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Abstract

In this paperwe addressthe problem of relight-
ing with sparselysampledre�ectance�elds. We
presenta techniquethat approximatesthe correct
result of relighting from intermediatelight source
positions.Theacquisitionof re�ectance�elds is a
timeconsumingprocess,andtypically thesampling
resolutionin thelight sourcepositionsis ratherlim-
ited. As a consequence,smoothly moving high-
lights and shadows due to relighting with a mov-
ing light sourcearehard to generate.Using light
sourceinterpolation,denselysampledre�ectance
�elds can be simulated,enablingrelighting with
arealight sourcesand smoothanimationof high-
lightsandshadows. Usinglight sourceinterpolation
we canrelight with arbitrarily sampled4D incident
light �elds from complex or near-by light sources.

1 Intr oduction

Light �elds and lumigraphs[9, 7] allow for syn-
thesizingarbitraryviews from previously recorded
scenesorobjects.Whencapturingarelightablerep-
resentation,which is typically a sliceof the8D re-
�ectance�eld, onecanevenrelight theobject.Re-
lightablerepresentationsareessentialfor composit-
ing the object into virtual environmentssincethe
reproductionof theappearanceundernovel lighting
conditionsis requiredin orderto generatea correct
imagewhich accountsfor all relevant shadingand
globalilluminationeffects.

Current devices for acquiring re�ectance
�elds [4, 10, 14, 8, 11, 6, 16], with someexcep-
tions [15, 8], provide a ratherlimited samplingof
thelight sourcepositions,dueto limited acquisition
timeor thephysicalspacingof thesources.

Thecoarsesamplingat discretelocationsresults
in artifactsin the relit images.Someof thesearti-

factsincludebandedshadows (insteadof soft shad-
ows) whenilluminatedby an arealight source,or
abruptjumpsin light dependenteffects(e.g. shad-
ows and sharphighlights) when moving the light
sourcealonga smoothpath.Givena coarselysam-
pled re�ectance�eld theseproblemscan only be
overcomeby computingrelit imagesthat resemble
theappearanceof thesceneasif illuminatedfrom a
light sourcepositionin betweentheoriginally cap-
tured locations. We call this processlight source
interpolation.

Clearly, simple blending betweenimagesrelit
from therecordedlight sourcepositionswould not
be suf�cient. Shadows and highlights will cross-
fadefrom onelocationto theotherinsteadof mov-
ing smoothly. Our approachfor light sourcein-
terpolation�o ws illumination effects that undergo
large movement(e.g. shadows) and blendsthose
regionswheredifferencesarerathersmall.

In this paperwe focuson light sourceinterpola-
tion for re�ectance�elds which allow for relight-
ing with 4D incidentlight �elds [11, 6, 16]. Using
thesere�ectance�elds, aspatiallyvaryingillumina-
tion patterncanbeprojectedinto thescenefrom any
of the recordedlight sources.Using interpolation
we areable to project from intermediateprojector
positions. In particular, we presenta pipeline for
performing light sourceinterpolationfor sparsely
sampledre�ectance�elds for relightingwith 4D in-
cidentlight �elds. The pipelineperformstransfor-
mationsonboththeincidentandexitant light �elds.
Thesetransformationsaretightly coupled;compu-
tation in onedomainguidesthe transformationin
the other. We will �rst review relatedwork before
presentingour processingpipelinefor light source
interpolation.
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2 PreviousWork

A light stage[4, 10] samplesthere�ectance�eld of
objectsfor a singleview point, asilluminatedby a
setof point light sourceswith �x edspacing.In or-
der to recordhighly specularor transparentobjects
the spacingbetweenthe light sourcehasto be re-
duced,i.e. theresolutionof there�ectance�eld has
to beincreaseddrastically[14, 8]. Relightingbased
on thesedatasetsis limited to distantlight sources,
e.g.environmentmaps.

Re�ectance�elds for spatiallyvarying illumina-
tion or 4D incidentlight �elds arecapturedusinga
projectorinsteadof a point light source[11, 6, 16].
Using a projector, individual light rayscanbe ad-
dressed.In all threeapproachestheresolutionof the
projectorpositionsis ratherlimited andthecaptured
datasetswould pro�t from correctlight sourcein-
terpolation.In this paper, we usere�ectance�elds
acquiredusing the techniqueby Sen et al. [16],
which providessuf�cient resolutionto projectillu-
minationpatternsof up to 1280� 1024pixels into
thescene.

Closelyrelatedto theproblemof light sourcein-
terpolationis view interpolationwithin re�ectance
�elds, i.e. to generateimagesfrom cameraposi-
tions not recordedin the original re�ectance�eld.
Matusik et al. [15] presenteda view interpolation
methodespeciallydesignedfor refractingobjects.
A similarproblemhasto besolvedwhendeforming
thegeometryonwhichasurfacere�ectance�eld is
de�ned [20].

Whenthe re�ectance�eld is de�ned on geome-
try, onecanperformscattereddatainterpolationto
computeintermediatelighting positions,asshown
in [21]. Insteadof directly interpolatingthe re-
�ectance�eld, our techniqueperformstransforma-
tionson theincidentandexitant light �elds.

To computedecentlight sourceinterpolationswe
make useof intrinsic images[2]. Intrinsic images
can be usedto analyze�x ed-view sequencesof a
sceneunder arbitrary varying illumination. The
image sequenceis decomposedinto a single re-
�ectance imageand a set of time-varying illumi-
nation images. Weiss [19] appliesa maximum-
likelihood framework to perform the decomposi-
tion. Insteadof interpolatingthelight sourceillumi-
nationdirectly from relit images,we interpolateon
the illumination imagessincethis is what changes
whenmoving the light source. The useof intrin-

sic imagesis however limited by thefactthatin the
computedillumination images,geometricfeatures
and the texturesof surfaceswith varying specular
propertiesare often still visible. Illumination im-
agesoften containhigh frequenciesfrom features
whichhavenothingto dowith therealincidentillu-
mination.Allowing re�ectanceimagesto varyover
time and �ltering andthresholdingin the gradient
domainreducessomeof theseartifacts,andmuch
smootherilluminationimagesaregenerated[13]. In
this paperwe alsoseparateimagesinto re�ectance
andillumination imagesto ascertainchangesin the
effective illumination.

Intrinsic imageshave beenusedbefore to per-
form light sourceinterpolationin re�ectance�elds
of diffusescenesby Matsushitaetal. [12], mainlyto
determineshadow regions.In their techniqueanex-
plicit 3D modelis reconstructedfrom multipleview
points.Usingthe3D model,themovementof shad-
ows for intermediatelight sourcepositionscanbe
simulated. By transferringthe shadow motion in-
formationto the shadows found in the imagedata
the appearanceof shadows in intermediateframes
is computedquiterealistically. Sincethis3D recon-
structionis dif�cult anderror pronefor uncooper-
ative surfaceswe resortto optical �o w for moving
shadows.

3 Overview

Our processingpipelinetakesasinput, re�ectance
�elds capturedfrom a singlecameraposition. The
spatiallyvarying illumination (alsoknown asa 4D
incidentlight �eld) is parameterizedwith respectto
a setof projectors.Let us �rst introducetherepre-
sentationof the re�ectance�eld for spatiallyvary-
ing illumination,whichcorrespondsto theoneused
in [16].

Given a re�ectance�eld capturedusing N dif-
ferentprojectorpositions,thepartof there�ectance
�eld thatdescribesthetransportbetweenthecamera
andasingleprojectorj canbewrittenef�ciently as
the transportmatrix Tj for j 2 0; : : : ; N � 1. Let
Cj denotethecameraimagethat is observedwhen
projectingtheilluminationpatternPj (a2D image)
fromprojectorj into thescene.Cj canbecomputed
givenTj andPj :

Cj = Tj Pj (1)

The transportmatrix storesfor every projector
pixel pxy its effect on all camerapixels cxy . As-
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Figure1: Processingpipelinefor light sourceinterpolationbetweenprojectorlocationsj andj + 1. The
original shadow masksof theacquiredprojectorsSj andSj +1 arewarpedto theintermediateframej + �
andmappedfrom camerato projectorspace. At the sametime, the input patternP is warpedinto P �

j

andP �
j +1 suchthat thewarpedpixelsof theoriginal patternwill beprojectedto thesamesurfacelocation

althoughprojectedfrom j andj + 1 insteadof j + � . Thetransformedshadow is stenciledout in thewarped
projectorpatterns.By relightingwith eachinputpatternindividually, two cameraimagesC �

j andC �
j +1 are

computed,whicharethencompositedinto the�nal resultCj + � .

sumethe projector resolutionis p � q and cam-
eraresolutionis m � n, thenthedimensionsof the
transportmatrix aremn � pq. Thenumberof non-
zeroelementsin the matricesusedin this paperis
of theorderof billions, andahierarchicalrepresen-
tation as suggestedin [16] is mandatory. For the
remainderof this paperit is however suf�cient to
think of T asahugebut simplematrix.

Let us concentrateon light sourceinterpolation
in the one-dimensionalcasewherewe would like
to computean imageof thesceneasif illuminated
from a projectorthat is locatedbetweentwo sam-
pledprojectorpositionsj andj + 1. Giventhe in-
terpolationparameter� 2 [0; 1], thevirtual projec-
tor shouldhavemovedthefraction� of thedistance
from j into thedirectionof j + 1. The�nal image
weaim to computeis Cj + � .

In theory, onecouldcomputeCj + � by �rst syn-
thesizingTj + � from Tj andTj +1 followedby eval-
uatingEquation1: Cj + � = Tj + � P. Sincetheef-
fort of assemblinganentirelynew transportmatrix
is enormousandtheway of computingTj + � is un-
clear, in this paperwe solve the problemwithout
directly computingthe intermediatetransportma-
trix. Insteadwe apply warpingtechniquesboth in
the projectorspaceandthe cameraspace.That is,
we warp the incidentillumination andthe relit im-
ages. Our processingpipeline is depictedin Fig-
ure1:

1. Shadow Warping (cameraspace). In a pre-
processingstepwe computeintrinsic images
of thesceneusing�oodlit illumination in each
projector. By decomposingthe resulting il-
lumination imagesinto a moving and an al-
moststatic layer, shadow regionsin the orig-
inal imagesaredetectedin the moving layer.

This gives us a shadow mask Sj for each
projectorlocation j . Computingoptical �o w
on the shadow masksyields the shapeof the
shadow for the intermediateframeSj + � (see
Section4). Thisis depictedby the“warpshad-
ows” box in Figure1. Thedecompositioninto
two layersis necessarysincethe�o w �eld be-
tweentheillumination imagescanonly bere-
liably estimatedfor regionswith strongdiffer-
ences(i.e. in themoving layer).

2. Pattern Warping (projectorspace).In a pre-
processingstepwealsocomputethe�o w vec-
tors thatdescribewherea pixel in projectorj
movesto in projectorj + 1 in orderto illumi-
natethe samescenepoint. If we hadplaced
camerasin the positionsof projectorsj and
j + 1 this �o w �eld correspondsexactly to
thedisparitymap.Giventheillumination pat-
ternP for projectorj + � weapplytheafore-
mentioned�o w �eld, weightedby � , to gener-
atetwo distinctpatternsP �

j andP �
j +1 for the

nearestoriginal projectors. Intuitively, after
warpingthepatternsthe incidentillumination
mimics the incidentillumination from j + � ,
althoughprojectedfrom j andj + 1 (seeSec-
tion 5). This is depictedby the“warppattern”
box in Figure1.

3. Shadow Stenciling(projectorspace).Wesim-
ulatetheinterpolatedshadow Sj + � in the�nal
imageby maskingout the appropriatepixels
in theilluminationpatternsP �

j andP �
j +1 . The

affectedpixels are determinedby transform-
ing the interpolatedshadow maskSj + � into
the projectorspacefor both projectors(Sec-
tion 5.2).This is depictedby the“stencilshad-
ows” box in Figure1.

3



4. Relighting. Therelightingis performedusing
bothoriginal transportmatrices:C �

j = Tj P �
j

andC �
j +1 = Tj +1 P �

j +1 . Theresultingimages
C �

j andC �
j +1 areverysimilarexceptfor light-

ing variationsdueto thedifferentincidentlight
sourcepositions. This processis depictedby
the“relight” box in Figure1.

5. Compositing (cameraspace). The �nal im-
ageis obtainedby compositingC �

j andC �
j +1

basedon the warpedshadow mask: Cj + � =
compose(� ; Sj + � ; C �

j ; C �
j +1 ). For regions

where the illumination image shows drastic
differences,thoseregions in the �nal image
areobtainedby selectingfrom eitherthe �rst
or the secondimage. For regions wherethe
changeis only moderate,we blend between
the two imagesbasedon � . Thecompositing
is explainedin Section6, anddepictedasthe
“compose”box in Figure1.

4 Inter polation Basedon Intrinsic
Images

Intrinsic imagescanbe usedto predicthow to al-
ter imagesCj taken under two different lighting
conditionsto generateanintermediateillumination.
The input imagesareseparatedinto a commonre-
�ectanceimageR(x; y) andanillumination image
L j (x; y) correspondingto theactuallighting using
Cj (x; y) = R(x; y) � L j (x; y). The re�ectance
imageis typically computedby applyinga median
�lter directly on the images [2] or by applying it
in thegradientdomain[19, 13] over multiple input
frames.Weextendthe�rst approachto betterdetect
differencesin theillumination imagesL j .

To getfrom L j andL j +1 to L j + � onecouldsim-
ply blend betweenthem, resulting in cross-faded
shadows, or onecould try to interpolate�o w to re-
ally movedarkenedor brightenedregions.

Unfortunately, applying a standardoptical �o w
algorithm[3] to illumination imagestypically does
not resultin a meaningful�o w �eld. Theillumina-
tion imagesmaycontainboth residualsurfacetex-
tureor thegeometry, which would contaminatethe
computed�o w (Figure 2e). We have tried to use
thetechniqueproposedby Matsushitaet al. [13] in
orderto remove someof the texturing effectswith
limited success.

The solutionwe proposeis to separatethe illu-
minationimageinto two layers:onelayercontain-
ing pixelsto be�o wed,andtheotherto beblended.

When thresholdingon the absolutedifferencebe-
tweenL j andL j +1 , pixelsbelow thethresholdcan
be blendedwith no noticeableartifacts. In this
caseblendingwould work just �ne. This is true
for mostdiffusere�ection, glossyre�ectancewith
broadhighlights,or sharpspecularhighlightswhich
moveby only oneor two pixels.

After removing all pixels below the thresholdit
is now easierto computethe optical �o w for the
remainingregionswhich differ to a greaterextent.
In Figure2, we demonstratethe increasedquality
of computingthe �o w on the thresholdedillumi-
nationover computingit directly from illumination
images.

Of courseall standardproblemsof estimating
optical �o w such as �o w in the presenceof oc-
cluders[17] or the apertureproblemstill remain,
andin suchcasesour optical �o w techniquewould
alsofail. Precisemovementof shadows canbeob-
tainedby incorporatinganexplicit 3D modelof the
scene[12]. In the future we plan to derive the 3D
modelfrom the transportmatrix andwould like to
further investigate how the movementof shadows
canbepredicteddirectly from thetransportmatrix.

In our pipeline, if the shadow movesbehindan
occluderthenno correspondenceis foundandthus
theinterpolatedshadow will not move. In this case
we resort to blendingbetweenframes. By incor-
poratingforward andbackward �o w andblending
betweentheresultsof bothwe handlethecaseof a
zero�o w �eld automaticallyandconsistently.

We cannow warp the shadow regions in the il-
luminationimageto obtainan intermediateillumi-
nationimage.As we will explain in Section5.2we
processthemorphedshadow regionsevenfurtherto
dealwith theeffectof interre�ections.

5 Inter polation in Projector Space

This sectiondescribesthe stepsfor deformingthe
input patternto mimic the incidentillumination of
the intermediateprojector. To do this we apply
warpingandshadow stenciling.

5.1 Warping in Projector Space

Givenaninputpatternfor theintermediateprojector
j + � we would like to computeinput patternsfor
theoriginal projectorsj andj + 1 thatbestrepro-
ducetheappearanceasif actuallylit from location
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a) b) c) d) e)

f) g) h) i)

Figure 2: Applying optical �o w to intrinsic images. Imagescapturedundertwo different illumination
conditions(b) and(f) aredecomposedinto acommonre�ectanceimage(a)andillumination images(c) and
(g). Note how the shadow hasmoved slightly betweenthe two images(b) and(f). A zoomed-inversion
of theoptical �o w determinedbetweentheoriginal illumination imagesis shown in (e), overlaidover the
illumination image. The determined�o w vectorshave almostzero length indicating that the algorithm
would not move theshadow, which is incorrect.After thresholdingtheillumination images,producing(d)
and(h), amoreaccurate�o w �eld (i) canbeobtained,whichwould �o w theshadows in theright direction
with thecorrectvelocity.

j + � . We want to warp the patternsso that they
appearalignedon thesurfaceof thescene.

Let ~pj denotethecoordinatesof apixel in projec-
tor j . Thepixel at ~pj projectedfrom j will directly
illuminate thesurfacevisible at camerapixel loca-
tion ~cj . Recall,a columnof thetransportmatrix Tj

correspondsto the imageresultingfrom illuminat-
ing thesceneby turningonasingleprojectorpixel.
Selectingthe columncorrespondingto ~pj , we can
locate~cj by searchingin thiscolumnfor thebright-
est response.Thus,we canestablishthe mapping
M j (~pj ) = ~cj from projectorto cameraspace,as
illustratedin Figure3.

GivenM j weknow theinversemapping,M � 1
j ,

from cameraspaceto projectorspaceaswell. The
mappingwill initially be sparsedue to sampling,
shadows, or very dark surfacesfor which the en-
triesin thecolumnaretoodim to makeoutasignif-
icant peak. We obtaina densemappingby apply-
ing anisotropicdiffusion�ltering to thesparseM j

andM � 1
j mappings.For pixels in shadow regions

theinformationobtainedfrom anisotropicdiffusion
might bewrong,but thosepixelshave no effect on
the �nal relit image. Themappingsfor two neigh-
boringprojectorsaredepictedin Figure6.

GiventhemappingM j andaprecisecalibration
of the cameraandthe projectorwe could actually
computerangeimages,explicitly reconstructingthe
3D shapeof the scene.Note how Figure6, which

pj
cj

pj+1

M j+1

M j+1
-1

M j

M j
-1

Figure 3: Illustration of the mappingM and its
inverseM � 1 , mappingfrom the projector to the
cameraspaceandfrom thecamerato theprojector
space,respectively. The �o w betweentwo projec-
tor patternsis given by Pr oj F low( j ! j +1) (~pj ) =
M � 1

j +1 (M j (~pj ))

is acolor-codedvisualizationof M � 1
j , resemblesa

rangeimage. However, for our analysis,the map-
pingM j is suf�cient.

In orderto obtainthe�o w fromoneprojectorpat-
tern to the next we simply determinethe mapping
Pr oj F low( j ! j +1) (~pj ) = M � 1

j +1 (M j (~pj )) (see
Figure 3) by projectingthe point ~pj from projec-
tor j into thethecameraspaceusingM j andthen
mappingit backto theprojectorspaceof j + 1 using
theinversemappingM � 1

j +1 .
Given this �o w �eld we createtwo warpedver-
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j j+a

projector
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Figure 4: The projectorpatternPj is modi�ed to
simulatetheeffect of a castshadow from projector
j + � . This is accomplishedby stencilingout the
pixels that would otherwiseilluminate the shadow
region.

sionsof the original projectorpatternP , one for
eachprojector, yielding P �

j and P �
j +1 . The re-

sult of applying the �o w �eld to the input pattern
is demonstratedin Figure 5 (bottom row (n) and
(p)). Note how the warpedcheckerboardpattern
projectedfrom projectorj preciselymatchesthere-
sult of projectingtheoriginalpatternfrom j + 1.

5.2 Shadow Stenciling

In the next step, pixels correspondingto shadow
regions for the interpolatedlight sourceposition
arestenciledout in the warpedprojectorpatterns.
This effectively projectsa syntheticshadow which
would not have beencastby the original projec-
tors (seeFigure4). If we were to directly stencil
the shadows in the cameraimage, we would re-
move direct illumination effects,but not themulti-
ple interre�ectionscausedby illuminatingtheshad-
owed points. By stencilingout the incident illu-
mination for thesepixels we eliminate thesein-
terre�ections. In addition, our approachautomat-
ically accountsfor multiple interre�ections from
non-shadowedpointswhichmightactuallybrighten
theshadow region.

The shadow stenciling is implementedas fol-
lows: First we computethe warpedshadow image
Sj + � . UsingM � 1

j andM � 1
j +1 , theshadow image

is transformedinto the projectorspace.The trans-
formedshadow is thenmultiplied with the warped
illuminationpatternsof theprevioussectiontocom-
pute the �nal patternsP �

j and P �
j +1 . When ap-

plying thestenciledpatterns,a syntheticshadow is
castinto thescenebesidetheshadow thatis present
in the original images. Figure 5 (third column)
demonstratesthe processof stencilingthe warped
patterns.

6 Compositing

After warpingandstencilingthe illumination pat-
ternsfor projectorsj andj + 1, we multiply them
against their transportmatricesto obtain two im-
agesC �

j = Tj P �
j and C �

j +1 = Tj +1 P �
j +1 (see

Figure5(g) for an example). Theseimagesareal-
readypretty closeto the solution(Figure5(h)) ex-
ceptthat they still containtheoriginal shadow and
that moving highlights have not yet beenwarped.
In this sectionwe concentrateon compositingthe
shadowsandin Section8 weadddresshow to move
thehighlights.

The �nal imageis obtainedby a per-pixel blend
with aspatiallyvaryingblendingfactor� :

C� (x; y) = (1 � � (x; y))C �
j (x; y) (2)

+ � (x; y)C �
j +1 (x; y)

Sinceboth imagescontainthe synthesizedshadow
Sj + � we do not needto considerit during com-
positing. Initially we determine� (x; y) basedon
the shadow masksSj and Sj +1 in the following
way:

� =

(
0 : Sj +1 = 1 ^ Sj 6= Sj +1

� : Sj = Sj +1

1 : Sj = 1 ^ Sj 6= Sj +1

(3)

For brevity wehavedroppedthe(x; y)-parameters.
If Sj = 1, it meansthatthepixel will bein shadow
in imageC �

j . In this casewe selectthepixel from
C �

j +1 sincein that imagethepixel might beillumi-
nated.In thesameway, if Sj +1 = 1 weselectfrom
C �

j . If the pixel is illuminated from both projec-
tors or is in shadow from both projectors,we sim-
ply blendbetweentheappropriatepixelsin C �

j and
C �

j +1 weightedby � .
At the borderbetweenregions selectedfrom a

singleimageandblendingregionsthereshouldbe
a smoothtransition. This canbe accomplishedby
blurring the � -imageandthenapplyingcomposit-
ing Equation2.

In Figure8 we comparethe �nal resultof warp-
ing, stencilingand compositingwith what would
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Figure5: Shadow warping,patternwarpingandshadow stenciling. First row: The shadow mask(a) of
the left projectoris warped,shown in (b), to matchthe shadow maskof the right projectorshown in (d).
(b) and(d) thereforeappearthe same. The warpedshadow maskis then transformedinto the projector
spaceasshown in (c). Secondrow: The sceneis lit with �oodlit illumination andthe cameraimageis
shown in (e). The zoomed-inversions(f) and(h) show the original shadows castfrom the left andright
projector, respectively. When projectingthe stenciledillumination pattern(c) from the left projectora
syntheticshadow is projected.Theresultingimage(g) now containsboththeoriginal andthesynthesized
shadow. Third row: A checkerboardinput pattern(i) and(l) is projectedinto the scenefrom the left and
right projectors,resultingin cameraimages(m) and(p). Warpingtheinputpattern(j) andprojectingit from
the left projectorresultsin (n), which simulatestheeffect of projectingtheoriginal patternfrom theright
projector, asshown in (p). Notethat thepatternsareperfectlyalignedin thecameraspace.Stencilingout
thewarpedandtransformedshadow mask(c) in thewarpedinputpattern(j) producesthezoomed-inimage
shown at (k). Projectingthis patternresultsin theimage(o) which again containsboththeoriginal andthe
syntheticshadows.
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beobtainedby blendingtheilluminatedimagesdi-
rectly.

7 Relighting Results

Being able to smoothly interpolatebetweentwo
projector locations,we can simulatea point light
moving alonga path,which we demonstratein the
accompanying video sequence[1]. Since the re-
�ectance �eld allows for spatially varying illumi-
nation, even relighting from a moving projector
is simulated. Becauseof the warping in projec-
tor spacethe observed movementof the patternis
smooth.

When integratingover a setof interpolatedim-
ageswe canrelight the scenevirtually by an area
light source(seeFigure9). Incorporatinga mod-
eratenumberof interpolatedlight sourcepositions,
we cangeneratetheappearanceof soft shadows as
oneexpectsfrom arealight sources.Summingover
a numberof original projectorlocationswould in-
steadproducebandedshadows (shadow aliasing).

The presentedframework allows for relighting
with arbitraryincidentlight �elds of highresolution
in thespatialandangulardomain.Theselight �elds
can be capturedfrom real world light sources[5]
or environments[18]. We presentthe resultof re-
lighting thescenewith asyntheticlight �eld in Fig-
ure7. The incidentlight �eld simulatesa checker-
boardpatternprojectedfrom aprojectorwith avery
large curved apertureleadingto a small region of
focusin themiddleof thescenewherethechecker-
boardpatterncanstill beobservedwhile it isblurred
in theperiphery.

8 Conclusion

The presentedpipeline is, to our knowledge, the
�rst attemptof light sourceinterpolationfor sparse
re�ectance�elds for illumination with 4D incident
light �elds. We warp the incident light �elds to
matchthesampledprojectorlocations,we propose
a two layer approachto determining�o w in illu-
mination images,warp shadows and stencil them
out in theprojectorpatterns.Our techniqueallows
for creatingsmoothanimationsfor moving light
sourcesandcorrectshadows for arealight sources.
Although not demonstratedin the paper, specular
highlightscanalsobe�o wedusingthis framework
by settingan appropriatethresholdwhen splitting

the illumination image into a static and moving
layer.

Thepresentedmethodscurrentlybuild onanum-
ber of simplifying assumptions:First, the peakin
eachcolumnof thetransportmatrix actuallycorre-
spondsto the �rst bounceof light from theprojec-
tor. Thus, it is not clearhow the algorithmwould
behave in thepresenceof specularinterre�ections,
e.g.mirrorsor caustics.Second,weassumethatthe
movementof theshadows canbesimulatedby us-
ing linear �o w vectors.This requiresa moderately
densesamplingof theoriginal re�ectance�eld. In
the future we plan to comeup with a more gen-
eralsolutionthatworksfor a largerclassof realistic
scenes.It might be possibleto extract muchmore
information from the transportmatrix that can be
usedto guidetheestimationof the�o w betweenall
elementsin two neighboringmatrices,leadingto a
4D �o w estimationalgorithm.
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Figure 6: Visualizationof the mappingfunction
M � 1

j from thecamerato theprojectorspace.The
color valuerepresentsthecoordinateof theprojec-
tor pixel illuminatingthisscenepoint (theredchan-
nel for x, thegreenchannelfor y). Noteits similar-
ity to a rangeimage.

Figure7: Illuminationwith a4D incidentlight �eld.
Using thepresentedinterpolationframework, arbi-
trarily high resolutionlight �elds canbe projected
into the scene. By projecting the samechecker-
board pattern from a small but denselysampled
rangeof positionswe simulatea projectorwith an
extremelywide aperturehaving only a small focus
region in themiddleof thescene.Theoriginal pro-
jectorswereapproximately8.72cmapart.

Figure8: Comparisonbetweennä�veblending(left)
andcompositingaftershadow warpingandstencil-
ing (right) half-way betweentwo key frames(� =
0:5). The left imageshows cross-fading between
two shadows; we obtaina singleshadow usingour
pipeline.

Figure 9: Simulation of an area light source.
Adding threeof theoriginal input imagesresultsin
severe bandingin the shadow (top). By integrat-
ing over 15 interpolatedframescorrespondingto
the sameextendof the light sourcewe cangener-
ateasoft shadow withoutbanding(bottom).
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