
To appearin theSymposiumon Interactive3D GraphicsandGames(I3D) 2005conferenceproceedings

Interactive Deformation of Light Fields

Billy Chen�

StanfordUniversity
EyalOfek†

MicrosoftResearchAsia
Heung-YeungShum†

MicrosoftResearchAsia
MarcLevoy�

StanfordUniversity

Figure 1: Light �eld deformationenablesananimatorto interactively deformphoto-realisticobjects.The left �gure shows an imageof a
light �eld of a toy TerraCottaWarrior. Themiddle imageshows a view of thesamelight �eld afterapplyinga deformation,in this case,a
twist to the left. Notice thathis feet remain�x edandhis right earnow becomesvisible. The right imageshows thewarrior turning to his
right.

Abstract

We presenta softwarepipelinethatenablesananimatorto deform
light �elds. The pipelinecanbe usedto deformcomplex 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-
mator with controlssimilar to volumetric free-form deformation.
Third, we recombineandrendereachsub-light�eld. Our render-
ing techniqueproperlyhandlesvisibility changesdueto occlusion
amongsub-light�elds. To ensureconsistentilluminationof objects
after they have beendeformed,our light �elds arecapturedwith
the light source�x ed to the camera,ratherthanbeing�x ed to the
object. We demonstrateour deformationpipelineusingsynthetic
andphotographicallyacquiredlight �elds. Potentialapplications
includeanimation,interiordesign,andinteractivegaming.
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1 Intro duction

A light �eld enablesphoto-realisticrenderingof objectsandscenes
withoutknowing theirgeometry[Levoy andHanrahan1996].Since
they operateon capturedphotographs,light �elds remove theneed
to explicitly modelgeometry, lighting, or surfacere�ectanceprop-
erties. Novel views of interestingobjectsare found in [Matusik
et al. 2002],wherethey renderlight �elds of furry teddybears,toy
angels,andplants;suchobjectshaveaverycomplex geometryand
complex re�ectancemodels.

Theability to deformanobjecthasmany uses,includingmodeling
andanimation. In cartoonanimation,“squash”and“stretch” de-
formationsarewidely usedto enhancemotionandcharacter[John-
stonandThomas1995]. In modeling,deformationis often used
to simulate�e xible materials. Unfortunately, deforminga three-
dimensionalobjecttypically requireshaving arepresentationof the
object's geometry. Light �elds, on theotherhand,have no geome-
try, or perhapsjust a simpleproxy [Gortler et al. 1996]. Therefore,
it is not immediatelyclearhow to applydeformationsto light �elds.

In this paperwe describesuch a techniquefor deforming light
�elds. By doingso,ananimatorcanleverageboththephotorealism
of image-basedrenderingandtheexpressivepowerof deformation.
Figure1 illustratesa deformationon a light �eld of a TerraCotta
soldier. We ensureconsistentillumination of the soldieras it de-
forms by capturinga light �eld of it in which the illumination is
�x ednearthecameraasit moves.We call this image-basedrepre-
sentationa coaxiallight �eld . In Section3 we de�ne this represen-
tationin moredetail,andwe show that it keepstheillumination of
objects“consistent”duringdeformations.

Ourmethodfor deforminga light �eld is performedin threestages:
splitting the light �eld into sub-light �elds, deformingeachone,
andrenderingthemtogether.
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First, the light �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
rays that intersectobjectslying inside that subvolume. Figure 2
illustratesthis notion. In this paper, we assumethat subvolumes
arerectangularparallelepipeds,andwe henceforthreferto themas
“deformationboxes” or simply “boxes”1. To associateraysof the
light �eld with particulardeformationboxes,onecanusea variety
of techniques.The techniquewe presentin this paperusesvideo
projectors. Speci�cally, during imagecapturewe illuminate that
portionof theobjectlying in eachdeformationboxwith adifferent
color. By analyzingthe colorsof pixels in eachview of the light
�eld, we canassociatetheray correspondingto thatpixel with the
appropriatesubvolumeandhencetheappropriatesub-light�eld.

Figure2: An illustrationof asub-light�eld. In this top-down view,
two objectsareshown in black. The subvolumeis drawn in light
gray. Raysthatstriketheobjectin thatsubvolume,andarehencein
its sub-light�eld, aredrawn in pink; raysthateitherdonot intersect
the subvolumeor that do not strike the objectaredrawn in blue.
Theseraysarenot includedin thesub-light�eld.

Second,a deformationis appliedto eachsub-light�eld. The ani-
matorspeci�esthedeformationby moving theverticesof thecorre-
spondingbox. We thenapplya3D warpthatmapstheundeformed
box to a deformedone,transformingthe raysassociatedwith that
box. Figure3 illustrateshow a deformationaffectsthe raysin the
sub-light�eld. Thevariantof trilinearwarpswe employ in this pa-
permapsstraightlinesto straightlines,therebyproducingstraight
viewing rays. This allows us to extract the rayswe needfrom the
light �eld wehavecaptured.

Figure 3: Theleft imageshows anundeformedbox (in black)and
severalrays(pink arrows). In theright image,theanimatormanip-
ulatesthedeformationbox, thuscausinga3D warpon therays.

Finally, the deformedsub-light �elds arejoined togetherandren-
deredusingatechniquethatpreservestheocclusionorderingof the
subvolumes.

1Our techniquewould alsowork usingothersubvolumeshapes,but we
foundboxesto besimpleandeffective for deformation.

The restof the paperis organizedasfollows. Section2 discusses
relatedwork. Section3 introducesthe coaxial light �eld anddis-
cusseswhy it is useful for deformation. Section4 presentstech-
niquesfor splitting a light �eld into sub-light�elds. Section5 il-
lustrateshow to de�ne a light �eld deformation.Section6 shows
how to combineand rendermultiple deformedlight �elds using
hardware-acceleratedtexturemapping.Section7 showsour imple-
mentationand results. Section8 discussesthe limitations of our
techniqueandfuturework.

2 Related work
Light �elds [Levoy andHanrahan1996;Gortleret al. 1996]area
popularalternativeto geometricrepresentationsof scenes,allowing
photorealistic�ythroughs of complex scenesat interactive rates.A
survey of light �elds andotherimage-basedrepresentationsis 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 performimageeditingoperationssuchaspainting,cropping
andmorphingon a setof images.The editsin a singleimageare
propagatedto other imagesvia an underlyingvolumetric model.
[Oh etal. 2001]allowscloningandtexture-illuminancedecoupling
in a layered-depthimagerepresentationof 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 target
light �elds by the user. Thesecorrespondingpointsarethenused
to drive a warpingof the two light �elds, followed by a blending
betweenthem. In our methodwe alsowarp the light �eld, but we
de�ne deformationasa 3D spatialtransformation.In otherwords,
we warp thevolumethat containstheobject,asopposedto warp-
ing thespeci�ed featurepointson theobject.Althoughit doesnot
directly supportmorphingbetweentwo light �elds, we believe our
formulationmakesit easierfor usersto animateasinglelight �eld.

Sofar, renderingtheselight �elds haveusedlittle or nogeometry. If
werelaxthisrestrictionandprovideageometricproxyof thescene,
thendeformationcanberealizedby warpingtheproxyandpreserv-
ing thesurfacere�ectancepropertiesduringthis process.Weyrich
etal.,presentedasystemwhichallows for therelightinganddefor-
mationof surfacere�ectance�elds [Weyrich etal. 2004].Givenan
“impostor” geometryonwhichasurfacere�ectance�eld is de�ned,
they deformthis representationandshow thatit approximatelypre-
servesthematerialpropertiesof theobject.Our techniqueappliesa
warponrays,whichfacilitatesinteractivedeformationindependent
of the complexity of the geometry. However, our implementation
tradesoff theaccuracy in theappearanceof thedeformedobjectfor
interactive 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 observed that a deformed
objectcanbe renderedby tracingwarpedrays throughthe unde-
formed spacecontainingthe object. Kurzion and Yagel also ex-
tendedtheoriginal ideaby de�ning “ray de�ectors” to deformrays
beforethey entereda renderingsystem[KurzionandYagel1996].
Our techniqueusesdeformationboxes,a techniquesimilar to volu-
metricfree-formdeformation,whichprovidestheanimatorwith an
intuitiveway to specifytheraywarp.

Beforewediscussthedeformationprocess,we�rst show why using
a coaxiallight �eld helpsproducemoreconsistentlighting during
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deformation.

3 Coaxial light �elds
[Levoy andHanrahan1996] de�nes the 4D light �eld asradiance
alongraysasa functionof positionanddirectionin a sceneunder
�x ed lighting. Their de�nitions permit constructionof new 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 thelight source.Their de�nition per-
mits therelightingof anobject,but theobserver viewpoint cannot
be changed.If onecould capturean objectunderboth changing
viewpoint andchangingillumination,onewould have an8D func-
tion (recentlycapturedby [Goeseleet al. 2004]). The light �elds
of [Levoy andHanrahan1996]and[Debevec2000]are4D slicesof
this function.

In this paper, we de�ne a different 4D slice, which we call the
“coaxial light �eld.” Speci�cally, we capturedifferentviews of an
object,but with the light source�x ed to the cameraas it moves.
In fact, we assumethat the cameraraysandillumination raysco-
incide.Sinceperfectlycoaxialviewing andillumination is dif�cult
to achieve in practice,we merelyplaceour light sourceascloseto
our cameraaswe can. As analternative, a ring light sourcecould
alsobeused.

Let usconsiderwhathappensto theilluminationonadiffuseobject
whenrenderingadeformedcoaxiallight �eld. Figures4and5 illus-
tratethe simulatedcaptureandrenderingof a deformingchecker-
board. In the �rst �gure, coaxial illumination is usedduring cap-
ture,i.e. thelight sourceis �x edto thecamera.In thesecond�gure,
thelight sourceis �x edto thescene.As the�gures show, only the
�rst casegeneratesa correctrenderingof the deformedchecker-
board.

Thus,the advantageof coaxialviewing andillumination is that it
ensuresthecorrectappearanceof objectsunderdeformation,even
thoughno geometryhasbeencaptured. However, this technique
hasseveral limitations. First, the objectmustbe diffuse;specular
highlightswill look reasonablewhendeformed,but they will not
becorrect.Second,perfectlycoaxiallighting containsnoshadows.
This makesthemlook somewhat �at. In practice,our light source
is placedslightly to the side of our camera,therebyintroducing
someshadowing, at theexpenseof slightly lessconsistency in the
rendering.

Interestingly, if the light sourceis placedfartherfrom thecamera,
andwe assumethat thecameraorbitsaroundthecenterof theob-
ject, thenthe renderingbecomesinconsistentonly for partsof the
object that are far from this center. Moreover, it becomeincon-
sistentonly gradually. We are currently experimentingwith this
extension. If the artifactsit producesarenot too serious,then it
givestheanimatormorecontrolover theplacementof lights,which
in turnallows thecreativeuseof shadows.

4 Splitting the light �eld
Now we begin our discussionof the deformationprocessby de-
scribinghow we split a light �eld. Thepurposeof splitting a light
�eld is so that eachsub-light �eld canundergo a differentdefor-
mation. We de�ne a sub-light�eld asa collectionof two objects:
a bundleof raysandan associateddeformationbox. Our goal is
to associatea deformationbox for eachray bundle. A ray bun-
dle consistsof theraysthathit objectpointsthatundergo thesame
transformation.For example,in Figure6 oneray bundle(shown in

Figure 4: The top two imagesarefrom a simulatedcoaxial light
�eld. The lighting is a point light sourceplacednearthe camera.
As thecameramovestoanobliqueposition,theplanebecomesdark
becauseirradiancefalls off with theanglebetweentheplane's nor-
mal andtheillumination direction.Theplaneis assumedto re�ect
light diffusely. Thebottomimageshowsthecheckerboardafterap-
plicationof a twisting deformationin which thetop edgeis rotated
alongtheverticalaxiswhile thebottomedgestays�x ed. Fromthe
checkerboard's bottomedgeto its top edge,it becomesdarker. Al-
thoughthis imagewasmadeby renderinga deformedlight �eld,
this changein intensity correctly depictswhat the checkerboard
would look like if it weretwistedin the original scene.The arti-
factsaredueto under-samplingin thelight �eld andarenot related
to thecorrectlighting on thedeformedcheckerboard.

yellow) is thesetof all raysthathit a point on the�sh head.In an-
otherview of the�sh, we would seeotherraysin this samebundle
that alsohit the head. To storethis association,we augmenteach
deformationbox with an index, andwe label eachassociatedray
with thatindex.

For light �elds from syntheticdata,creatingraybundlesis straight-
forward, sincethe object geometryis known. First, we split the
trianglemeshalgorithmicallyinto parts,whereeachpartundergoes
a differentdeformation.Then,in 3D, we placea deformationbox
over eachsub-mesh.The ray bundle which belongsto a partic-
ular box consistsof all the rays that are incident to objectpoints
within thatbox. To computetheseray bundles,we color eachsub-
meshwith a differentcolor andcapturea light �eld of the object.
In this way, thecolor of eachray denotesthebundleto which this
ray belongs.Figure6 shows oneview of thecoloredmeshandthe
associateddeformationboxes.

For light �elds from captureddata,thereareseveraltechniquesthat
couldbeemployed for specifyingtheray bundles.In thesimplest
case,whenthecamerasarearrangedin acircleandproperlyaligned
with respectto an object,scanlines in the imagescanbe usedto
segmentthe light �eld into ray bundles.For example,in Figure1
all pixels (e.g. rays) in all imagesabove the scanline containing
thestatue'sneckcouldbebundledtogether. Thiswouldallow usto
rotateonly thestatue'sheadwhile applyingadifferentdeformation
to its body. In Figure1, we actuallyusea singledeformationbox
over the entire statue. Using camerascanlines to split the light
�eld limits how we can acquirean object, which objectscan be
deformed,andthespaceof animationswecanapplyto them.
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Figure5: As in Figure4, thetoptwo imagesareimagesfrom asim-
ulatedlight �eld. In this case,the lighting is a point source�x ed
relative to theplane,while thecamerarevolvesaroundit. Sincethe
checkerboardis diffuse,its apparentbrightnessremainsunchanged
asthecameramoves. Thebottomimageagain shows thechecker-
boardafter applicationof a twisting deformation. However, this
time the checkerboardremainsuniformly white. This is incorrect
for a twistedplaneilluminatedby apoint light source.

Figure6: Splittingasyntheticlight �eld. The�sh is split into three
sub-light�elds, eachboundedby a deformationbox. In this view,
theraysbelongingto eachsub-light�eld arecolorcoded.Thethree
partsof the�sh cannow undergo independentwarps.

4.1 Projecto r-based segmentation of light �elds

To alleviatetheserestrictions,onecanusevideoprojectorsto des-
ignatetheraybundles.Weshow thatthis techniquealsoenablesus
to rendermorecomplex motions.First we describeour acquisition
procedurefor theteddybearshown in Figure14. At theendof this
sectionwediscussadvantagesandlimitationsof this technique.

To segmentour light �eld of the teddy bearwe actually capture
threelight �elds: 1) a coaxially illuminatedoneusedfor render-
ing, 2) a light �eld undercolor-codedillumination from multiple
projectors,and 3) one under�oodlit illumination from the same
projectors.Thesecondandthird light �elds areusedto designate
ray bundlesfor deformation. Figure 8 illustratesthe acquisition
setupusingthe StanfordSphericalGantry[Levoy 2004]. We use
two projectorsto throw colorsonto the teddybear. Oneprojector
illuminatestheteddybear's front, andtheotherhis back.Thecol-
ors denoteray bundlesthatwe will deformindependently. Figure
7 illustratesthis coloring. The colors are chosensuchthat their
distancein color spaceasseenby the projector-camerasystemis
maximal. In particular, thecolor differencebetweentwo different
areasshouldbelargerthanthecolor variancedueto noise.

The imagethat eachprojectoremits is createdby hand. Speci�-

cally, a personsits at a computerthat hastwo video outputs.The
videooutputsareexactclonesof eachother. Oneoutputis shown
on a standardCRT monitor. Theotheroutputis displayedthrough
a projector, aimedat theteddybear. Usinga drawing programdis-
playedon theCRT monitor, theuserpaintscoloredregionswhich
aredisplayedlive onto the teddybear, throughtheprojector. This
techniqueemulatesthesyntheticcasewheresub-meshesof anob-
ject arecoloredin orderto computethe ray bundles. We usetwo
projectorsaimedat the teddy bear's front and back respectively.
Drawing theimagesthattheprojectoremitsis relatively easysince
the projectedcolors are not usedfor recovery of the model, but
merely to split the light �eld into sub-light �elds. After painting
thesecoloredregions(whichareprojectedontotheteddybear),we
thencapturea light �eld underthisnew 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 the illumination brightness.Normalizationis computedby the
following equation:

B0= 256� B=W (1)

whereW is the�oodlit image(8 bits perchannel),B is thecolored
imageandB0 is thenormalizedcolor image.Figure7 shows image
B0 for onecamera's view of theteddybearlight �eld.

Figure 7: Segmentinga teddybearlight �eld by usingprojector
illumination. Theleft imageis thebearunder�oodlit illumination.
Themiddle imageshows thesamebearwhenprojectedwith color
masksdenotingray bundles.Thecolorsdesignateray bundlesfor
thehead,torso,arms,legsandjoints. Eachcolor denotesthesub-
light �eld to whichthatpixel belongs.Ontheright is thesameview
afternormalization.Theseillumination conditionsarecapturedfor
eachcamerapositionin thelight �eld.

Finally, deformationboxesarecreatedto surroundcoloredregions
of theobjectin thelight �eld . We�rst constructboxesin 3D using
a modelingprogramlike 3D Studio Max. Then, we project the
boxes onto eachcamera's view and verify that theseprojections
encompassthepixels thathave theassociatedcolor. For the teddy
bearlight �eld, we only projectthedeformationboxesontoa few
views, for example,thefront, backandsideviewsof thebear.

In our approach,we speci�ed ray bundlesusing projectors,then
associateda deformationbox to eachbundle. This forced us to
decide,at acquisitiontime, on the numberandnatureof the inde-
pendentdeformationsthat would later be applied. An alternative
approachwould beto �rst specifythedeformationboxesandthen
associateray bundlesto eachbox. Oneway to do this would beto
specifya box in 3D andproject it onto eachview in the captured
light �eld. In eachsuchview, the userinteractively paintsthose
pixels(e.g. rays)which bothhit theobjectandlie in theprojection
of theappropriatedeformationbox. Theuserwould have to paint
pixels in every view of the light �eld, which is a time consuming
process.However, this could be facilitatedby a geometricproxy
thatwouldbeusedto propagatepaintedpixelsto otherviews.

4



To appearin theSymposiumon Interactive3D GraphicsandGames(I3D) 2005conferenceproceedings

No matterhow theseray-to-boxassociationsarederived,it is desir-
ablethatonly raysstrikingobjectpointslying insideadeformation
box areassociatedwith thatbox. However, whenthis conditionis
violated,rayscaneitherbewarpedwhenthey shouldn't be,or vice
versa. We handlethe former problemby only warpingthoserays
thatpassthroughthedeformationbox (seeSection5). In this way
evenif raysaremislabeled(e.g.they hit objectpointslying outside
of thedeformationbox), they arenot rendered.

While projectorshave proven usefulfor the objectswe deformed,
using themdoeshave its limitations. First, this techniquewould
be dif�cult to apply for objectsof high re�ectivity, transparency
or very low albedo.Second,self shadows canmake segmentation
harder. Third, sometimesprojectorsarenot appropriatetools for
splitting thelight �eld atall, i.e. for segmentingscenesinto fronto-
parallelsub-light�elds. In this case,onecouldextendthefocused
imagingtechniquesdescribedin [Levoy et al. 2004]. By focusing
theprojectors'illuminationontheobject'ssurface,wecanalsoalle-
viateproblemsdueto self-shadowing. Alternatively, by combining
“shapefrom focus” or “shapefrom stereo”operatorswith focused
imaging,we couldsegmentthe light �eld into fronto-parallelsub-
light �elds. An applicationof suchasegmentationis animatingthe
depthlayersof a scenecontaininga �eld of wheator grass,thus
simulatingtheeffectof wind.

Figure 8: Our acquisitionsetupfor capturinga cylindrical light
�eld (asde�ned in Section6.2) of an object. Using the Stanford
SphericalGantry, thecamera(A) rotatesin acircle in thehorizontal
plane. Two lights are placedcloseto the camerato createnear-
coaxiallighting. Onelight (B) is shown in theabove picture. Two
projectors(C, only oneshown) areplacedabove andoutsideof the
gantryandilluminatetheobject(D).

5 Deformation
After splitting the light �eld into sub-light �elds, eachone is de-
formed.A deformationis afunctionD : Â 3 ! Â 3. Sincethegeom-
etry of the sub-light�eld is unknown, we mustdirectly transform
therays. By warpingtherays,thevisualeffect is asif we hadde-
formedtheobject.Werepresentarayin thelight �eld by two points
on its path. The deformationfunctionwarpsthesetwo pointsand
producesa new ray thatgoesthroughthem. To specifythedefor-
mation,we usea variantof free-formdeformation[Sederberg and
Parry1986],controlledby theverticesof abox.

Mathematically, we de�ne a deformationbox C asa setof eight
3D points. Theanimatorcanmove any subsetof C to form Cw, a
setof eightwarpedpoints.We assumetheanimatordoesnot move
points to form self-intersectingpolytopes. The deformationD is
thusa3D functionmappingC toCw. While therearemany waysto

de�ne sucha deformation,any suchformulationshouldsatisfythe
following threecriteria:

1. D mustmapC to Cw

2. D mustmaintainC0 continuityacrossdeformationboxesshar-
ing adjacentfaces

3. straightlinesshouldbepreserved

The �rst criterion ensuresthat the warp adheresto the animator's
decisions.Thesecondcriterionguaranteesthatwhenanobjectlies
acrossadjacentdeformationboxes,it is never disconnectedby the
deformations.The third criterion enablesus to usestandardlight
�eld renderingtechniquesto renderrays. An obvious choicefor
the transformationthatpreserveslinearitiesis theprojective trans-
formation. Unfortunately, this mappingviolatesthe �rst criterion
sincetheremaynotexist exactperspectivetransformationsthatmap
the undeformedbox to the deformedone. Furthermore,sincethe
perspective transformonly approximatesthedeformation,thever-
ticesof adjacentcellsmaynolongerbecoincident,causingashared
faceto becomedisconnected.

We implementeda deformationtechniqueusing trilinear coordi-
natesthatsatis�estheabovecriteriaandis fastandeasyto compute.
First,wedescribethedeformationfunction,andthenweanalyzeits
behavior.

Warping with trilinear coordinates

Let us assume,without lossof generality, that the original defor-
mationbox is a unit cubewith a cornerat theorigin. Thenfor any
3D point p, we cande�ne it in termsof threeinterpolationcoordi-
nates,u, v, andw. By trilinearly interpolatingacrossthevolume,p
canbedescribedin termsof theinterpolationcoordinatesandthe8
verticesof thecube:

p = (1� u)(1� v)(1� w)c1 + (u)(1� v)(1� w)c2+
(1� u)(v)(1� w)c3 + (u)(v)(1� w)c4+
(1� u)(1� v)(w)c5 + (u)(1� v)(w)c6+

(1� u)(v)(w)c7 + (u)(v)(w)c8

(2)

wheretheci aretheverticesof thecube.Simplescalingandtrans-
lationcanbeusedfor thegeneralcaseof a rectilinearbox. [Warren
et al. ] presenta techniquefor convex polytopeswhich reducesto
thesameformulationin the rectilinearcase.Any 3D point canbe
warpedusingthetrilinearcoordinatesdescribedabove.

In general,this transformationsatis�escriteria 1 and2, but is not
linear. However, we useit to warp raysby transformingtheentry
andexit pointsof a ray with respectto its associateddeformation
box. The new entry and exit points de�ne a new (straight) line
that representsthe warpedray. This ray warp is linear andhence
satis�esall theabove criteria. In addition,thewarpis well de�ned
aslongasthedeformationboxdoesnotself intersect.

Figure 9: Warpinga ray. Above,shows theundeformedboxesand
a raygoingthroughthem.Below, is aconceptualillustrationof the
deformedboxes,thepiecewise-lineardeformedray (shown in red).

5



To appearin theSymposiumon Interactive3D GraphicsandGames(I3D) 2005conferenceproceedings

6 Joining and rendering

The �nal stageof our framework is joining and renderingthe
deformedsub-light �elds. For eachview ray, we mustdetermine
whereit hits the deformedobject as it traversesthe deformation
boxes. We presenta descriptionof our renderingalgorithm that
solves this visibility problem. Eachview ray, vi , it is partitioned
into segmentsby the deformationboxes(a segmentis the portion
of theray within a singlebox). Let l1; :::; ln bethesegmentsalong
vi traversedin the forward direction. First, we warp l1 with the
inversedeformationas describedin Section6.1. Let us call this
warpedray segmentw1. We then rendertwo values,s1 and t1.
s1 is the valueof w1 whenrenderingusingthe coloredlight �eld
(asdescribedin Section4). Similarly, t1 is the valueof w1 when
renderingusingthecoaxiallight �eld. We describeour light �eld
renderingalgorithm in Section6.2. If s1 matchesthe label of
the deformationbox, then the color of vi is t1 and we proceed
to the next view ray, vi+ 1. Otherwise,we continueto the next
segment l2. This procedurerepeatsuntil all ray segmentshave
beenprocessed(in which casevi is black), or until ti matches
the appropriatedeformationbox label. Figure 10 illustratesan
exampleof using this algorithmwhile the following containsthe
associatedpseudo-code.

RENDER VIEW (view pt)
1 for view ray view pt do
2 view raycolor  BLACK
3 l  SEGMENT RAY(view ray)
4 for i  1: : :n segments do
5 wi  WARP(l i )
6 si  RENDER(wi , COLORED LF)
7 ti  RENDER(wi , COAXIAL LF)
8 if (si = l index

i ) then
9 view raycolor  ti
10 break
11 endif
12 endfor
13 endfor

6.1 Inverse ray warping

To obtain the rays, wi , that are usedin the above algorithm, we
apply the inversedeformationon the ray segmentsl i . The inverse
deformationfunction is computedoncefor every view point we
wish to synthesize.Thecostof this techniqueis proportionalto the
resolutionof theimage.For trilinear warping,theinversefunction
mapsthedeformedboxbackto theoriginalone.

In practice,evaluating the inverseis time consumingso we es-
timate it by forward warping many 3D samplesand use inter-
polation to approximatethe inversepoint. We use a hardware-
acceleratedtexture-mappingapproachto quickly interpolateamong
the forward-warped3D points. First, we divide eachfaceof the
original box into many texturedtriangles.The texturecolor codes
theoriginal coordinatesof the facepoint on theundeformedcube.
We used64 x 64 x 2 textured trianglesper facefor our datasets.
The triangleverticesarewarpedusing the free-formdeformation
speci�edby thedeformationbox,andthewarpedtrianglesareren-
dered.Front-facingandback-facingfacesarerenderedseparately
andareusedasalook-uptable(LUT) approximationfor theinverse
mapping.Figure11 illustratesthefront andback-facingrenderings
correspondingto a given trilinear warp. Using thoseLUTs we re-
cover thetwo 3D pointsof theintersectionof theoriginal ray with
theundeformedcube.Thesepointsform araywhich is passedinto
thelight �eld renderer.

Figure 10: Renderinga view ray. The left pair of imagesshow
the boxesbeforeandafter deformation. A view ray, vi intersects
the deformationboxes. The ray is divided into segmentswhere
eachonebelongsto a box. The �rst segment,l1 (shown in red in
the middle pair of images)is warped,producingw1. w1 is then
renderedusingthe coloredlight �eld, producings1. In this case,
s1 is blacksinceit doesnot hit theobject.We continueto thenext
segment,l2 (shown in greenin theright pairof images)andobserve
thats2 matchesthe label for thedeformationbox. t2 is thensetto
bethecolor valuefor therayvi .

Figure 11: A backwardtrilinear warp is approximatedby forward
warpingmany samplesandtheninterpolatingthe results.The left
andright imagesshow the front andbackfacingtriangles,respec-
tively. Noticethatthe“f aces”of thewarpedbox areno longerpla-
narbut remainsmooth.

6.2 Light �eld rendering

We usea cylindrical light �eld parameterization(CLF) that is well
suitedfor inward-lookinglight �elds having large viewing angle
and limited vertical parallax. Additionally, CLFs areeasyto ac-
quire. A CLF is parameterizedby cameraslying on thesurfaceof
a cylinder of �x edradius.Theviewing directionof eachcamerais
aimedatacommonpointalongtheaxisof thecylinder.

Figure12illustratesin �atland therenderingprocessfor adeformed
view ray, r. Theprocessis similar to the techniqueusedto render
concentricmosaics[ShumandHe 1999].First,we computem, the
intersectionpoint betweenr and the cylinder. Then we �nd the
nearestcamerasto m (shown as a andb in the �gure). We then
de�ne a focal planep which is orthogonalto r. Of the family of
planesorthogonalto r, we selecttheonethat is a distanced from
the centerof the cylinder. For mostacquisitions,we pick d to be
closeto zero. Finally, we intersectr with p andprojectthis point,
x, onto the imageplanesof the nearestcamerasto obtaina' and
b'. In 3D we have four nearestcamerasandwe applyquadralinear
interpolationon thenearest16 raysto rendera �nal color for r.

r
x

a

b

p

m
a'

b'

Figure12: Renderingfrom acylindrical light �eld.
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7 Results
Figure 1 shows deformationson a cylindrical light �eld of a toy
TerraCottaWarrior usinga singledeformationbox. Thedeforma-
tion is de�ned by rotating the top 4 verticesof the box. Notice
that as the statueis twisted,we seethe correctchangein visibil-
ity. For example,theearof the toy becomesvisible astheheadis
turnedaway. Also notice that the modelexhibits correctlighting
after deformation.The statueis photographedundernear-coaxial
illumination.

In Figure13 we animatea swimming�sh by controlling threede-
formationboxes. Themiddlebox is beingwarped,while thefront
box (thehead)andthebackbox (the tail) arerotatedaccordingto
the bendingof the middle box. Notice that visibility is rendered
correctly: the headpixels aredrawn in front of the body andtail
pixels.

Figure14 shows a few framesfrom ananimationof a furry teddy
bear. Using projectors,the bearis split into several deformation
boxesto allow for independentarm,leg andheadmotion.

8 Discussion and future work
We have presenteda pipeline for deformingand renderinglight
�elds. By splitting, deformingandjoining sub-light�elds, we can
apply global and local deformationto photorealisticobjects;this
ability enablesmany applications. In particular, it allows an an-
imator to usekey-frameinterpolationof deformationsin order to
producea light �eld animation. Alternatively, using thesedefor-
mationsa modelercancustomizea light �eld for insertioninto a
geometricmodelor anotherlight �eld. Given an archive of light
�elds, interior designerscandeformplants,chairs,etc., to rapidly
prototypephotorealisticscenesof rooms. Finally, gamedesigners
cancapturea light �eld of objects(like thetoy soldier),which they
cananimatefor insertioninto avideogame.

Thereare limitations to deforming light �elds. First, there is a
trade-off betweenmodelingeffort andthe level of animationcon-
trol. With moredeformationboxes,theanimatorcangeneratemore
complex motions,but moresplitting mustbedoneto associatethe
sub-light �elds to the deformationboxes. Second,whensplitting
a light �eld, we assumethereis a one-to-onemappingof rays to
deformationboxes. This assumptionis violated for objectswith
inter-re�ections, refractionsor transparency, whererayscanenter
andexit multiple boxes. In this case,the ray would eithernever
undergo a deformationor would be deformedin an inconsistent
manner.

Our ray-warpingalgorithmalsohassomelimitations. It cantwist
a box, or taperit, but it cannot curve it. To generatesucha defor-
mation,theanimatorneedsto approximatethebendingby further
tessellatingthe light �eld into smallerboxes. An interestingex-
tensionof this work is to try to estimatethe minimum necessary
tessellationof a light �eld to performa giventransformation,with
minimalof theobjectgeometry.

When renderingmultiple sub-light �elds, large deformationof
boxesmight producedisocclusionsof backgroundboxesthatwere
notactuallybeingcapturedin theoriginal light �eld. Searchingfor
the nearestvisible raysgivesan approximationfor the newly re-
vealedareas,but if theseareasarelarge,thisapproximationmaybe
poor.

Finally, weintroducedthecoaxiallight �eld, wheretheillumination
is �x ed nearthe cameraas it moves. This hasthe limitation that
shadows arereducedandthattheimageappearsunnatural.We are
currentlyinvestigating the visual effectsof �xing the illumination
in positionsfurtherawayfrom thecamera.This is a topic for future
work.
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Figure 13: Deforminga �sh with threeindependentdeformations.The top-left imageshows theoriginal �sh with controlboxesshown in
thetop-rightimage.Themiddle-leftimageshowsthedeformed�sh with correspondingcontrolcubesin middle-rightimage.Thebottom-left
imageshowsadifferentview of thedeformedcube.Noticethatvisibility changesarehandledcorrectlyby ouralgorithm,the�sh headpixels
arerenderedin front of thetail pixels.Thissyntheticcylindrical light �eld wasgeneratedusing3D StudioMax

(a) (b) (c)

Figure14: A deformationonateddybear. Image(a)showsaview of theoriginalcapturedlight �eld. In thiscase,thecameraswerearranged
in aring, thuscapturinga3D subsetof thefull 4D light �eld. A totalof 180imageswerecapturedat240x 320resolution.Image(b) showsa
deformationin whichthehead,armsandlegsareall bendedor twistedindependently. Image(c) showsthedeformationboxesusedto specify
themotionof theteddybear. The�ash artifactsaredueto specularre�ection from the�sh wire usedto hold thebearin place.
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