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Abstract

Wepresentanimage-basedtechniqueto relight realobjectsillumi-
natedby a 4D incidentlight �eld, representingthe illumination of
an environment. By exploiting the richnessin angularandspatial
variationof thelight �eld, objectscanberelit with ahighdegreeof
realism.

We recordphotographsof an object, illuminated from various
positionsanddirections,usingaprojectormountedonagantryasa
moving light source.Theresultingbasisimagesareusedto create
a subsetof the full re�ectance�eld of the object. Using this re-
�ectance�eld, we cancreateanimageof theobject,relit with any
incidentlight �eld andobservedfrom a �x edcameraposition.

To maintainacceptablerecordingtimesandreducethe amount
of data,weproposeanef�cient dataacquisitionmethod.

Sincetheobjectcanbe relit with a 4D incidentlight �eld, illu-
minationeffectsencodedin thelight �eld, suchasshaftsof shadow
or spotlight effects,canberealized.

CR Categories: I.2.10[Arti�cial Intelligence]:Vision andScene
Understanding—intensity, color, photometryandthresholdingI.3.7
[ComputerGraphics]:ThreeDimensionalGraphicsandRealism—
color, shading,shadowing andtextureI.4.1 [ImageProcessingand
ComputerVision]: Digitization and ImageCapture—radiometry,
re�ectance,scanning

Keywords: Image-BasedTechniques,Relighting, Re�ectance
Field,Light Field.

1 Intro duction

Image-basedrelightinghasbecomeawell studiedandpopulartopic
in computergraphics.Severalfasttechniqueshave beendeveloped
togeneraterelit imagesof realobjects.All theseimage-basedmeth-
odsuseincidentlight maps,alsoknown asenvironmentmaps,that
representtheincominglight atasinglepoint.

Thesetechniquesdeliver visually pleasingresults. However,
thereis no spatialvariationin the illumination used,sincea light
mapencodesincidentillumination at onepoint. Relightinganob-
ject using sucha light map is only correctfor the exact point at
which the light map was recorded. The resultingpicturesshow-
ing there-illuminatedobjectarevisuallysatisfying;however, some
effectsareimpossibleto generate.
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Figure1: An arrangementof chesspieces,illuminatedusinga tra-
ditional light map(left), andilluminatedby an incidentlight �eld
containingtwo spotlights,computedusingouralgorithm(right).

Supposethatwewantto capturetheilluminationeffectof aspot
light in suchanincidentlight map.Only whenthebeamof thespot
light hitsthepointatwhichthelight mapis recorded,will theobject
be illuminated. An exampleof this is givenon the left of �gure 1.
Otherwise,the illumination mapdoesnot capturethe illumination
of thespotlight andtherelit objectwouldbecompletelydark.

In reality, theobjectmaybepartly illuminatedby thespotlight
or evenmultiplespotlightscouldbeused,asshown on theright of
�gure 1. To accomplishtheseeffectswith a relighting algorithm,
we needto accomodatefor angularaswell asspatialvariation in
theincidentillumination. In otherwords,we needto representthe
illumination incidentonavolume,not in asinglepoint.

A light �eld representsthe illumination leaving a volume for
any positionandin any direction,andis describedby a 4D func-
tion. Light �elds have beenusedmainly in image-basedrendering
techniquesfor displaying(real) objectsfrom any viewpoint with-
outknowledgeof geometryor materialproperties.Suchlight �elds
arecalledradiantlight �elds or exitant light �elds. Similarly, inci-
dentlight �elds canbeconstructed,in whichaviewercanwalk and
look aroundin alimited spaceandseethesurroundingenvironment
representedby thelight �eld.

To relight an objectwith a 4D incident light �eld, we needto
capturethe re�ectance�eld of theobjectfor any incidentlighting
con�guration. There�ectance�eld of anobjectdeterminesthe il-
luminationtransferthrougha volumecontainingtheobject.In this
paper, wewill addresstheproblemof capturingthere�ectance�eld
of an object,andrelighting the objectwith a given incident light
�eld. To illustrate our technique,we usearti�cial incident light
�elds, althoughrealenvironmentscouldbeusedaswell.

To acquire the re�ectance �eld of an object, we photograph
theobjectilluminatedwith a numberof basisincidentlight �elds.
Thesebasis�elds constitutea linear basisfor expressingincident
light �elds thatwe wantto useduringtherelightingstage.Eachil-
luminationconditionis createdby astandardLCD projector, which
is mountedonamovablegantry. As a result,wehave asetof basis
images,which altogethercapturethe total re�ectance�eld of the
object.

To relight an objectwe expressthe given light �eld asa linear
combinationof thebasislight �elds. A �nal imageof therelit object
canbecreatedusingtheacquiredre�ectance�eld.



In the next sectionwe give an overview of somerelatedwork
and in section3, we specify the parameterizationsusedfor inci-
dentlight �elds andre�ectance�elds. In section4, we outlineour
technique.We proposea mathematicalframework in 4.1 andpro-
posea methodto capturea 6D slice of the full re�ectance�eld.
We discussthe dataacquisition(4.2) of the basisimages,andthe
relighting (4.3) of the real objects. Becauseof the sheeramount
of dataandacquisitiontime,we developedaneffective speedupin
the datacapturingprocess.This is outlined in section5. In sec-
tion 6 wediscusstheresultsobtainedwith our technique.Section7
concludesthepaperandindicatesdirectionsfor futureresearch.

2 Related work

Image-basedrenderingis a widely researchedareawithin the�eld
of computergraphics.Basically, thesemethodstry to captureand
visualizethe 5D plenoptic function [Adelson and Bergen 1991].
The Lumigraph [Gortler et al. 1996] and Light Field Render-
ing [Levoy andHanrahan1996]showedthatthis5D functioncould
be representedasa 4D function, the light �eld, when the viewer
is constrainedto the outsideof a boundingvolumeof the object.
Woodet al. [2000] introducedtheideaof surfacelight �elds, a 4D
representationof appearanceof objectsusingsomeroughapproxi-
mationof thegeometrybut generatingphoto-realisticresults.

Although theseimage-basedrenderingmethodsproducehigh
quality imagesat dazzlingspeeds,they oftenrequiregeometryin-
formationandarerestrictedto �x edscenesand�x edillumination.
Image-basedrelightinginvestigatesthegenerationof imagesof ob-
jectsor sceneswith variableilluminationwithoutknowledgeof the
geometryof theobjector scene.

Since illumination behaves linearly with relation to intensity,
Nimeroff et al. [1994] noticedthata weightedsumof basisimages
canresultin an imageof the relit object. In their technique,basis
imagesaregeneratedusinga setof illuminationconditionsde�ned
by thetheoryof steerablefunctions.Eachbasisimageis arendering
of theobjectfrom a�x edviewpointusingoneof theseillumination
conditions,makingthis techniqueonly practicalfor virtual objects
or scenes.

Wongetal. [1997] introducedtheconceptof anapparentBRDF.
For eachpixel on the imageplane,an apparentBRDF is created
from a setof imagesof theobjectlit by a directionallight source.
The object can be renderedwith any directional illumination by
evaluatingtheapparentBRDF for eachpixel usingthis direct illu-
mination.In Wongetal. [2001]spatialvariationin theillumination
is possibleandeffectsof point light sourcesandevenspotlightscan
beachievedin panoramicscenesusingtheapparentBRDFmethod.
However, geometricalinformationis required,renderingthis tech-
niquelesspracticalfor realobjects.

Lin et al. [2001] developeda methodto relight realobjects,in-
spiredby the Lumigraph. In their method,the viewpoint is �x ed
andthe illumination is variable. A setof imagesof the object is
taken from a �x ed viewpoint, lit by a point light sourcewhich is
mechanicallyplacedat known locationsonaplane.By resampling
the data,the real objectcanbe correctlyrelit with any point light
sourcepositionedon that planeandeven directionallight sources
arepossible.Spatialvariationin the illumination is, however, not
possible.

Koudelkaet al. [2001] proposedan image-basedtechniqueto
relight objectswith arbitrary positionedpoint light sources.The
surfacegeometryof the objectcanbe obtainedby estimatingthe
depthfor eachvisible point, usingtwo setsof basisimages.With
this approximationof the geometryand one of the basissetsof
images,a relit imagecanberendered.

Debevecetal. [2000]introducedthere�ectance�eld of anobject
asan8D function. It determineshow anincidentlight �eld on the
object is transformedinto a radiantlight �eld, leaving the object.

By restrictingthe incident light �eld to incident directional light
andreducingtheradiantlight �eld to oneviewpoint, this 8D func-
tion canbereducedto a4D sliceof the8D re�ectance�eld. For real
objects,anapproximationof this4D slicewasconstructedby sam-
pling incidentdirectionallight ontheobjectandtakingphotographs
of it. Thissamplingwasdoneusingamovablelight sourcemounted
onagantry, calledaLight Stage,emittingdirectionallight to theob-
ject. Severalotherversionsof thisLight Stagehavebeendeveloped
[Hawkins et al. 2001;Masseluset al. 2002] improving dataacqui-
sition time or portability andscalability. In the samepaperit was
pointedout that usingmoreviewpointsleadsto an approximation
of a6D slice,restrictingthere�ectance�eld to only incidentdirec-
tional light. This wasfully implementedby Matusiket al. [2002a;
2002b].Usingasetof cameras,light sourcesandplasmascreens,a
hugeamountof datawascollectedandprocessed,enablingtheuser
to view adirectionallyrelit objectfrom any viewpoint.

In this paper, we alsorecorda 6D slice of the re�ectance�eld,
but wekeepthecamera�x edanduse4D incidentlight �elds.

In [Debevec et al. 2002], a techniquewasintroducedto relight
objectsin reallife. Theilluminationof anenvironmentis recreated
by theuseof aLight Stage3.0,whichis ageodesicdomecontaining
color changinglight sourcesaimedat thecenterof thedome.The
objectsinsidethedomecanthenbe illuminatedasif they werein
theenvironment.Thispaperhintedat thepossibilityof usingvideo
projectorsinsteadof directionaluniform emitting light sourcesto
lit objectswith spatialvarying illumination. We pursuedthis idea
of usingprojectorsto capturea6D sliceof there�ectance�eld.

3 Light �elds and re
ectance �elds

As with theLumigraph[Gortler et al. 1996]andLight Field Ren-
dering[Levoy andHanrahan1996],we enclosea partof theenvi-
ronmentby a surroundingsurfaceandrepresentall light incident
on this volumeasa 4D function,which is calledthe incidentlight
�eld. We choosea hemisphereasthe boundingsurfacesinceit is
naturalwhenconsideringincidentlight �elds andis closelyrelated
to the way we acquireour dataset (seesection4.2). In �gure 2
anincidentlight �eld onanirregularvolumeandthesameincident
light �eld onahemisphereis displayed.

Figure2: Ontheleft, anincidentlight �eld is shown onanirregular
volume,on the right, the samelight �eld representedon a hemi-
sphere.

On a hemisphere,we parameterizea positionwith the azimuth
anglef p andtilt angleqp. For a chosenpoint on thehemisphere,
a directioncanbe parameterizedin a local frame,with f a andqa
asthe azimuthandtilt angle(Figure3). This parameterizationof
theplenopticfunctionwasintroducedby [Ihm etal. 1997]andwas
usedto renderlight �elds in realtimeusinggraphicshardware.

A light map, representinglight incidenton a singlepoint, is a
specialcaseof anincidentlight �eld. In alight map,thevalueof the
incidentlight �eld is only dependentonf p andqp, andindependent
of f a andqa.
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Figure 3: Parameterizationof an incident light �eld on a hemi-
sphere. f p and f a rangefrom 0 to 2p. qp andqa rangefrom 0
to p=2 with 0 beingthe directionperpendicularto the planecon-
tainingf .

Let Wbe the4D spaceof all possibleincidentdirectionson all
pointsof ahemisphere:

W= [0;2p] � [0;p=2] � [0;2p] � [0;p=2]:

Within thisspaceW, wecande�ne avariableQ as:

Q = (f p;qp; f a;qa):

Using this parameterization,a 4D incident light �eld L incident
canbeexpressedas:

L incident = L incident(f p;qp; f a;qa) = L incident(Q):

As introducedby Debevec et al. [2000], the re�ectance�eld R
is an 8D function. It determinesthe light transferbetweenlight
enteringa boundingvolumeat a directionandpositionQincident ,
andleaving atQexitant :

R = R(Qincident ;Qexitant ):

We restrictthe re�ectance�eld to a positionon theview plane,
sotheradiantlight �eld is the2D functionL exitant(x;y), with x and
y parameterizingtheimageplane(Figure4).

Qincident

Qexitant

(x;y)

Figure4: A 6D slice of the re�ectance�eld determiningthe light
transferfrom Qincident towards(x;y) on theimageplane.

Sincewe only considera �x edcameraposition,our re�ectance
�eld R canbesimpli�ed to a6D function:

R = R(f p;qp; f a;qa;x;y) = R(Qincident ;x;y):

The re�ectance�eld R(Qincident ;x;y) determineshow an inci-
dentlight �eld L incident(Q) is transferedthroughthe volume. We

canexpressthe total valueof L exitant(x;y) by the relightingequa-
tion asfollows:

Lexitant(x;y) =
Z

W
R(Q;x;y)L incident(Q)dm(Q); (1)

with m(Q) ameasurein spaceW.

4 Acquiring and using the 6D re
ectance
�eld

In this sectionwe will develop a mathematicalframework to ex-
pressalight �eld asalinearcombinationof basisfunctions.There-
lightingequationcanbeapproximatedusingthisbasis(section4.1).
In section4.2,wedevelopasetupto illuminateandcapturetheob-
ject with thelight �eld basis.Usingthis datawe areableto relight
theobjectwith anincidentlight �eld in section4.3.

4.1 Mathematical framework

We createa setof N disjunctpartitionsWi of W. Theunionof all
thesepartitionsWi coverWcompletely:

[

i

Wi = W and Wi

\
Wj = /0 if i 6= j;8 i; j 2 f 1; :::;Ng: (2)

We de�ne a setof N basisfunctionsusing thesepartitionsWi .
EachbasisfunctionBi is setto betheconstantvalue1 on theinter-
val of Wi and0 outsideWi :

Bi(Q) =

8
<

:

1 if Q 2 Wi

0 if Q =2 Wi .
(3)

With theseN basisfunctions,we canapproximatethelight �eld
L incident(Q) asa linearcombination:

L incident(Q) �
N

å
i= 1

l iBi(Q):

Substitutingin equation1 delivers:

Lexitant(x;y) =
Z

W
R(Q;x;y)L incident(Q)dm(Q)

�
Z

W
R(Q;x;y)

 
N

å
i= 1

l iBi(Q)

!

dm(Q)

�
N

å
i= 1

l i

Z

W
R(Q;x;y)Bi(Q)dm(Q)

�
N

å
i= 1

l i

Z

Wi

R(Q;x;y)dm(Q);

or

Lexitant(x;y) �
N

å
i= 1

l iRi(x;y); (4)

where

Ri(x;y) =
Z

Wi

R(Q;x;y)dm(Q): (5)
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Figure5: Thispictureshowsoursetupfor measuringthere�ectance
�eld of anobject(outlinedin blue).Theprojector(outlinedin red),
moveson a circularpathover theobject. Theobjectitself is posi-
tionedon a turntable,to which thecamerais attached(outlinedin
green).

4.2 Data acquisition

In order to relight an object with an arbitrary incident light �eld
expressedin termsof our basisde�ned in equation3, we needto
recordall the termsof Ri (Equation5). EachRi is the transferof
an incidentlight �eld with radiance1 W=m2sr in thepartitionWi .
We canobtainthevaluefor Ri(x;y) by takinga photographof the
objectwith thecorrectilluminationBi .

We useanLCD projectorasa light source,mountedonamove-
ablegantry, andatthesametime,theobjectis placedonaturntable.
Thegantry is ableto move theprojectorfrom 0 to 90 degrees,and
theturntableis ableto rotatethefull 360degrees(Figure5). Since
thepositionof thecamerais �x edrelativeto theobject,it isattached
to theturntableaswell. Thecombinationof bothmovementsallows
usto placetheprojectorin any positionon thehemisphererelative
to theobject,therebyacquiringasamplingof (f p;qp) positions.

In eachof the positions,the projectoremits a seriesof white
squarepatternsof constantintensityoversomepartof its projecting
angle.Eachbundlethusprojectedaccountsfor asingleillumination
of the objectdue to Bi , andeffectively covers the entire (f a;qa)
range,relevantfor our object.Figure6 givesa schematicoverview
of theacquisition.

The gantry moves the projectorto eachposition on the hemi-
sphere,aimedat its center, andthe angularrangeof the projector
is usedto emit a pyramidof light. Not all directionsfor a projec-
tor positioncanbesampled,sincetheangularrangeof a standard
video projectoris not a completehemisphere.However, only the
re�ectanceof theobjectitself is of interest,andthat requiresonly
a subsetof all directionsfor eachposition. We canrecordall re-
quired informationas long asthe objectcanbe illuminatedcom-
pletely. This constrainsthe sizeof the recordableobjectsby the
angularrangeof theprojector.

Thedigital cameraaswell astheprojectorarecalibrated,using
aGretagMcBethColorCheckerDC, to accountfor colorshifts.The
turntableandgantryarecurrentlyoperatedmanually. This results
in the needfor humanintervention eachtime the position of the
gantryor turntableneedsto bechanged.However, thedataacquisi-
tion couldbeautomatedby usingamotorizedturntableandgantry,
renderinghumaninterventionobsolete.

We transformthe picturesinto high dynamicrange(HDR) im-
ages,using the inverseresponsecurve of the digital camera[De-
bevecandMalik 1997].

In our implementation,the imageshave a resolutionof 1440�
960 pixels, recordedwith a CanonEOSD30 digital camera.The

Figure6: Thetopmostpictureshows theobjectilluminatedby the
projectoremitting white light over its entireangularrange. This
would besimilar to dataacquisitionby theLight Stage.Our tech-
niquehastheprojectoremit variousbasislight �elds, resultingin a
partially illuminatedobject.

numberof basislight �elds Bi will directly relateto thelevel of de-
tail in therelit image(i.e. thesamplingdensityof theincidentlight
�eld). Using moreprojectorpositionsandmorepatternsrequires
morebasisimagesand,assuch,a longeracquisitiontime.

In oursetup,weused32� 7 projectorpositionsandfor eachposi-
tion 16� 16patterns.Thisenablesfairly detailedrelit objectswhile
theamountof dataandtime to captureit, is still within limits. Us-
ing imageswith a resolutionof 1440� 960,RLE compressionand
anoise�lter on theimages,thetotalamountof datais about10Gb.
With Huffmancompression,thiscanfurtherbereducedto 6Gb. Us-
ing aneffectivespeedup,describedin section5, theacquisitiontime
of thebasisimagescanbereducedto 11 minutesfor eachprojec-
tor position,or 41 hoursfor thecompletedatacapture.We expect
this acquisitiontime couldbesigni�cally reducedif thegantryand
turntablewouldbeautomatedandif adigital videocamerawereto
beused.

Areasoutsidethebundleof light projectedon theobjectshould
in theoryreceive no direct light at all. However, emitting 'black'
pixelsusingaprojectorstill resultsin someamountof emittedlight.
This hasto becorrectedin therecordedimages.Therefore,for ev-
ery projectorposition,anadditionalimageis recordedwhile emit-
ting a completelyblackpattern.Fromthedifferenceof eachbasis
imageandtheadditionalambientimage,theeffectof only thewhite
squarepatterncanbecomputed.



4.3 Relighting

Theobjectcanbeilluminatedwith any incidentlight �eld oncethe
basisimagesarerecorded.Following equation4, weneedto �nd l i
for eachinterval Wi , givena targetincidentlight �eld L incident. By
projectingL incident onbasisBi(Q) we �nd:

L incident(Q) �
N

å
i= 1

l iBi(Q);

thus

Z

W
L incident(Q)Bj (Q)dm(Q) �

N

å
i= 1

Z

W
l iBi(Q)Bj (Q)dm(Q)

Z

Wj

L incident(Q)dm(Q) �
N

å
i= 1

Z

Wj

l iBi(Q)dm(Q):

Usingequation2:

l j =

R
Wj

L incident(Q)dm(Q)
R
Wj

dm(Q)
;

wherel j is themeanof theincidentlight �eld L incident over in-
terval Wj . Sinceweusearti�cial light �elds, wecancomputethese
valueswith a global illumination renderer. Therelit objectis then
givenby:

Lexitant(x;y) =
N

å
i= 1

l iRi(x;y):

A weightedsumof thepixels(x;y) in therecordedbasisimages
is createdsinceRi(x;y) representsthe pixel intensity. To render
a completeimage,we do this for all pixels (x;y). The weightsin
theweightedsumremainconstantfor all pixels,thuswecancreate
a weightedsumfor thebasisimages,which will resultin the relit
image.

5 Data acquisition speedup

Capturingthe re�ectance�eld of an object is an enormoustask.
A large amountof photographshasto be recorded.We proposea
practicaltechniqueto reducethisnumberof photographs.Suppose
weneedto projectM � M squarepatterns,tiled in agrid, for asingle
projectorposition.

Theideais basedontheassumptionthatthebundlesof light have
alimited, local in�uenceandthatwecanemitmorethanonesquare
patternfor eachphotograph.An imageof eachindividual square
patterncanbe reconstructedafterwardsusing the photographsof
themultipleemittedsquarepatterns.

...

...

Figure7: On theleft, thesetof horizontalpatternsis shown, on the
right, thesetof verticalpatterns.Eachsetof patternsis split up into
3 sets,in suchaway thatthepatternsarespacedoutevenly.

We createa horizontalsetof patternsH asshown on the left of
�gure 7. EachH is constructedin sucha way thateachindividual
squarepatterndoesnot in�uenceanothersquarepatternin thesame
horizontalpatternH, onceprojected.A similar set,theverticalset
of patternsV is createdaswell, asdepictedon theright of �gure 7.
An original squarepatternBi occurstwice: oncein a horizontal
setHx andoncein a verticalsetVy. By constructionwe know that
all other squaresin the patterndo not in�uence Bi and that the
intersectionof Hx andVy equalsBi .

The imageof projectingan individual squareBi canbe recon-
structedby takingfor eachpixel theminimumof thecorresponding
pixel valuesin theimagesresultingfrom projectingHx andVy. This
reconstrucedimageis an approximationof the photographresult-
ing from emittingBi . In �gure 8, anillustrationof this techniqueis
given.

Figure8: An illustrationof theuseof patternson thetwo toy mon-
keys. On top, oneverticalandonehorizontalpatternareprojected
andthe resultingimagesareshown. At the bottom,we projecta
patternwith onewhite squareandtheresultingimageis displayed.
This resultingimageat the bottomis approximatedby taking the
minimum per pixel of the two top imageswhich arethe resultof
theprojectionof thehorizontalandverticalpatternsabove.

We assumethata squarepatternhaslocal in�uence andthatthe
squarepatternsin eachhorizontalandverticalpatterndo not inter-
fere with eachotheronceprojected(exceptfor the squarepattern
they share).

If theseassumptionsarenot met, this techniquewill fail. For
example,if theobjectwerea diffuseconcave bowl pointedtoward
thecamera,therewould bea lot of interre�ection in thebowl. Us-
ing the minimum on pixel valueswould not result in the effect of
a singlesquarepatterndueto this indirect light. In this case,this
techniquewould fail andonewould be forced to projecteachBi
independently. We however, hadno problemsusing it, sincethe
objectswe photographedhadonly limited interre�ections. By in-
troducingadistancebetweenthesquaresin thesetsof patterns,the
amountof allowedinterre�ectioncanbechosen.In our implemen-
tation,wesplit up thesetsof patternsfor eachrow or columninto 3
separatesets.Thisreducedtheamountof photographsfrom 16� 16
to 3� 2� 16. In generalwe canreducethecomplexity of our data
acquisitionfrom O(M2) to O(M), with M2 being the numberof
squaresto beprojected.



6 Results

To illustratethe4D light �elds we usefor relighting,we usea vi-
sualisationasshown in �gure 9. For thefull grid of 32� 7 (f p;qp)
pointson the hemisphere,we have 16� 16 (f a;qa) values. Thus,
eachlittle squareshown in themosaicshows the incomingillumi-
nationat a speci�c point on thehemisphereandeachpixel in such
asquarecorrespondsto adirection.

Figure9: Theenvironmentconsistsof two white light sourcesfac-
ing eachother. Thelight �eld is capturedin themiddleof thetwo
light sources.In themiddle,our representationof theincidentlight
�eld is displayed. At the bottom the result of relighting the two
monkeyswith this light �eld is shown.

If themonkeys areshiftedto theleft in theenvironment,theleft
light sourcewould illuminatethemonkeysmorethantheright light
source.This effect canbeseenin �gure 11a. In �gure 11btheob-
ject is movedforwardin theenvironment,resultingin illumination
comingmainlyfrom theback.In bothcasesthelight �eld is shown.

More resultson anotherobjectcanbeseenin �gure 12. Here,a
toy dogis placedin thesameenvironmentasthemonkeys. Differ-
entconcentrationsof light canbeseenon thesleigh,resultingfrom
moving theobjectnearoneof thelight sources,especiallynotethe
shadow on thesleigh(right image).

In the previous examples,the effectsof spatialvariationin the
incidentillumination arevery subtle. In �gure 13, moreimagina-
tive examplesaregiven. Theincidentillumination consistsof spot
lights aimedat the chesspiecesin the scene,and thus thereis a
high-frequency spatialvariation.Therefore,spatialvariationin the
dataaquisitionprocesswasraisedto 32� 32. Thespotlights result
in clearly visible spatialvariationin the illumination. Due to this
high-frequency spatialvariation in the illumination, aliasingarte-
factsare visible. The emittedpatternscan be recognizedon the
groundplate,ascanbeclearlyseenin thezoom-inson theright of
�gure 13.

Using our dataset, we can also relight the objectwith a light
map. A comparisonis madein �gure 10 betweenour technique
anda relightingtechniqueusinga light maplike in [Debevecet al.

2000]. Theenvironmentconsistsof threeshaftsof light. With our
technique,theshaftsareclearlynoticeable.Usingonly a light map
of this environmentproducesthe lower relit image in �gure 10.
Theseresultshavenospatialvariationin theillumination.

Figure10: An arti�cial environmentin which threeshaftsof light
are castonto the object. On top, we seethe monkeys relit with
our technique.Theshaftsareclearlynoticeableandthecolorsare
mergedcorrectly. Noticealsothecomplex scatteringof thelight in
the fur of themonkeys. The light �eld is displayedin themiddle.
At thebottom,theresultof relightingtheobjectwith acorrespond-
ing light mapof this environment.Using the light map,no spatial
variationin theilluminationcanbevisualizedin therelit image.

7 Conclusion and future work

Wepresentedatechniquetocapturea6Dsliceof thefull re�ectance
�eld, enablingusto relight objectsviewedfrom a �x edpoint with
illuminationvaryingspatiallyaswell asangularly.

Realobjectscanbemergedinto avirtual sceneusingadifferen-
tial techniquesimilar to the methodproposedby [Debevec 1998].
Using our relighting technique,the real objectcould be relit with
an incidentlight mapof that virtual environmentandobjectsnear
thepositionwheretherealobjectis to bemergedcanresultin local
re�ection on therealobject.

Dueto thelow resolutionof thecapturedre�ection �eld andthe
useof boxpatterns,somealiasingeffectsarevisible in theresulting
relit images,ascanbeclearlyseenin �gure 13. Thiscouldbeeasily
accommodatedby capturingthe re�ectance�eld at a much �ner



resolution.However, this would further increasethe alreadyhuge
amountof dataandacquisitiontime. To removethealiasingeffects,
Gaussianpatternscould be usedinsteadof box patterns,resulting
in smootherimagesbut at thecostof blurringout theincidentlight
�eld. In futureresearch,theuseof otherpatterns,suchasGaussian
or gray codeinspiredpatternswill be investigatedto reducethese
aliasingeffectsandtheamountof datato becaptured.

We restrictedour examplesto arti�cial environmentsto relight
our objectssincerealenvironmentsaredif�cult to capture.We ex-
pect that 4D incident light �elds capturedin a real environment
couldbeusedaswell with our technique.We canacquirea 4D in-
cidentlight �eld of arealenvironmentby takingphotographswith a
�sh-eye lenseof theupperhemispherein anenvironmentat known
positions.Thustaking2D samplesof the4D light �eld. This tech-
niquewould be very similar to the one proposedby [Aliaga and
Carlbom2001]. After resamplingthis acquiredlight �eld, we can
createan imageof our objectilluminatedusingthis incidentlight
�eld.

Our techniquecapturesa 6D sliceof the8D re�ectance�eld. If
multiple cameraviews areused,the full re�ectance�eld couldbe
captured.Becauseof thehugeamountof data,sparserdatasetsto
representthe re�ectance�eld will needto be investigated,before
the8D re�ectance�eld canbecapturedatdecentresolutions.
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MASSELUS, V., DUTRÉ, P., AND ANRYS, F. 2002. The free-formlight
stage. In RenderingTechniquesEG 2002, Annual ConferenceSeries,
EG,247–255.

MATUSIK , W., PFISTER, H., NGAN, A., BEARDSLEY, P., ZIEGLER, R.,
AND MCM ILLAN, L. 2002.Image-based3D photography usingopacity
hulls. In SIGGRAPH2002ConferenceProceedings, ACM Press/ACM
SIGGRAPH,J. Hughes,Ed., Annual ConferenceSeries,SIGGRAPH,
427–437.

MATUSIK , W., PFISTER, H., ZIEGLER, R., NGAN, A., AND MCM ILLAN,
L. 2002.Acquisitionandrenderingof transparantandrefractiveobjects.
In RenderingTechniquesEG2002, AnnualConferenceSeries,EG,267–
277.

MELISSA L KOUDELKA , PETER N BELHUMEUR, S. M., AND KRIEG-
MAN, D. J. 2001.Image-basedmodelingandrenderingof surfaceswith
arbitrarybrdfs.In ComputerVisionandPatternRecognition( CVPR'01),
ComputerGraphicsProceedings, AnnualConferenceSeries.

WONG, T.-T., HENG, P.-A., OR, S.-H., AND NG, W.-Y. 1997. Image-
basedrenderingwith controllableillumination. In EurographicsRen-
deringWorkshop1997, SpringerWien,J.Dorsey andP. Slusallek,Eds.,
Eurographics,13–22.

WONG, T.-T., HENG, P.-A., AND FU, C.-W. 2001. Interactive relighting
of panoramas.IEEE ComputerGraphicsandApplications21, 2 (Mar./
Apr.), 32–41.

WOOD, D. N., AZUMA , D. I ., ALDINGER, K., CURLESS, B., DUCHAMP,
T., SALESIN, D. H., AND STUETZLE, W. 2000.Surfacelight �elds for
3D photography. In SIGGRAPH2000,ComputerGraphicsProceedings,
ACM Press/ ACM SIGGRAPH,K. Akeley, Ed., Annual Conference
Series,SIGGRAPH,287–296.



ba

Figure11: Two toy monkeys relit in anenvironmentwith two light sourcesfrom �gure 9. In image(a), themonkeys areshiftedleftwards
relative to theincidentlight �eld, sothebrown monkey is brighter, sinceit is closerto a light source.In image(b), themonkeys areshifted
forwardrelative to theincidentlight �eld, sotheilluminationcomesmainly from theback.
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Figure12: A toy dogon a woodensleighrelit with thesameenvironmentusedto relight theobjectsin �gure 9. In image(a), thesleighis
shiftedleftwardsrelative to theincidentlight �eld, in (b) theobjectis in themiddleandin (c), it is shiftedto theright.

Figure13: A con�gurationof chesspiecesrelit with ouralgorithm.For thisexample32� 32patternswereusedto capturetheangularvariance
in there�ectance�eld. On theleft we seetheresultof a setof spotlights con�guredin a circle. In themiddle,only two spotlights areused,
aimedat thetwo groupsof chesspieces.Thetwo zoom-inson theright show aliasingartefacts.


