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Abstract

In this paperwe presenta new relightingtechniquethat, for a singleviewpoint,accuiately captuesthereflectance
field of real and virtual objects,withoutrestrictionson their geometricalcompleity or material properties.As
a resultthe objectscan be relit under arbitrary lighting conditions.To captue the reflectancefield, we take
photagraphsof an objectlit by several lighting patternson a surroundingdiscretizedhemicubeTheillumination
of each pixel dueto emittedradiancefrom ead discrete patch on the hemicubes approximatedby a reflection
coeficientand a rectangularsupportwhich are foundthroughan optimizationprocedue. Thediscretizationof
the hemicubeensues suficientangular samplingto captue diffusematerial properties.The useof a sub-patt
supportaccommodatesmallsolid anglesofincominglight importantfor speculamaterials.To relighttheobject,
the target illumination, a high-dynamiaange ervironmentmap, is averaged over the supportand multiplied by
the reflectioncoeficient, per pixel and per discrete patch on the hemicube The resultsobtainedshowaccumate
relighting of diffuse glossyand specularobjects.

CatagyoriesandSubjectDescriptorgaccordingo ACM CCS) 1.3.7 [ComputerGraphics]:Threedimensionagraph-

icsandrealisml.4.1 [ImageProcessingndComputetVision]: Digitization andlmageCapture

1. Intr oduction

Image-basedelightingrepresents: classof techniqueghat
apply new lighting conditionsto a scenegiven a setof ba-
sisimages Possibleapplicationsangefrom lighting design
to augmentedeality. Lighting designcanbe a tedioustask,
sincemoving objectsandlight sourcess notalwaysfeasible.
Objectscanbeveryfragile (e.g.archaeologicadrtifacts) the
illumination is not controllable(e.g.the sunthrougha sky-
window) or anobjectis too massve to move around(e.g.a
statue) Augmentedeality applicationsareconstantlyevolv-
ing and pushingthe limits of widely acceptedechniques.
Placingreal objectsin virtual ervironmentsinfluencesthe
appearancef the objects.It is not always possibleto ap-
proximatethe desiredillumination at the momentan object
is capturede.g.speciakeffectsin moviesor computelgames
which combinerealandvirtual environments) Relightingis
animportantpartof computergraphicsapplicableto alarge
rangeof application.

In this paperwe develop a relightingtechniquethatcom-
binesstrengthsrom several techniquesthe Light Stagé °
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andenvironmentmatting- 14, into a singleframevork. This
allows us to capturecomplex geometricalobjectswithout
placingrestrictionson materialproperties.

To capturethereflectancdield ahemicubearoundthe ob-
jectis discretizedn severallight patchesEachpatchemits
aseriesof illumination patternsandfor eachpatterna high-
dynamicrangephotograph is recorded.Currently we use
a calibratedCRT monitor per hemicubesideto emit the il-
lumination patterns(figure 1). For ead pixel andfor eact
light patch thereceved pixel radiancds thenapproximated
by a reflection coeficient and a supportareaon the light
patch.This supportareaapproximateshe areaon the light
patchthatis importantfor the pixel underconsiderationA
leastsquareminimization procedureon the pixel radiance
over differentillumination patternss usedto determinethe
bestapproximatiorfor thesupport.To relightthescenewith
anarbitraryhigh-dynamiaangelight map,the averageillu-
mination emittedover the supportareaby the light mapis
computedandmultiplied by thereflectanceoeficient. This
is repeatedor eachpixel andeachlight patch.The results
shav thatthetechniquds ableto accuratelyelight complex
geometrywith diffuse, glossyor speculammaterialproper
ties.
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Thepaperis structuredasfollows: In the next sectionwe
discussprevious work. In section3, a generalovervien of
the techniqueis given, andis presentecdhs a threestepal-
gorithmin sections4, 5 and 6. The accuray is verified in
section7 andtherelationwith the Light Stageandenviron-
mentmattingis further exploredin section8. Someresults
obtainedwith ourrelightingtechniquearefoundin sectiord.
Finally directionsfor future work anda conclusionis given
in section10.

2. Previous Work

In this sectionwe give anoverview of work relatedto image
basedelighting.

A first classof techniquesequiresor reconstructs ge-
ometricalmodel of the scene.Loscoset al 89 reconstruct
a simplified geometricalmodel, approximatethe illumina-
tion and calculate unoccludedillumination textures with
an adaptedadiosity algorithm. Relightingis performedby
modifying light intensities.Yu etal 12 13 focusmainly onre-
covering the reflectancepropertiesof materialsby usingan
iterative optimizationprocedurdo find parameterso repre-
sentthereflectance@ropertieof surfacesThescenewith the
recoveredmaterialpropertiess re-renderedisingaglobalil-
luminationrenderingsystem Reconstructiorof geometryis
adwantageousvhenvisualizationfrom multiple viewpoints
is desiredput is adisadwantagevhena sceneconsistout of
geometricatomplex objects.

Another class of techniquescircumwents the need for
comple geometricalmodelsby directly manipulatingim-
ages.Nimeroff et all0 introducedthe conceptof linearly
weightingandcombiningbasismagesof asceneThelight-
ing conditionin thesebasisimagesarechoserin suchaway
thatary desirednovel lighting conditioncanbe constructed
by linearly combining and weighting thesebasisimages.
Wong et al.l! basedtheir relighting methodon light field
rendering 6. By samplingthe sceneunderdifferent view-
pointsandillumination anapparenBRDF for eachsurface
pixel is found.Lin etal.” definea reflectedirradiancefield,
the dual of alight field, andderive uppersamplingbounds
for eachBRDFto reproducat truthfully.

The Light Stagé > usesbasisimagesof a scenelit by
lights regularly spacedon a spheresurroundingthe scene.
A light mapis appliedby linearly combiningthesebasisim-
agedinto a singleresultingimage.

Environmentmatting,originally introducedoy Zongler et
al.1* andextendedby Chuangetal.l, capturethereflectance
propertiesof specularand refractve materialsby lighting
themwith differentillumination patternsThe directionand
solid angleimportantfor the illumination of a pixel canbe
derived from this informationin the form of areflectionco-
efficientanda supporton the backor side-drops.

Our techniquecombinesthe strengthand featuresof the
Light Stageandof ervironmentmatting.Similarto theLight

Stagancominglight directionsaresufiiciently discretizedo
approximatethe reflectancepropertiesof diffuse materials,
whereastheuseof illumination patternssimilar to environ-
mentmatting, makes it possibleto find small solid angles
importantto approximatespeculareflectanceroperties.

3. Overview of the method

Thegoalof ourrelightingmethods to applyanew light map

(in the form of an ervironmentmap)to an existing scene,
photographedrom afixedviewpoint. To dothis, we needto

know, for eachdirectionin thelight map,howv muchit con-

tributesto the radianceseenthrougha pixel. To find these
contrikutions, the scenecanbe lit by light sourcedocated
aroundtheobjectonaboundingvolumeandthecontribution

to theillumination througha pixel canbe recordedWe can

now formulatethe goal of our relighting method:for each
pixel, the goalis to computethe weight(contritution to the

total radianceseenthroughthe pixel) of eachpoint on the

boundingvolumefor an existing scene With this it is pos-

sible to relight theimageusingary ervironmentmap. The

boundingvolumeis discretizedn a numberof light patches
thatcanbelit independenthpf otherlight patches.

Considerfor amomenthatonly directillumination emit-
ted from a patchcontrikutesto the radianceseenthrougha
pixel. If the reflectionto the eye is accordingto a diffuse
BRDF, thenall directionin the patchwill be equally sig-
nificant.If on the otherhandthe reflectionto the eye is ac-
cordingto a speculaBRDF, thenonly a few directionsare
significant(locatedaroundthe perfectreflecteddirection).
The setpointson the light patchthat are significantfor the
contrikution to the pixel radianceare called the supportof
thatlight patch.

In this paperwe modelthereflectancdor eachpixel and
eachlight patchby a reflection coeficient and a support.
The refectioncoeficient representshe global influenceof
thelight patchto the obsenred pixel radiancewhereasthe
supportrepresentshe subsebf importantdirectionswithin
alight patch.This canbewritten as:

I(p) = ZRP*X < Spk, Lk >

The intensity | in pixel p equalsthe sumover all light
patchesk of thereflectioncoeficient Ry x multiplied by the
averageof theincomingradiancely over thesupportS, .

To relighta pixel, theillumination valuesin thelight map
needto beaveragedver thesupport We cangeneralizehis
averagingasafilter operationWe call thisfiltering the’eval-
uation’ of the supportWe usedaboxfilter in thetext above,
butin principleary filter canbeused.

We will now develop a methodto capture,computeand
usethesesetsof reflectioncoeficients and supportsto re-
light eachpixel. Firsta numberof basisimagesarerecorded
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(sectiond). Fromthis gatherednputdatathereflectioncoef-
ficientsandsupportsareextractedusinga leastsquaremin-
imization algorithm(section5) andstoredfor relighting af-
terwards.Thisrelighting(section6) canbedoneanarbitrary
numberof timeswith differentlight mapsandrequiresmin-
imal processingime.

4. Basislmagerecording
4.1. General overview

We measurehe reflectancdields asfollows: a hemicubes
assumedaroundthe object for which the reflectancefield

will be captured.Eachside of the hemicubeis subdvided
in aregular grid of connectingight patchesFrom eachof
theselight patchesa seriesof illumination patternsareemit-
ted(while emittingno radiancérom otherlight patchesand
a high-dynamicrangephotograph is recordedlf n illumi-

nation patternsare emittedfrom eachlight patchandthere
arem light patcheghenatotal of n x m high-dynamiaange
photographsvill berecorded.

4.2. Practical setup

In our experimentswve useda CRT monitorfor eachsideof
thehemicubefigure 1).

Figure 1: A CRT monitor is usedfor ead side of the
hemicube A 4 x 4 grid of light patthesemitsa seriesof
illumination patterns.For ead light patdc a reflectionco-
efficientand supportare computedOur currentsetuplimits
monitor placemento 4 sides,excludingthe sidewhee the
camean is located.

TheCRT monitorneedgo beradiancecalibratedpecause
the mappingbetweerpixel valuesandemittedradiances a
non-linearfunctionfor mostCRT monitors.To calibratethe
CRT monitor, a high-dynamicrangephotograplis recorded
of the CRT monitor displayinga calibrationpattern.All our
illumination patternsare transformedusing the non-linear
mappingbetweerradianceandpixel values.

In our experimentsve usea 4 x 4 grid on eachhemicube
side. This choiceis motivated by the fact that it produces
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Figure 2: Theillumination patternsusedto recod thebasis
images. The solid white patternis displayedin the center
while inversepatternsare displayedon oppositesides.

good results for a reasonableamount of recordedpho-
tographs.Due to practical limitations the side facing the
cameravasomitted.

4.3. lllumination Patterns

For eachlight patch a reflection coeficient and support
needgo be calculatedfor a pixel. Theillumination patterns
needto provide enoughinformationto extractthis data.

The choiceof whichillumination patternddepend®n the
choiceof the specificfilter usedandontherepresentatioof
thesupportsin this paperuseanaxis-alignedsupportanda
boxfilter.

It is possibleto calculatethe reflectioncoeficient using
justoneillumination pattern Thereflectioncoeficientis de-
finedin section3 asthe globalinfluenceof a light patchto
the pixel radiance By emitting a solid white patternthere-
flection coeficient can be directly computedfrom the ob-
senedpixel radiance.

Thereare mary kinds of illumination patternsthat can
be usedto computea support.In environmentmattingwere
threedifferentkinds of illumination patternsused:horizon-
tal andverticalstripes(combinedwith aboxfilter), Gaussian
bandssweepingoverthescreerat0, 45,90 and135degrees
(combinedwith a elliptical Gaussiarfilter) anda singlecol-
oredgradient(restrictecto colorlessmaterials).

We useda variation on gradients,and use 4 quadratic
(gray-scalepradientorientedat45+ (n x 90) degreeswith
n=[0..3] (figure2).

Sincedark regionsin a high-dynamicrangephotograph
areproneto noise,we alsoused4 inversepatternspecause
theinversepatternsarebright wherethenormalpatternsare
darkandvice versa.This way we aresurethatthe effectsof
noiseareminimized.
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A detailedanalysisof thechoiceof supportds beyondthe
scopeof this paper

5. Calculation of the reflectioncoefficientsand supports

Oncethe basisimagesare recorded the reflectancecoefi-

cientandits supportis found for eachpixel andfor each
light patchthroughan optimizationprocedureA pixel con-
sistsout of a numberof channels(e.g. RGB) andtwo ap-
proachesare possible.The first possibility is to treateach
channelindependentlyand calculatea supportand reflec-
tion coeficient for eachchannel. The secondpossibility is

to usethesamesupportfor eachchanneblndtreatthereflec-
tion coeficient asa vectorof reflectioncoeficientsfor each
channelWe usedthelatterapproach.

As said,the reflectioncoeficient canbe directly derived
from the basisimagelit with the solid white pattern.The
evaluationof ary supportoverasolidwhiteillumination pat-
ternequalsa constanfactor The obsened pixel valuelit by
the solid white illumination patternequalsthe reflectionco-
efficient multiplied by the constanfactor

To find the supportwithin alight patch,aleastsquareop-
timizationis used We usea steepestlecenboptimizational-
gorithm(algorithm1).

Al gorithm 1:

1) Select an initial support
2) Calculate the | east-squared error
3) while not mninized
a) Test all expansion possibilities
of the support
b) Cal cul ate | east-squared
errors and select mninmumerror
c) if mninumerror < error then
updat e support
else mnimzed = true

Therearea numberof possiblenitial supportsin ourim-
plementatiorwe usethe following: if the reflectioncoefi-
cient of the previous pixel is almostequalasthe reflection
coeficient of the currentpixel thentheinitial supportis set
equalto thesupportof thepreviouspixel. If thereflectionco-
efficientsdiffer too muchthentheinitial supportis setequal
to theentirelight patch.Theideais thatif thereflectionco-
efficientsarealmostequalthenit is likely thatthe material
propertiesof thesepixels arealmostthe sameandthushave
asimularbehaior with respecto supports.

To computethe leastsquareerror in eachoptimization
step,atrial supportis evaluatedfor eachillumination pat-
ternandscaledby theknown reflectioncoeficient. Thecom-
putedvaluewill differ from the obsered pixel valuein the
basisimagelit by the sameillumination pattern.This error

B
Figure 3: Thereflectioncoeficientsandsupportsof 4 differ-

entpixels.Thesizeof ead squae representshesupportand

theintensitythereflectioncoeficient(a non-linearmapping
wasappliedto theintensities) TheupsidedownT represents
theunfoldedhemicubgtop; left, bad, right).

is squaredcandsummedfor the trail supportover all illumi-
nationpatterns.

SquaredError(S) = z(RpX <Pj,S> —I(p, Pj))2
]

The summedsquarecerror is calculatedover theillumi-
nationpatternsP; for atrial supportS scaledoy areflection
coeficient Rp. I(p,P;j) denotesthe obsered pixel p lit by
theillumination patternP.

Theuseof aboxfilter andanaxis-alignedsupportmakes
it possibleto usesummedareatablesontheillumination pat-
ternswhich significantlyspeedup calculationof thesquared
error.

In figure3 thereflectioncoeficientsandsupportareplot-
tedfor a numberof differentpixels. The sizeof the squares
representthesizeof the differentsupportsandtheintensity
representthe magnitudeof thereflectioncoeficients.Pixel
A representsa specularsurface. The bright white support
is aroundthe prefectreflecteddirection. The othersupports
visible for this pixel are lessthen 0.5 percentin intensity
andaredueto noisein the recordedbasisimages.Pixel B
representatransparensurface.Onecanclearly seethetwo
distinctsetsof supportsepresentinghe influencefrom the
reflection(left) andrefraction(right). Pixel C representa
diffusesurface All supportsaarealmostmaximalin size.The
reasorthattherearealmostno supportsvisible for theback-
sideis dueto occlusionby the mask.Finally, pixel D repre-
sentsa diffuse surfaceat the baseof the glasssphereThe
readercanclearly seethe effectsof direct (upperhemicube
side)andindirectillumination (right hemicubeside)dueto
refractionthroughthe glassspheren thedifferentsupports.

(© TheEurographic#ssociation2002.
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6. Relighting

Oncethe reflectioncoeficientsand supportsare calculated
for eachpixel andeachlight patchit is easyto apply a new

light mapto thesceneTo relightthesceneausinganarbitrary
high-dynamicrangeernvironmentmap,the supportis evalu-

atedover the new illumination and scaledby the reflection
coeficient, for eachlight patchandfor eachpixel. There-

sultsfrom the differentsupportsaresummedor eachpixel,

resultingin thetotal obseredradianceor thatpixel. In case
aboxfilter wasusedover thedifferentsupportsa significant
speedupcan be obtainedby using summedareatablesfor

thelight-map,becausehe supportdiffer for eachpixel and

thusfor eachpixel, theillumination patternhasto be evalu-

atedover the support.

7. Verification

Differentdegreesof accurag arepossiblewith theproposed
technique.The discretizationrate of the hemicubeandthe
numberof illumination patternddirectly influencethe accu-
ragy. In this sectionwe verify the accurag. We usean arti-
ficial scenecontaining4 sphereseachwith differentmate-
rial propertiesplacedon a diffusesurface(figure 4) andlit
by a light map placedat the righthandside of the scene A
referencémageof this scenevasrenderedisingaglobalil-
luminationrendere((figure4, left picture). Thebasisimages
lit with the illumination patternswere also renderedusing
the sameglobalillumination rendererThereflectioncoefi-
cientsand supportswere calculatedwith our methodusing
thesebasisimagesFinally the samdight mapthatwasused
in thereferencamagewasusedin therelighting stepof our
technique(figure 4, right image).No differenceis visually
noticeablesoft shadavs arereproducedaccuratelyfigure 4
zoom-insonthelefthandside)andglossy/speculaeflection
arereproducedvithout visual difference(figure 4 zoom-ins
on the righthandside). The averagerelative error over all
pixel confirmsthevisualverificationandwaslessthanl per
cent.Theverificationshowvs that our methodcanaccurately
relight diffuse,glossyandspeculamaterials.Soft shadavs
arealsoreproducedaithfully.

8. Discussion

In this sectionwe discusgheimplicationsof our developed
method.Onecanseethatthe proposedechniquds a super
setof methodslike the Light Stageand ervironmentmat-
ting. The discretizationof the incominglight directionsdi-
rectly mapsto theregularsamplingon a spheresurrounding
the sceneby the Light Stage The Light Stageis goodin re-
producingdiffuse materialpropertiesbut fails for specular
materialsbecausehe coarseangularsamplingis not suffi-
cientto capturethehighfrequeny spikesof speculareflec-
tion functions.lllumination patternso determinea support
arealsousedin ervironmentmatting. This methodis very
goodin reproducingspeculaandtransparenmaterialprop-
erties,becauset is ableto find a single small solid angle
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importantfor the reflectionfunction of speculammaterials.
Environmentmattinghowever fails for diffusematerialsbe-
causethe supportwould cover the entire hemisphereanda
singlereflectioncoeficient (combinedwith a simplefilter)
is unableto approximatehe reflectionfunction suficiently.

A straightforvard combinationof the Light Stageanden-
vironmentmatting (proposedby Debevec et al.2), wherea
two stepdataacquisitionstagefirst preformsa stepsimular
to the Light Stageandthenasa secondsteppreformsanen-
vironmentmattingstep,would only beableto correctlyhan-
dle diffuse and speculamaterials.Glossy materialswould
still be difficult to capturebecauseheir angularfrequeny
couldbetoo smallfor the Light Stagebut still be too large
for ervironmentmattingto represenit by asinglereflection
coeficient and a support(and a simplefilter). Using more
comple filters (e.g.orientedGaussiaffilters asproposedy
Chuanget al.l) would minimize this problem,but not com-
pletely solve it. Certainmaterialsare almostimpossibleto
represenby asinglereflectioncoeficient andafilter.

The proposedmethod differs from the straightforvard
combinationduefactthatfor eachdiscretepartof incoming
light directionsa supportandareflectioncoeficientarecal-
culated Glossymaterialscanstill beapproximatedvith sim-
plefilters andwith sufiicientaccurag becausehey still can
spanseveral supportsand reflectioncoeficients, but arent
boundby the discretizatiorrateof the incominglight direc-
tions. Using more comple filters (e.g. elliptical Gaussian
filters) would allow even more accurateapproximationsat
the costof extra illumination patterns.The fact that every-
thing is on a perpixel-basisandthat a different supportis
possibleper discretesetof incominglight directionsmakes
it possibleo useamuchcoarsesubdvision of theincoming
light directions.

The proposednethodcombineghestrengthof the Light
Stageandernvironmentmattingin anunifiedframewnork. The
resultsin section9 shav thatthe methodis indeedable to
captureawiderangeof materialssvenwith alimited number
of photographs.

9. Results

In this sectiontwo results(figure 5 and figure 6) are dis-
cussedBothimagesshav awoodentoy carplacedon a dif-
fusesurface.

Figure5 is relit usingalight maprecordednsidethe Uf-
fizi Galleria, wheremostof the light comesfrom directly
above. The zoom-in on the bumper shavs the elongated
glossyhighlight causedy theleft to right orientationof the
illumination in the light map. The zoom-inon the back of
thetoy carclearly shaw therelatively hardshadevs caused
by theillumination from above.

Figure6 is relit usingan artificial light map,whereeach
sideof thehemicubeemitsa differentcolor. Onecanclearly
distinguishthe four sidesof the hemicubein the reflection
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Figure 4: A comparisorof a rendeed (left) andrelit image (right). Bothusethe samdight mapplacedat the righthandsideof

thescene

in theglossybumperandthe zoom-inon the backof the car
shavs almostno shadav becausehe radianceemittedfrom
eachsideof thelight mapis approximatelyjthe same.

To capturethe basisimagesfor thesescenesve useda
19” liyama CRT monitor We moved this monitor around
for eachside of the hemicube By usingonly one monitor
we avoid subtledifferencedbetweerdifferentmonitors.The
photographsvererecordedisinga CanonEOSD30camera.
We automatedhe processof capturingand, as mentioned
before,only the monitorhadto moved around.The record-
ing time wasabout10 hours(of which atleast6 hourswere
dueto overheadof the slow speedof the camera) Record-
ing could be spedup by using a digital video cameraand
usingdifferentF-stopfilters to acquirehigh-dynamicrange
images.

The processingook 20 hourson an Athlon 1.2Ghzsys-
temwith 512me ram.This comesdown to approximatelyl
pixel persecondper200Mhzof cpupower. Sinceeachpixel
canbe processedndependentlyit is possibleto subdvide
the processingime amongdifferentcomputersvithoutloss
in performance.

Therelightingcanbedonein lessthanaminuteandcould
bedonein real-timeif all reflectioncoeficientsandsupports
would fit in themainmemory(16 x 4 x NrPixels supports).

Whenhigh-dynamiaangeenvironmentmapsareof much
largerdynamicrangethantherangeof themonitor, visualar-
tifactsappearNeighboringpixels canhave relatively differ-
entreflectioncoeficientsdueto noisein the recordedhigh-
dynamicrangephotographsgombinethis with large inten-
sitiesfrom the ervironmentmapfor a certainsupport,and
largedifferencedecomevisible for neighboringpixels.This

problemcouldbereducedyy applyingnoisereductiorfilters
aspreprocessingn eachrecordedasisimage.

10. Conclusions

In this papemwe developedanen andpracticaltechniquefor
capturingthe reflectancefield of objectsfor a fixed view-
point, but without placingrestrictionson materialproperties
or geometricakompleity. The methodscalesvery well in
termsof accurag versushumberof basismagesHigherac-
curagy canbeobtainedoby usingmorecomple filters and/or
a finer discretization.The practicalimplementationcan be
donewith off the shelfmaterials Diffuse,glossyandspecu-
lar materialsarereproducedaithfully, asaremorecomple
illumination effects(suchascaustics).

A whole new rangeof applicationsis possible:the digi-
tal captureanddisplay of objectswith a mix of diffuseand
specularappearancée.g. jewelry or sensitve archaeologi-
cal objects) augmentedeality applications(interactve) re-
lighting of fully virtual scenes,..

Futureresearchwill focuson fasterand easiercapturing
of the reflectancdield, the useof other projectiondevices
suchasVR-cavesthat canaccommodatéarger objects,re-
ducing the numbernecessanphotographsoy using better
patterns(e.qg. orientedbox filters), and better optimization
procedures.

More results in color can be found at the dedi-
cated web page: http://www.cs.kuleuen.ac.betgraphics/
CGRG.PUBLICATIONS/ARTO/
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Figure5: A woodentoy car placedon a diffusesurface relit with a light maprecodedin the Uffizi Galleria.
Notethe glossyhighlightandthe softshadows.

Figure 6: A woodentoy car placedon a diffusesurface relit with an artifical light map.
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