.Their de nition per
mits the relighting of an object, but the obserer viewpoint cannot
be changed. If one could capturean objectunderboth changing
viewpoint andchangingllumination, onewould have an 8D func-
tion (recentlycapturedby [Goeseleet al. 2004]). The light elds
of [Levoy andHanrahar1996]and[Debesec2000Jare4D slicesof
this function.

In this paper we de ne a different4D slice, which we call the
“coaxial light eld.” Speci cally, we capturedifferentviews of an
object, but with the light source x ed to the cameraasit moves.
In fact, we assumehat the cameraraysandillumination rays co-
incide. Sinceperfectlycoaxialviewing andillumination s dif cult
to achieve in practice we merelyplaceour light sourceascloseto
our cameraaswe can. As analternatve, aring light sourcecould
alsobeused.

Letusconsidemwhathappengo theilluminationonadiffuseobject
whenrenderingadeformedcoaxiallight eld. Figures4 and5illus-
tratethe simulatedcaptureandrenderingof a deformingchecler
board. In the rst gure, coaxialillumination is usedduring cap-
ture,i.e. thelight sources x edtothecameraln thesecondgure,
thelight sourceis x edto the scene As the gures shaw, only the
rst casegenerates correctrenderingof the deformedchecler
board.

Thus, the advantageof coaxialviewing andillumination is thatit

ensureghe correctappearancef objectsunderdeformation.even

thoughno geometryhasbeencaptured. However, this technique
hasseveral limitations. First, the objectmustbe diffuse; specular
highlightswill look reasonablevhendeformed,but they will not

be correct.Secondperfectlycoaxiallighting containsno shadavs.

This makesthemlook somevhat at. In practice,our light source
is placedslightly to the side of our camera,therebyintroducing
someshadaving, at the expenseof slightly lessconsisteng in the
rendering.

Interestingly if the light sourceis placedfartherfrom the camera,
andwe assumehatthe cameraorbits aroundthe centerof the ob-

ject, thenthe renderingbecomesnconsistenonly for partsof the
objectthat are far from this center Moreover, it becomeincon-
sistentonly gradually We are currently experimentingwith this

extension. If the artifactsit producesare not too serious,thenit

givestheanimatomorecontroloverthe placemenbf lights, which

in turn allows the creatve useof shadavs.

4 Splitting the light eld

Now we begin our discussionof the deformationprocesshy de-
scribinghow we split alight eld. The purposeof splitting a light
eld is sothateachsub-light eld canundego a differentdefor
mation. We de ne a sub-light eld asa collectionof two objects:
a bundle of raysand an associatedieformationbox. Our goalis
to associatea deformationbox for eachray bundle. A ray bun-
dle consistf theraysthathit objectpointsthatundego the same
transformationFor example,in Figure6 oneray bundle(shavn in

Figure 4: The top two imagesarefrom a simulatedcoaxial light
eld. Thelighting is a point light sourceplacednearthe camera.
Asthecameranovesto anobliqueposition theplanebecomeslark
becausérradiancefalls off with the anglebetweerthe planes nor
mal andtheillumination direction. The planeis assumedo re ect
light diffusely The bottomimageshawsthecheclerboardafterap-
plication of atwisting deformationin which thetop edgeis rotated
alongtheverticalaxiswhile the bottomedgestays x ed. Fromthe
checlerboards bottomedgeto its top edge,it becomedglarker. Al-
thoughthis imagewas madeby renderinga deformedlight eld,
this changein intensity correctly depictswhat the checlerboard
would look like if it weretwistedin the original scene. The arti-
factsaredueto undersamplingin thelight eld andarenotrelated
to thecorrectlighting onthe deformedcheclerboard.

yellow) is the setof all raysthathit apointonthe sh head.In an-
otherview of the sh, we would seeotherraysin this samebundle
thatalsohit the head. To storethis associationye augmenteach
deformationbox with anindex, andwe label eachassociateday
with thatindex.

Forlight elds from syntheticdata,creatingray bundlesis straight-
forward, sincethe object geometryis known. First, we split the
trianglemeshalgorithmicallyinto parts,whereeachpartundegoes
a differentdeformation.Then,in 3D, we placea deformationbox
over eachsub-mesh. The ray bundle which belongsto a partic-
ular box consistsof all the raysthat are incidentto object points
within thatbox. To computetheseray bundles we color eachsub-
meshwith a differentcolor andcapturea light eld of the object.
In this way, the color of eachray denoteshe bundleto which this
ray belongs.Figure6 shavs oneview of the coloredmeshandthe
associatedieformatiorboxes.

Forlight elds from capturediata,thereareseveraltechniqueshat
could be employedfor specifyingthe ray bundles. In the simplest
casewhenthecamerasrearrangedn acircleandproperlyaligned
with respectto an object,scanlinesin the imagescanbe usedto

segmentthelight eld into ray bundles. For example,in Figurel

all pixels (e.g. rays)in all imagesabove the scanline containing
the statues neckcouldbebundledtogether This would allow usto

rotateonly the statues headwhile applyinga differentdeformation
to its body In Figure 1, we actuallyusea singledeformationbox

over the entire statue. Using camerascanlines to split the light

eld limits hov we canacquirean object, which objectscan be
deformedandthe spaceof animationsve canapplyto them.
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Figure5: Asin Figure4,thetoptwo imagesareimagesrom asim-
ulatedlight eld. In this case thelighting is a point source x ed
relative to the plane while thecameraevolvesaroundit. Sincethe
checlerboards diffuse,its apparenbrightnessemainsunchanged
asthe cameramoves. The bottomimageagain shavs the checler
boardafter applicationof a twisting deformation. However, this
time the checlerboardremainsuniformly white. This is incorrect
for atwistedplaneilluminatedby a pointlight source.

Figure 6: Splittingasynthetidight eld. The sh is splitinto three
sub-light elds, eachboundedby a deformationbox. In this view,
theraysbelongingto eachsub-light eld arecolorcoded.Thethree
partsof the sh cannow undego independentvarps.

4.1 Projector-based segmentation of light elds

To alleviate theserestrictions,onecanusevideo projectorsto des-
ignatetheray bundles.We shaw thatthis techniquealsoenablesis
to rendermorecomple motions. First we describeour acquisition
procedurdor theteddybearshavn in Figure14. At theendof this
sectionwe discussadwantagesndlimitationsof thistechnique.

To segmentour light eld of the teddy bearwe actually capture
threelight elds: 1) a coaxially illuminated one usedfor render

ing, 2) alight eld undercolor-codedillumination from multiple

projectors,and 3) one under oodlit illumination from the same
projectors. The secondandthird light elds areusedto designate
ray bundlesfor deformation. Figure 8 illustratesthe acquisition
setupusingthe StanfordSphericalGantry [Levoy 2004]. We use
two projectorsto throw colorsonto the teddybear One projector
illuminatesthe teddybears front, andthe otherhis back. The col-

ors denoteray bundlesthatwe will deformindependently Figure

7 illustratesthis coloring. The colors are chosensuchthat their

distancein color spaceas seenby the projectorcamerasystemis

maximal. In particular the color differencebetweertwo different
areasshouldbelargerthanthe color variancedueto noise.

The imagethat eachprojectoremitsis createdby hand. Speci -

cally, a personsits at a computerthat hastwo video outputs. The
video outputsare exact clonesof eachother Oneoutputis shavn
onastandardCRT monitor The otheroutputis displayedthrough
aprojector aimedat theteddybear Usinga draving programdis-
playedon the CRT monitor, the userpaintscoloredregionswhich
aredisplayedlive onto the teddybear throughthe projector This
techniqueemulateghe syntheticcasewheresub-meshesf an ob-
jectarecoloredin orderto computethe ray bundles. We usetwo
projectorsaimed at the teddy bears front and back respectiely.
Drawing theimagesthatthe projectoremitsis relatively easysince
the projectedcolors are not usedfor recovery of the model, but
merelyto split the light eld into sub-light elds. After painting
thesecoloredregions(which areprojectedontothe teddybear),we
thencapturealight eld underthis new illumination.

In additionto acquiringthis coloredlight eld, anotheroneis ac-
quiredunder oodlit illumination from the projectors. Theseim-
agesare usedto normalizethe datafrom the coloredlight eld,
thusreducingeffectsfrom varyingobjectalbedoor non-uniformity
of theillumination brightness.Normalizationis computedby the
following equation:

B’= 256 B=wW (1)

whereW is the oodlit image(8 bits perchannel) B is the colored
imageandBCis the normalizedcolorimage.Figure7 shavsimage
BOfor onecameras view of theteddybearlight eld.

Figure 7. Segmentinga teddybearlight eld by using projector
illumination. Theleft imageis the bearunder oodlit illumination.
The middleimageshavs the samebearwhenprojectedwith color
masksdenotingray bundles. The colorsdesignateaay bundlesfor
the head,torso,arms,legs andjoints. Eachcolor denoteghe sub-
light eld towhichthatpixel belongs.Ontherightis thesameview
afternormalization. Thesellumination conditionsarecapturedor
eachcamergpositionin thelight eld.

Finally, deformationboxesarecreatedo surroundcoloredregions
of theobjectin thelight eld . We rst constructboxesin 3D using
a modeling programlike 3D Studio Max. Then, we projectthe
boxes onto eachcameras view and verify that theseprojections
encompasthe pixelsthathave the associatedolor. For theteddy
bearlight eld, we only projectthe deformationboxesonto a few

views, for example thefront, backandsideviews of thebear

In our approachwe speci ed ray bundlesusing projectors,then
associatedh deformationbox to eachbundle. This forced us to

decide,at acquisitiontime, on the numberandnatureof theinde-
pendentdeformationghat would later be applied. An alternatve

approachwould beto rst specifythe deformationboxesandthen
associateay bundlesto eachbox. Oneway to do this would beto

specifya box in 3D andprojectit onto eachview in the captured
light eld. In eachsuchview, the userinteractvely paintsthose
pixels (e.g.rays)which both hit the objectandlie in the projection
of the appropriatedeformationbox. The userwould have to paint
pixelsin every view of the light eld, which is a time consuming
process.However, this could be facilitatedby a geometricproxy
thatwould be usedto propagtepaintedpixelsto otherviews.
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No matterhow theseray-to-boxassociationarederived, it is desir

ablethatonly raysstriking objectpointslying insideadeformation
box areassociateavith thatbox. However, whenthis conditionis

violated,rayscaneitherbewarpedwhenthey shouldnt be,or vice
versa. We handlethe former problemby only warpingthoserays
thatpassthroughthe deformationbox (seeSection5). In this way
evenif raysaremislabelede.g.they hit objectpointslying outside
of thedeformationbox), they arenotrendered.

While projectorshave proven usefulfor the objectswe deformed,
usingthemdoeshave its limitations. First, this techniquewould

be dif cult to apply for objectsof high re ectivity, transparenc
or very low albedo. Second self shadavs canmake segmentation
harder Third, sometimesprojectorsare not appropriatetools for

splitting thelight eld atall, i.e. for sgmentingscenesnto fronto-

parallelsub-light elds. In this case onecould extendthefocused
imagingtechniqueslescribedn [Levoy et al. 2004]. By focusing
theprojectorsiilluminationontheobjects surface we canalsoalle-

viate problemsdueto self-shadwing. Alternatively, by combining
“shapefrom focus” or “shapefrom stereo”operatorswith focused
imaging,we could segmentthe light eld into fronto-parallelsub-
light elds. An applicationof sucha segmentatioris animatingthe
depthlayersof a scenecontaininga eld of wheator grass,thus
simulatingthe effect of wind.

Figure 8: Our acquisitionsetupfor capturinga cylindrical light
eld (asde ned in Section6.2) of an object. Using the Stanford
SphericalGantry thecamergA) rotatesn acirclein thehorizontal
plane. Two lights are placedcloseto the camerato createnear
coaxiallighting. Onelight (B) is shavn in the above picture. Two
projectorgC, only oneshawvn) areplacedabove andoutsideof the
gantryandilluminatethe object(D).

5 Deformation

After splitting the light eld into sub-light elds, eachoneis de-
formed.A deformatioris afunctionD : A31 A3, Sincethegeom-
etry of the sub-light eld is unknavn, we mustdirectly transform
therays. By warpingtherays,the visual effectis asif we hadde-
formedtheobject.Werepresenarayin thelight eld by two points
on its path. The deformationfunction warpsthesetwo pointsand
producesa new ray thatgoesthroughthem. To specifythe defor

mation,we usea variantof free-formdeformation[Sederbey and
Parry 1986], controlledby the verticesof abox.

Mathematically we de ne a deformationbox C asa setof eight
3D points. The animatorcanmove ary subsebf C to form Cy, a
setof eightwarpedpoints. We assumehe animatordoesnot move
pointsto form self-intersectingpolytopes. The deformationD is
thusa 3D functionmappingC to Cy,.. While therearemary waysto

de ne suchadeformationary suchformulationshouldsatisfythe
following threecriteria:

1. D mustmapC to Cy

2. D mustmaintainC® continuityacrossieformatiorboxesshar
ing adjacenfaces

3. straightlinesshouldbe presered

The rst criterion ensureghat the warp adherego the animators

decisions.The seconccriterionguaranteethatwhenanobjectlies

acrossadjacendeformationboxes, it is never disconnectedby the
deformations.The third criterion enablesus to usestandardight

eld renderingtechniquego renderrays. An obvious choicefor

thetransformatiorthat presereslinearitiesis the projective trans-
formation. Unfortunately this mappingviolatesthe rst criterion
sincetheremaynotexist exactperspectietransformationthatmap
the undeformedbox to the deformedone. Furthermoresincethe
perspectie transformonly approximateshe deformation the ver

ticesof adjacentellsmaynolongerbecoincidentcausingashared
faceto becomedisconnected.

We implementeda deformationtechniqueusing trilinear coordi-
nateghatsatis estheabove criteriaandis fastandeasyto compute.
First,we describehedeformatiorfunction,andthenwe analyzets

behaior.

Warping with trilinear coordinates

Let us assumewithout loss of generality that the original defor
mationbox is a unit cubewith a corneratthe origin. Thenfor ary
3D point p, we cande ne it in termsof threeinterpolationcoordi-
natesy, v, andw. By trilinearly interpolatingacrosshevolume, p
canbedescribedn termsof theinterpolationcoordinatesndthe 8
verticesof thecube:

p=(1 u(l v)(1 wpeci+ Ul vl w)ct+
(T (W1 wez+ (u(V(1 w)cg+ @
(T u(1 v)(wes+ (u(l v)(w)cet
(1 u)(v)(w)ez+ (u)(v)(w)cg

wherethec; arethe verticesof the cube.Simplescalingandtrans-
lation canbe usedfor thegenerakaseof arectilinearbox. [Warren
etal. ] presenta techniquefor corvex polytopeswhich reducedo
the sameformulationin therectilinearcase.Any 3D pointcanbe
warpedusingthetrilinear coordinateslescribedabove.

In general this transformatiorsatis escriterial and 2, but is not
linear However, we useit to warp raysby transformingthe entry
andexit pointsof a ray with respecto its associatedleformation
box. The new entry and exit points de ne a new (straight)line
thatrepresentshe warpedray. This ray warpis linear and hence
satis esall theabove criteria. In addition,thewarpis well de ned
aslong asthe deformatiorbox doesnot selfintersect.

Figure 9: Warpingaray. Above, shavs theundeformedoxesand
aray goingthroughthem.Below, is a conceptualllustrationof the
deformedboxes,the piecavise-lineardeformedray (showvn in red).
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6 Joining and rendering

The nal stageof our framework is joining and renderingthe
deformedsub-light elds. For eachview ray, we mustdetermine
whereit hits the deformedobjectasit traversesthe deformation
boxes. We presenta descriptionof our renderingalgorithm that
solvesthis visibility problem. Eachview ray, v;, it is partitioned
into sggmentsby the deformationboxes (a segmentis the portion
of theray within asinglebox). Let I4;:::; I, bethe sggmentsalong
v; traversedin the forward direction. First, we warp |1 with the
inversedeformationas describedn Section6.1. Let us call this
warpedray sggmentw;. We thenrendertwo values,s; andts.
s1 is the value of w; whenrenderingusingthe coloredlight eld
(asdescribedn Section4). Similarly, t; is the value of wi; when
renderingusingthe coaxiallight eld. We describeour light eld
renderingalgorithm in Section6.2. If s; matchesthe label of
the deformationbox, then the color of v; is t; and we proceed
to the next view ray, v+ 1. Otherwise,we continueto the next
segmentl,. This procedurerepeatsuntil all ray sggmentshave
beenprocessedin which casev; is black), or until t; matches
the appropriatedeformationbox label. Figure 10 illustratesan
exampleof usingthis algorithmwhile the following containsthe
associateghseudo-code.

RENDER_VIEW (view.pt)

1  forviewray view_ptdo

2 view_ray®r  BLACK

3 | SEGMENT_RAY (view_ray)

4 fori  1:::n_segmetisdo

5 wi  WARP(I)

6 s RENDER(W;, COLORED._LF)
7 tt  RENDER(W;, COAXIAL_LF)
8 if (s = lin%) then

9 view_ray®©°"

10 break

11 endif

12 endfor

13 endfor

6.1 Inverse ray warping

To obtainthe rays, w;, that are usedin the above algorithm, we
apply the inversedeformationon the ray sggmentsl;. Theinverse
deformationfunction is computedoncefor every view point we
wishto synthesizeThe costof thistechniques proportionatto the
resolutionof theimage. For trilinear warping,the inversefunction
mapsthe deformedbox backto the original one.

In practice, evaluating the inverseis time consumingso we es-
timate it by forward warping mary 3D samplesand use inter
polation to approximatethe inversepoint. We use a hardware-
acceleratetexture-mappingpproacho quickly interpolateamong
the forward-warped3D points. First, we divide eachfaceof the
original box into mary texturedtriangles. The texture color codes
the original coordinate®f the facepoint on the undeformecdcube.
We used64 x 64 x 2 texturedtrianglesper facefor our datasets.
The triangle verticesare warpedusing the free-form deformation
speci ed by thedeformatiorbox, andthe warpedtrianglesareren-
dered. Front-facingandback-ficingfacesarerenderedseparately
andareusedasalook-uptable(LUT) approximatiorfor theinverse
mapping.Figurellillustratesthefront andback-ficingrenderings
correspondindo a giventrilinear warp. UsingthoseLUTs we re-
cover thetwo 3D pointsof theintersectiorof the original ray with
theundeformectube.Thesepointsform aray whichis passednto
thelight eld renderer

Figure 10: Renderinga view ray. The left pair of imagesshav

the boxes beforeand after deformation. A view ray, v; intersects
the deformationboxes. The ray is divided into sgmentswhere
eachonebelongsto a box. The rst segment,l; (shawvn in redin

the middle pair of images)is warped,producingw;. w; is then
renderedusingthe coloredlight eld, producings;. In this case,
s1 is blacksinceit doesnot hit the object. We continueto the next

segment,|, (shovnin greenin theright pairofimagesyandobsere

thats, matcheghe labelfor the deformationbox. t, is thensetto

bethecolorvaluefor theray v;.

Figure 11 A backwardtrilinear warpis approximatedy forward

warpingmary samplesandtheninterpolatingthe results. The left

andright imagesshaw the front andbackfacingtriangles,respec-
tively. Noticethatthe “faces”of thewarpedbox areno longerpla-

narbut remainsmooth.

6.2 Light eld rendering

We usea cylindrical light eld parameterizatioCLF) thatis well
suitedfor inward-lookinglight elds having large viewing angle
and limited vertical parallax. Additionally, CLFs are easyto ac-
quire. A CLF is parameterizethy cameradying on the surfaceof
acylinder of x edradius.Theviewing directionof eachcameras
aimedata commonpoint alongthe axisof thecylinder.

Figurel2illustratesn atland therenderingorocesdor adeformed
view ray, r. The processs similar to the techniqueusedto render
concentrianosaic§ShumandHe 1999]. First, we computem, the
intersectionpoint betweenr andthe cylinder. Thenwe nd the
nearesttamerago m (shovn asa andb in the gure). We then
de ne afocal plane p which is orthogonalto r. Of the family of
planesorthogonatto r, we selectthe onethatis a distanced from
the centerof the cylinder. For mostacquisitionswe pick d to be
closeto zero. Finally, we intersectr with p and projectthis point,
X, onto the imageplanesof the nearesicamerago obtaina' and
b'. In 3D we have four nearestamerasandwe apply quadralinear
interpolationonthe nearesti6 raysto rendera nal colorforr.

‘1\3&’

Figure 12 Renderingrom acylindrical light eld.
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7 Results

Figure 1 shawvs deformationson a cylindrical light eld of a toy

TerraCottaWarrior usinga singledeformationbox. The deforma-
tion is de ned by rotating the top 4 verticesof the box. Notice
that asthe statueis twisted, we seethe correctchangein visibil-

ity. For example,the earof the toy becomegisible asthe headis

turnedaway. Also notice that the modelexhibits correctlighting

after deformation. The statueis photographedindernearcoaxial
illumination.

In Figure 13 we animatea swimming sh by controllingthreede-
formationboxes. The middle box is beingwarped,while the front
box (the head)andthe backbox (the tail) arerotatedaccordingto
the bendingof the middle box. Notice that visibility is rendered
correctly: the headpixels aredrann in front of the body andtail
pixels.

Figure 14 shavs a few framesfrom an animationof a furry teddy
bear Using projectors,the bearis split into several deformation
boxesto allow for independenarm,leg andheadmotion.

8 Discussion and future work

We have presenteda pipeline for deforming and renderinglight
elds. By splitting, deformingandjoining sub-light elds, we can
apply global and local deformationto photorealisticobjects;this
ability enablesmary applications. In particular it allows an an-
imator to usekey-frameinterpolationof deformationsn orderto
producea light eld animation. Alternatively, usingthesedefor
mationsa modelercan customizea light eld for insertioninto a
geometricmodel or anotherlight eld. Given an archive of light
elds, interior designersandeformplants,chairs,etc.,to rapidly
prototypephotorealisticscenef rooms. Finally, gamedesigners
cancapturealight eld of objects(like thetoy soldier),whichthey
cananimatefor insertioninto avideogame.

There are limitations to deforminglight elds. First, thereis a

trade-of betweenmodelingeffort andthe level of animationcon-

trol. With moredeformatiorboxes,theanimatorcangeneratenore
complex motions,but moresplitting mustbe doneto associatéhe

sub-light elds to the deformationboxes. Secondwhen splitting

alight eld, we assumehereis a one-to-onemappingof raysto

deformationboxes. This assumptioris violated for objectswith

inter-re ections, refractionsor transpareng whererayscanenter
and exit multiple boxes. In this case,the ray would either never

undego a deformationor would be deformedin an inconsistent
manner

Our ray-warpingalgorithmalsohassomelimitations. It cantwist
abox, or taperit, butit cannotcurweit. To generatesucha defor
mation,the animatorneedsto approximatethe bendingby further
tessellatingthe light eld into smallerboxes. An interestingex-
tensionof this work is to try to estimatethe minimum necessary
tessellatiorof alight eld to performa giventransformationwith
minimal of the objectgeometry

When renderingmultiple sub-light elds, large deformationof
boxesmight producedisocclusionof backgrounchoxesthatwere
notactuallybeingcapturedn theoriginallight eld. Searchindor
the nearestisible rays gives an approximationfor the newly re-
vealedareashutif theseareasarelarge,this approximatiormaybe
poor.

Finally, weintroducedhecoaxiallight eld, wheretheillumination
is x ed nearthe cameraasit moves. This hasthe limitation that
shadevs arereducedandthattheimageappearsinnatural.We are
currentlyinvestigating the visual effectsof xing the illumination
in positionsfurtheraway from thecameraThisis atopicfor future
work.
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Figure 13 Deforminga sh with threeindependentieformations.The top-leftimageshavs the original sh with controlboxesshovn in
thetop-rightimage.Themiddle-leftimageshavs thedeformedsh with correspondingontrolcubedn middle-rightimage.Thebottom-left
imageshaws adifferentview of thedeformedcube.Noticethatvisibility changesrehandledcorrectlyby ouralgorithm,the sh headpixels
arerenderedn front of thetail pixels. This syntheticcylindrical light eld wasgeneratedising3D StudioMax

@ (b) ©

Figure 14: A deformatioronateddybear Image(a) shavs aview of theoriginal capturedight eld. In thiscasethecamerasverearranged
in aring, thuscapturinga 3D subsebf thefull 4D light eld. A totalof 180imageswerecapturedat240x 320resolution.Image(b) shavsa
deformationn whichthehead,armsandlegsareall bendedr twistedindependentlyimage(c) shavs thedeformatiorboxesusedto specify
themotionof theteddybear The ash artifactsaredueto speculare ection from the sh wire usedto hold the bearin place.



