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Abstract

We presentinimage-basetkchniqueo relight real objectsillumi-
natedby a 4D incidentlight eld, representinghe illumination of
anenvironment. By exploiting the richnessin angularandspatial
variationof thelight eld, objectscanberelit with a high degreeof
realism.

We record photographof an object, illuminated from various
positionsanddirectionsusinga projectormountedon agantryasa
moving light source.Theresultingbasisimagesareusedto create
a subsetof the full re ectance eld of the object. Using this re-
ectance eld, we cancreateanimageof the object,relit with ary
incidentlight eld andobsenedfrom a x edcamergposition.

To maintainacceptableecordingtimes andreducethe amount
of data,we proposeanef cient dataacquisitionmethod.

Sincethe objectcanberelit with a 4D incidentlight eld, illu-
minationeffectsencodedn thelight eld, suchasshaftsof shadov
or spotlight effects,canberealized.
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1 Intro duction

Image-basectklightinghasbecomeawell studiedandpopulartopic
in computemgraphics.Severalfasttechniquediave beendeveloped
to generateelitimagesf realobjects.All thesamage-basetheth-
odsuseincidentlight maps,alsoknovn asenvironmentmaps that
representheincominglight atasinglepoint.

Thesetechniquesdeliver visually pleasingresults. However,
thereis no spatialvariationin the illumination used,sincea light
mapencodesncidentillumination at onepoint. Relightingan ob-
ject using sucha light mapis only correctfor the exact point at
which the light map was recorded. The resulting picturesshow-
ing there-illuminatedobjectarevisually satisfying;however, some
effectsareimpossibleto generate.
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Figurel: An arrangementf chesgiecesilluminatedusingatra-
ditional light map (left), andilluminatedby anincidentlight eld
containingtwo spotlights, computedusingour algorithm(right).

Supposeahatwe wantto capturetheillumination effect of aspot
light in suchanincidentlight map.Only whenthebeamof thespot
light hitsthepointatwhichthelight mapis recordedwill theobject
beilluminated. An exampleof thisis givenontheleft of gure 1.
Otherwise theillumination mapdoesnot capturethe illumination
of the spotlight andtherelit objectwould be completelydark.

In reality, the objectmay be partly illuminatedby the spotlight
or evenmultiple spotlights could be used asshavn on theright of

gure 1. To accomplishtheseeffectswith a relighting algorithm,
we needto accomodatdor angularaswell asspatialvariationin
theincidentillumination. In otherwords,we needto representhe
illuminationincidenton avolume,notin asinglepoint.

A light eld representghe illumination leaving a volume for
ary positionandin ary direction,andis describecby a 4D func-
tion. Light elds have beenusedmainly in image-basedendering
techniquedor displaying(real) objectsfrom ary viewpoint with-
outknowledgeof geometryor materialproperties Suchlight elds
arecalledradiantlight elds or exitantlight elds. Similarly, inci-
dentlight elds canbeconstructedin which aviewercanwalk and
look aroundn alimited spaceandseethe surroundingervironment
representetly thelight eld.

To relight an objectwith a 4D incidentlight eld, we needto
capturethe re ectance eld of the objectfor ary incidentlighting
con guration. There ectance eld of anobjectdeterminegheil-
luminationtransferthrougha volumecontainingthe object. In this
paperwewill addressheproblemof capturingthere ectance eld
of an object, andrelighting the objectwith a given incidentlight

eld. To illustrate our technique,we usearti cial incidentlight
elds, althoughrealernvironmentscouldbe usedaswell.

To acquirethe re ectance eld of an object, we photograph
the objectilluminatedwith a numberof basisincidentlight elds.
Thesebasis elds constitutea linear basisfor expressingincident
light elds thatwe wantto useduringtherelighting stage.Eachil-
luminationconditionis createdy astandard.CD projector which
is mountedon amovablegantry. As aresult,we have a setof basis
images,which altogethercapturethe total re ectance eld of the
object.

To relight an objectwe expressthe givenlight eld asalinear
combinatiorof thebasidight elds. A nal imageof therelit object
canbecreatedusingtheacquiredre ectance eld.



In the next sectionwe give an overvien of somerelatedwork
andin section3, we specify the parameterizationsisedfor inci-
dentlight elds andre ectance elds. In section4, we outline our
technigue.We proposea mathematicaframevork 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 developedan effective speedupn
the datacapturingprocess. This is outlinedin section5. In sec-
tion 6 we discusgheresultsobtainedwith ourtechnique Section?
concludeghe paperandindicatesdirectionsfor futureresearch.

2 Related work

Image-basedenderingis a widely researchedreawithin the eld
of computergraphics.Basically thesemethodstry to captureand
visualizethe 5D plenopticfunction [Adelson and Bergen 1991].
The Lumigraph [Gortler et al. 1996] and Light Field Render
ing [Levoy andHanraharl996]shavedthatthis 5D functioncould
be representeds a 4D function, the light eld, whenthe viewer
is constrainedo the outsideof a boundingvolume of the object.
Woodetal. [2000] introducecthe ideaof surfacelight elds, a4D
representationf appearancef objectsusingsomeroughapproxi-
mationof the geometnybut generatingohoto-realistiaesults.

Although theseimage-basedenderingmethodsproducehigh
quality imagesat dazzlingspeedsthey oftenrequiregeometryin-
formationandarerestrictedto x edscenesand x edillumination.
Image-basecelightinginvesticatesthe generatiorof imagesof ob-
jectsor scenesith variableillumination without knowledgeof the
geometryof the objector scene.

Sinceillumination behaes linearly with relation to intensity
Nimeroff etal. [1994] noticedthata weightedsumof basisimages
canresultin animageof therelit object. In their techniquebasis
imagesaregeneratedisinga setof illumination conditionsde ned
by thetheoryof steerabldéunctions.Eachbasismageis arendering
of theobjectfrom a x edviewpointusingoneof theseillumination
conditions,makingthis techniqueonly practicalfor virtual objects
or scenes.

Wongetal. [1997]introducedhe concepbf anapparenBRDF
For eachpixel on the imageplane,an apparentBRDF is created
from a setof imagesof the objectlit by a directionallight source.
The object can be renderedwith ary directionalillumination by
evaluatingthe apparenBRDF for eachpixel usingthis directillu-
mination.In Wongetal. [2001] spatialvariationin theillumination
is possibleandeffectsof pointlight sourcesandevenspotlightscan
beachiezedin panoramicscenesisingtheapparenBRDF method.
However, geometricainformationis required renderingthis tech-
niquelesspracticalfor real objects.

Lin etal. [2001] developeda methodto relight real objects,in-
spiredby the Lumigraph. In their method,the viewpointis x ed
andthe illumination is variable. A setof imagesof the objectis
taken from a x ed viewpoint, lit by a point light sourcewhich is
mechanicallyplacedat known locationson a plane.By resampling
the data,the real objectcanbe correctlyrelit with ary point light
sourcepositionedon that planeand even directionallight sources
arepossible. Spatialvariationin theillumination is, however, not
possible.

Koudelkaet al. [2001] proposedan image-basedechniqueto
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
imagesarelitimagecanberendered.

Debevecetal.[2000]introducedhere ectanceeld of anobject
asan 8D function. It determinesow anincidentlight eld onthe
objectis transformednto a radiantlight eld, leaving the object.

By restrictingthe incidentlight eld to incidentdirectionallight
andreducingtheradiantlight eld to oneviewpoint, this 8D func-
tion canbereducedo a4D sliceof the8D re ectanceeld. Forreal
objects anapproximatiorof this 4D slicewasconstructedy sam-
pling incidentdirectionallight ontheobjectandtakingphotographs
of it. Thissamplingwasdoneusingamovablelight sourcemounted
onagantry, calledaLight Stageemittingdirectionallight to theob-
ject. Severalotherversionsof this Light Stagehave beendeveloped
[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. Thiswasfully implementedy Matusiketal. [2002a;
2002b].Usinga setof cameraslight sourcesaindplasmascreensa
hugeamountof datawascollectedandprocessedgnablingtheuser
to view adirectionallyrelit objectfrom ary viewpoint.

In this paper we alsorecorda 6D slice of the re ectance eld,
but we keepthe camerax edanduse4D incidentlight elds.

In [Deberec et al. 2002], a techniquewasintroducedto relight
objectsin reallife. Theillumination of anenvironmentis recreated
by theuseof aLight Stage3.0,whichis ageodesidomecontaining
color changinglight sourcesaimedat the centerof the dome. The
objectsinsidethe domecanthenbeilluminatedasif they werein
theenvironment.This paperhintedat the possibility of usingvideo
projectorsinsteadof directionaluniform emitting light sourcego
lit objectswith spatialvaryingillumination. We pursuedhis idea
of usingprojectorsto capturea 6D slice of there ectance eld.

3 Light elds and re ectance elds

As with the Lumigraph[Gortler et al. 1996] andLight Field Ren-
dering[Levoy andHanraharl996], we enclosea part of the ervi-

ronmentby a surroundingsurfaceandrepresengll light incident
on this volumeasa 4D function,which is calledtheincidentlight

eld. We choosea hemispherasthe boundingsurfacesinceit is
naturalwhenconsideringncidentlight elds andis closelyrelated
to the way we acquireour dataset (seesection4.2). In gure 2

anincidentlight eld onanirregularvolumeandthe samencident
light eld onahemispherés displayed.

Figure2: Ontheleft, anincidentlight eld is shovn onanirregular
volume, on the right, the samelight eld representean a hemi-
sphere.

On a hemispherewe parameterize positionwith the azimuth
anglef , andtilt anglegp. For a chosenpoint on the hemisphere,
a directioncanbe parameterizeéh alocal frame,with f; and gy
asthe azimuthandtilt angle(Figure 3). This parameterizatiof
theplenopticfunctionwasintroducedby [lhm etal. 1997]andwas
usedto renderight elds in realtime usinggraphicshardware.

A light map, representindight incidenton a single point, is a
speciakcaseof anincidentlight eld. In alight map,thevalueof the
incidentlight eld is only dependentnf , andgp, andindependent
of f; andga.
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Figure 3: Parameterizatiorof an incidentlight eld on a hemi-
sphere. fp andf, rangefrom 0 to 2p. gp and g, rangefrom O
to p=2 with 0 beingthe direction perpendiculato the planecon-
tainingf .

Let Wbe the 4D spaceof all possibleincidentdirectionson all
pointsof ahemisphere:
W=[0;2p] [0;p=2] [0;2p] [O;p=2]:
Within this spaceél\, we cande ne avariableQ as:
Q= (fp:ap:faiGa):

Using this parameterizationa 4D incidentlight eld L
canbeexpresseds:

incident

I‘incident = Lincident(fp; Gp; faiGa) = I‘incident(Q):

As introducedby Debevec et al. [2000], the re ectance eld R
is an 8D function. It determineghe light transferbetweenlight
enteringa boundingvolume at a direction and position Q
andleaving at Qg1

R= R(Qinciden;Qadtart):
We restrictthere ectance eld to a positionon the view plane,
sotheradiantlight eld isthe2D functionL _;....(Xy), with xand
y parameterizingheimageplane(Figure4).
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Figure4: A 6D slice of there ectance eld determiningthe light

transferfrom Q, 4o toWards(x;y) ontheimageplane.

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

R=R(fp;gp:faidaiXy) = R(Qyciderts ¥ ¥):

The re ectance eld R(Qj,cigers X:Y) determineshow aninci-
dentlight eld L; .qen:i(Q) is transferedhroughthe volume. We

canexpressthetotal valueof L (x;y) by therelighting equa-

tion asfollows:

exitant

Zz
Lexitant(X; y) - WR(Q; X y)Lincident(Q)dn(Q); (1)

with mQ) ameasurén space.

4 Acquiring and using the 6D re ectance
eld

In this sectionwe will develop a mathematicaframework to ex-
pressalight eld asalinearcombinatiorof basisfunctions.There-
lighting equatiorcanbeapproximatedisingthis basig(sectiord.1).
In sectiond.2,we developa setupto illuminate andcapturethe ob-
jectwith thelight eld basis.Usingthis datawe areableto relight
the objectwith anincidentlight eld in sectiord.3.

4.1 Mathematical framework

We createa setof N disjunctpartitionsW, of W. The unionof all
thesepartitions\W cover Wcompletely:

\
V\/j=(l) if 16 };8i;j2f1:5Ng (2)

We de ne a setof N basisfunctionsusing thesepartitions\W.
EachbasisfunctionB, is setto bethe constantaluel ontheinter-
val of W andO outsideW:

8
<1 if Q2W

Bi(Q) = . _ 3)
-0 if QZW.

With theseN basisfunctions,we canapproximatehelight eld
L incigent(Q) asalinearcombination:

N
Lincident(Q) é. IiBi(Q):
i=1

Substitutingin equationl delivers:

Z
I‘exitant(X;y): WR(Q;X;Y)Lincident(Q)dn(Q)
|
z N ’
RQxY) 4 !B(Q dmQ)
w i=1
N Z
ali R(QxY)B,(QdmQ)
=1 W
N Z
ali  R@QxydmQ);
=1 W
or
N
Lexitand®Y) A [Ri(xY); 4)
i=1
where
z
Ri(xy) = WR(Q;x;y)dn(Q): (5)
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Figure5: Thispictureshavs oursetupfor measuringhere ectance
eld of anobject(outlinedin blue). The projector(outlinedin red),
moveson a circular pathover the object. The objectitself is posi-
tionedon a turntable,to which the cameras attachedoutlinedin
green).

4.2 Data acquisition

In orderto relight an objectwith an arbitrary incidentlight eld
expressedn termsof our basisde ned in equation3, we needto
recordall the termsof R; (Equation5). EachR; is the transferof

anincidentlight eld with radiancel W=m?sr in the partition W.
We canobtainthe valuefor R;(x;y) by taking a photograptof the
objectwith the correctillumination B;.

We useanLCD projectorasa light sourcemountedon a move-
ablegantry andatthesametime, theobjectis placedonaturntable.
Thegantryis ableto move the projectorfrom 0 to 90 degrees and
theturntableis ableto rotatethefull 360 degrees(Figure5). Since
thepositionof thecameras x edrelativetotheobject,it is attached
to theturntableaswell. Thecombinatiorof bothmovementsallows
usto placethe projectorin ary positionon the hemisphereelative
to the object,therebyacquiringa samplingof (f p; gp) positions.

In eachof the positions,the projectoremits a seriesof white
squaregpatternof constantntensityover somepartof its projecting
angle.Eachbundlethusprojectedaccountgor asingleillumination
of the objectdueto B;, and effectively coversthe entire (f 4; ga)
range relevantfor our object. Figure6 givesa schematiovervien
of theacquisition.

The gantry moves the projectorto eachposition on the hemi-
sphereaimedat its center andthe angularrangeof the projector
is usedto emit a pyramid of light. Not all directionsfor a projec-
tor positioncanbe sampled sincethe angularrangeof a standard
video projectoris not a completehemisphere However, only the
re ectanceof the objectitself is of interest,andthatrequiresonly
a subsetf all directionsfor eachposition. We canrecordall re-
quiredinformationaslong asthe objectcanbe illuminated com-
pletely This constraingthe size of the recordableobjectshy the
angularangeof the projector

Thedigital cameraaswell asthe projectorarecalibrated using
aGretagMcBettColorChecler DC, to accounfor color shifts. The
turntableand gantry are currently operatednanually This results
in the needfor humanintervention eachtime the position of the
gantryor turntableneeddo bechangedHowever, thedataacquisi-
tion couldbe automatedy usinga motorizedturntableandgantry,
renderinghumaninterventionobsolete.

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

In our implementationthe imageshave a resolutionof 1440
960 pixels, recordedwith a CanonEOS D30 digital camera.The

projectoremitting white light over its entire angularrange. This
would be similar to dataacquisitionby the Light Stage.Our tech-
niguehasthe projectoremit variousbasislight elds, resultingin a
partially illuminatedobject.

numberof basislight elds B; will directlyrelateto thelevel of de-
tail in therelit image(i.e. the samplingdensityof theincidentlight
eld). Using more projectorpositionsand more patternsrequires
morebasisimagesand,assuch,alongeracquisitiontime.

In oursetupweused32 7 projectorpositionsandfor eachposi-
tion 16 16 patternsThisenabledairly detailedrelit objectswhile
theamountof dataandtime to captureit, is still within limits. Us-
ing imageswith aresolutionof 1440 960, RLE compressiorand
anoise Iter ontheimagesthetotalamountof datais about10Gh
With Huffmancompressiorthis canfurtherbereducedo 6Gh Us-
ing aneffective speedupdescribedn sectionb, theacquisitiortime
of the basisimagescanbe reducedo 11 minutesfor eachprojec-
tor position,or 41 hoursfor the completedatacapture.We expect
this acquisitiontime could be signi cally reducedf thegantryand
turntablewould be automatedndif a digital videocamerawvereto
beused.

Areasoutsidethe bundleof light projectedon the objectshould
in theoryreceve no directlight at all. However, emitting 'black’
pixelsusingaprojectorstill resultsn someamountf emittedlight.
This hasto be correctedn therecordedmages.Therefore for ev-
ery projectorposition,an additionalimageis recordedwhile emit-
ting a completelyblack pattern. Fromthe differenceof eachbasis
imageandtheadditionalambientmage theeffectof only thewhite
squarepatterncanbe computed.



4.3 Relighting

Theobjectcanbeilluminatedwith ary incidentlight eld oncethe
basisimagesarerecordedFollowing equatiord4, we needto nd |
for eachinterval W, givenatargetincidentlight eld L By
projectingL;,cigen: N basisB;(Q) we nd:

incident*

N
Lincident(Q) é. Ii Bi(Q);
i=1

thus
Z N Z
I‘incident(Q)Bj(Q)drr(Q) 3 IiBi(Q)Bj(Q)d’T(Q)
w =1 W
z N Z
W Lincident(QdMQ) 511 W 1;B;(Q)dm(Q):
Usingequation2:
R
LW Lingident(Q)AMQ)
J WwdmQ
wherelj is the meanof theincidentlight eld L;,.ijen: OVErin-

tervaIV\/j. Sincewe usearti cial light elds, we cancomputethese
valueswith a globalillumination renderer The relit objectis then
givenby:

N
L exitant(%:Y) = _alli R;(xy):
i=

A weightedsumof the pixels(x;y) in therecordedasisimages
is createdsinceR;(x;y) representshe pixel intensity To render
a completeimage,we do this for all pixels (x;y). The weightsin
theweightedsumremainconstanfor all pixels,thuswe cancreate
aweightedsumfor the basisimages which will resultin the relit
image.

5 Data acquisition speedup

Capturingthe re ectance eld of an objectis an enormoustask.
A large amountof photographsiasto be recorded.We proposea
practicaltechnigueto reducethis numberof photographsSuppose
weneedo projectM M squarepatternstiledin agrid, for asingle
projectorposition.

Theideais basedntheassumptionhatthebundlesof light have
alimited, localin uence andthatwe canemitmorethanonesquare
patternfor eachphotograph.An imageof eachindividual square
patterncan be reconstructedfterwardsusing the photographsof
themultiple emittedsquarepatterns.

Figure7: Ontheleft, thesetof horizontalpatternds shavn, onthe
right, thesetof vertical patterns Eachsetof patternss splitupinto
3 sets,in suchaway thatthe patternsaarespacedut evenly.

We createa horizontalsetof patternsH asshowvn on the left of
gure 7. EachH is constructedn sucha way thateachindividual
squarepatterndoesnotin uence anothersquarepatternin thesame
horizontalpatternH, onceprojected.A similar set,thevertical set
of patternsV/ is createdaswell, asdepictedontheright of gure 7.
An original squarepatternB, occurstwice: oncein a horizontal
setHy andoncein averticalsetVy. By constructiorwe know that
all other squaresin the patterndo not in uence B; and that the
intersectiorof Hy andVy equalsB;.

The imageof projectingan individual squareB; canbe recon-
structedby takingfor eachpixel theminimumof thecorresponding
pixel valuesin theimagegesultingfrom projectingHy andVy. This
reconstrucedmageis an approximationof the photograptresult-
ing from emittingB;. In gure 8, anillustrationof this techniqueis
given.

Figure8: An illustrationof the useof patternson the two toy mon-
keys. Ontop, oneverticalandonehorizontalpatternareprojected
andthe resultingimagesare shavn. At the bottom, we projecta
patternwith onewhite squareandtheresultingimageis displayed.
This resultingimageat the bottomis approximatedy taking the
minimum per pixel of the two top imageswhich arethe resultof
the projectionof the horizontalandvertical patternsabove.

We assumehata squarepatternhaslocal in uence andthatthe
squarepatternsn eachhorizontalandvertical patterndo notinter-
fere with eachotheronceprojected(exceptfor the squarepattern
they share).

If theseassumptiongre not met, this techniquewill fail. For
example,if the objectwerea diffuseconcae bowl pointedtoward
the cameratherewould bealot of interre ectionin the bowl. Us-
ing the minimum on pixel valueswould not resultin the effect of
a single squarepatterndueto this indirectlight. In this case this
techniquewould fail and onewould be forcedto projecteachB;
independently We however, had no problemsusingit, sincethe
objectswe photographedhadonly limited interre ections. By in-
troducinga distancebetweerthe squaresn the setsof patternsthe
amountof allowedinterre ectioncanbe chosenIn ourimplemen-
tation,we split up the setsof patterndor eachrow or columninto 3
separatsets.Thisreducedheamountof photographérom 16 16
to3 2 16.In generawe canreducethe compleity of our data
acquisitionfrom O(M2) to O(M), with M2 being the numberof
squareso be projected.



6 Results

To illustratethe 4D light elds we usefor relighting, we usea vi-
sualisatiorasshowvn in gure 9. For thefull grid of 32 7 (f p; gp)
pointson the hemispherewe have 16 16 (f3; ga) values. Thus,
eachlittle squareshavn in the mosaicshavs the incomingillumi-
nationat a speci ¢ pointon the hemispher@andeachpixel in such
asquarecorrespondso adirection.

Figure9: The ervironmentconsistof two white light sourcedac-
ing eachother Thelight eld is capturedn the middle of thetwo
light sourcesin themiddle,our representationf theincidentlight
eld is displayed. At the bottomthe resultof relighting the two
monkeys with thislight eld is shown.

If themonkeys areshiftedto theleft in theervironment the left
light sourcewouldilluminatethemonkeys morethantheright light
source.This effectcanbe seenin gure 11a.In gure 11btheob-
jectis movedforwardin the ervironment,resultingin illumination
comingmainly from theback.In bothcaseghelight eld is shavn.

More resultson anotherobjectcanbe seenin gure 12. Here,a
toy dogis placedin the sameervironmentasthe monkeys. Differ-
entconcentrationsf light canbe seeronthesleigh,resultingfrom
moving the objectnearoneof thelight sourcesespeciallynotethe
shadav onthesleigh(rightimage).

In the previous examples the effects of spatialvariationin the
incidentillumination arevery subtle. In gure 13, moreimagina-
tive examplesaregiven. Theincidentillumination consistsof spot
lights aimedat the chesspiecesin the scene,andthusthereis a
high-frequeng spatialvariation. Therefore spatialvariationin the
dataaquisitionprocessvasraisedto 32 32. The spotlights result
in clearly visible spatialvariationin the illumination. Dueto this
high-frequeng spatialvariationin the illumination, aliasingarte-
factsarevisible. The emitted patternscan be recognizedon the
groundplate,ascanbeclearly seenin the zoom-inson theright of
gure 13.

Using our dataset, we canalsorelight the objectwith a light
map. A comparisonis madein gure 10 betweenour technique
andarelightingtechniqueusinga light maplike in [Debevecetal.

2000]. The ervironmentconsistof threeshaftsof light. With our
techniquethe shaftsareclearlynoticeable Usingonly alight map
of this ervironmentproducesthe lower relit imagein gure 10.
Theseresultshave no spatialvariationin theillumination.

Figure10: An arti cial ervironmentin which threeshaftsof light
are castonto the object. On top, we seethe monkeys relit with
our technique.The shaftsareclearly noticeableandthe colorsare
meigedcorrectly Noticealsothe complec scatteringof thelight in
the fur of the monkeys. Thelight eld is displayedin the middle.
At thebottom,theresultof relightingthe objectwith a correspond-
ing light mapof this ervironment. Using the light map, no spatial
variationin theillumination canbevisualizedin therelit image.

7 Conclusion and future work

We presentedtechniqueo capturea6D sliceof thefull re ectance

eld, enablingusto relight objectsviewedfrom a x ed pointwith
illumination varying spatiallyaswell asangularly

Realobjectscanbe memgedinto a virtual sceneusinga differen-
tial techniquesimilar to the methodproposedy [Deberec 1998].
Using our relighting technique the real objectcould be relit with
anincidentlight mapof thatvirtual ervironmentandobjectsnear
thepositionwheretherealobjectis to bemegedcanresultin local
re ection ontherealobject.

Dueto thelow resolutionof the capturede ection eld andthe
useof box patternssomealiasingeffectsarevisible in theresulting
relitimagesascanbeclearlyseerin gure 13. Thiscouldbeeasily
accommodatedby capturingthe re ectance eld at a much ner



resolution. However, this would furtherincreasethe alreadyhuge
amountof dataandacquisitiontime. To remove thealiasingeffects,
Gaussiarpatternscould be usedinsteadof box patternsresulting
in smoothelimageshut at the costof blurring outtheincidentlight
eld. In futureresearchtheuseof otherpatternssuchasGaussian
or gray codeinspiredpatternswill be investigatedto reducethese
aliasingeffectsandthe amountof datato be captured.

We restrictedour examplesto arti cial ervironmentsto relight
our objectssincereal ervironmentsaredif cult to capture.We ex-
pectthat 4D incidentlight elds capturedin a real ervironment
couldbe usedaswell with our technique We canacquirea4D in-
cidentlight eld of arealervironmentby takingphotographsvith a
sh-eye lenseof the upperhemispherén anervironmentatknown
positions.Thustaking 2D samplef the4D light eld. Thistech-
nique would be very similar to the one proposedby [Aliaga and
Carlbom2001]. After resamplingthis acquiredight eld, we can
createan imageof our objectilluminated usingthis incidentlight
eld.

Ourtechniquecapturesa 6D slice of the8D re ectance eld. If
multiple cameraviews areused,the full re ectance eld couldbe
captured.Becausef the hugeamountof data,sparsedatasetsto
representhe re ectance eld will needto be investigated,before
the8D re ectance eld canbe capturedatdecentesolutions.

8 Acknowlegdements

We would like to thankthe reviewersfor the usefulcommentsand
hints to improve the paper Marny thanksaswell to all the people
in our researctgroup, especiallyFrank Suykensfor his countless
clever suggestionsBart AdamsandKarl vom Berge for the proof-
readingandAres Lagaefor helpingwith the movie-clips. The rst
authorwas supportedoy FWO Grant#G.0354.00the secondau-
thorwassupportedy K.U.LeuvenGrantOT/01/34.

References

ADELSON, E. H., AND BERGEN, J. R. 1991. The plenopticfunction
and the elementsof early vision. In Computationalmodelsof visual
processingLandyandMovshon,Eds.,MIT press.

ALIAGA, D. G., AND CARLBOM, |. 2001. Plenopticstitching: A scalable
methodfor reconstructingD interactve walkthroughs.In SIGGRAPH
2001,ComputeiGraphicsProceedingsACM Presg ACM SIGGRAPH,
E. Fiume,Ed.,Annual ConferenceSeries SIGGRAPH,443-450.

CHEN, W.-C., BOUGUET, J.-Y., CHU, M. H., AND GRzESzCzUK, R.
2002.Light eld mapping:Ef cient representatioandhardwarerendef
ing of surfacelight elds. In SIGGRAPH2002ConfeenceProceedings
ACM Presg ACM SIGGRAPH,J.HughesEd.,AnnualConferencée-
ries,SIGGRAPH,447-456.

DEBEVEC, P, AND MALIK, J. 1997. Recwering high dynamicrange
radiancemapsfrom photographsin SIGGRAPHY7 ConfeenceGraph-
ics ProceedingsAddison Wesley, T. Whitted, Ed., Annual Conference
SeriesACM SIGGRAPH,369-378.

DEeBEVEC, P., HAWKINS, T., TCHoOuU, C., DUIKER, H.-P., SAROKIN, W.,
AND SAGAR, M. 2000.Acquiringthere ectance eld of ahumanface.
In SIGGRAPH2000,ComputeiGraphicsProceedingsAddisonWesley,
K. Akeley, Ed.,AnnualConferencé&SeriesACM SIGGRAPH,145-156.

DEBEVEC, P., WENGER, A., TcHou, C., GARDNER, A., WAESE, J.,
AND HAWKINS, T. 2002. A lighting reproductionapproachto live-
actioncompositingIn SIGGRAPH002ConfeenceProceedingsACM
Press//ZM SIGGRAPH, J. Hughes,Ed., Annual ConferenceSeries,
SIGGRAPH,547-556.

DeBEVEC, P. 1998. Renderingsyntheticobjectsinto realscenesBridging
traditionalandimage-basegraphicswith globalillumination andhigh
dynamicrangephotograply. In SIGGRAPH8 ConfeenceProceedings

AddisonWeslg/, M. Cohen Ed., Annual ConferenceseriesACM SIG-
GRAPH,189-198.ISBN 0-89791-999-8.

GORTLER, S. J., GRZESZCZUK, R., SZELISKI, R., AND COHEN, M. F.
1996. Thelumigraph.In SIGGRAPHI6, ComputerGraphicsProceed-
ings AddisonWesle/, H. RushmeierEd., Annual ConferenceSeries,
ACM SIGGRAPH43-54.

HAWKINS, T., COHEN, J., AND DEBEVEC, P. 2001. A photometricap-
proachto digitizing culturalartifacts.In In 2ndInternationalSymposium
onMrtual Reality Archaeolay, andCultural Heritage, Glyfada,Greece
November2001.

IHM, |., PARK, S., AND LEE, R. K. 1997. Renderingof sphericallight
elds. In 5th Paci ¢ Confeenceon ComputerGraphicsand Applica-
tions (Paci ¢ Graphics'97), Y. G. ShinandJ. K. Hahn, Eds., Annual
Conferenceseries|EEE ComputerSociety 59—69.

JNIMEROFF, E. S., AND DORSEY, J. 1994. Ef cient re-renderingdf nat-
urally illuminatedernvironments. In EurographicsRendering\orkshop
1994 SpringerVerlag,DarmstadtGermay, EG.

LEvoOy, M., AND HANRAHAN, P. 1996. Light eld rendering. In SIG-
GRAPH96 ConfeenceProceedings Addison Weslg/, H. Rushmeier
Ed.,AnnualConference&SeriesACM SIGGRAPH,31-42.

LIN, Z., WONG, T.-T., AND SHUM, H.-Y. 2001. Relightingwith the
re ected irradiance eld: Representatiorsamplingandreconstruction.
IEEE Computenvision and Pattern Recanition 1 (Dec.),561-567.

MASSELUS, V., DUTRE, 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 MCMILLAN, L. 2002.Image-base8D photograpl usingopacity
hulls. In SIGGRAPH2002 ConfeenceProceedingsACM Press/AM
SIGGRAPH,J. Hughes,Ed., Annual ConferenceSeries,SIGGRAPH,
427-437.

MATUSIK, W., PFISTER, H., ZIEGLER, R., NGAN, A., AND MCMILLAN,
L. 2002.Acquisitionandrenderingof transparanandrefractive objects.
In RenderinglechniquesEG 2002 AnnualConferenceSeriesEG,267—
277.

MELISSA L KOUDELKA, PETER N BELHUMEUR, S. M., AND KRIEG-
MAN, D. J. 2001.Image-basechodelingandrenderingof surfaceswith
arbitrarybrdfs.In ComputeMsionandPatternRecgnition( CVPR'01),
ComputerGraphicsProceedingsAnnual ConferenceSeries.

WONG, T.-T., HENG, P.-A., OR, S.-H., AND NG, W.-Y. 1997. Image-
basedrenderingwith controllableillumination. In EurographicsRen-
dering\Workshop1997 SpringerWien, J. Dorsg/ andP. Slusallek Eds.,
Eurographics13-22.

WONG, T.-T., HENG, P.-A., AND Fu, C.-W. 2001. Interactie relighting
of panoramasIEEE ComputerGraphicsand Applications21, 2 (Mar./
Apr.), 32-41.

Woob, D. N., AzuMA, D. |., ALDINGER, K., CURLESS, B., DUCHAMP,
T., SALESIN, D. H., AND STUETZLE, W. 2000. Surfacelight elds for
3D photograpk. In SIGGRAPH000,ComputerGraphicsProceedings
ACM Press/ ACM SIGGRAPH,K. Akeley, Ed., Annual Conference
Series SIGGRAPH,287-296.



Figure11: Two toy monkeys relit in anenvironmentwith two light sourcefrom gure 9. In image(a), the monkeys are shiftedleftwards
relative to theincidentlight eld, sothebrown monkey is brighter sinceit is closerto a light source.In image(b), the monkeys areshifted
forwardrelative to theincidentlight eld, sotheilluminationcomesmainly from the back.

Figure12: A toy dogon awoodensleighrelit with the sameervironmentusedto relight the objectsin gure 9. In image(a), the sleighis
shiftedleftwardsrelative to theincidentlight eld, in (b) the objectis in themiddleandin (c), it is shiftedto theright.

Figurel3: A con gurationof chesgiecegelit with ouralgorithm.For thisexample32 32 patternavereusedto captureheangulaariance
in there ectance eld. Ontheleft we seetheresultof a setof spotlights con guredin acircle. In themiddle,only two spotlights areused,
aimedatthetwo groupsof chesgieces.Thetwo zoom-inson theright shav aliasingartefcts.



