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Abstract

WepresenttheFree-formLight Stage,asystemthatcapturesthereflectancefield of anobject
usinga free-moving, hand-heldlight source.By photographingthe objectunderdifferent illu-
minationconditions,we areableto rendertheobjectunderany lighting condition,usinga linear
combinationof basisimages.Duringthedataacquisition,thelight sourceis movedfreelyaround
theobjectandhence,for eachpicture,the illuminant directionis unknown. This directionis es-
timatedautomaticallyfrom theimages.Althoughthereflectancefield is samplednon-uniformly,
appropriateweightingcoefficientsarecalculated.Usingthissystem,weareableto relightobjects
in aconvincing andrealisticway.

1 Introduction

Relightingof objectsor sceneshasbecomeanimportantresearchtopic over recentyears.Applica-
tions rangefrom real-timeglobal illumination andlighting designto mixed reality wherereal and
virtual objectsarecombinedwith consistentillumination.

In thisreport,wepresenttheFree-formLight Stage,asystemthatcapturesthereflectancefield of
anobjectusingafree-moving,hand-heldlight source.Thereflectancefield of anobjectis theexitant
radiantlight field of thatobjectunderany incidentlight field. Themainideain ourobjectrelighting
techniqueis to createa linear combinationof basisimages.Eachbasisimageis a photographof
theobject,from a fixedviewpoint,with thelight sourcepositionedfreely over theobject.Thelight
sourcedirectionis extractedfrom eachphotographandusedtogetherwith an incidentlight field to
calculatethe scalarsin the linear combination. To recordthe photographs,a very simplesystem
setupis used.We usea digital camera,a hand-heldlight source,four whitediffusespheresthatwill
beusedfor light sourceextraction,andtheobjectto berelit.

The structureof this report is as follows: In section2, we overview somerelatedwork and
positionour techniquein thebroadfield of relighting.We continuewith anoverview of themethod
in section3. In section4, thesetupof thecamera,positioningof theobjectandthediffusespheresis
surveyed. We overview thecalibrationof cameraandlight sourceaswell, andthedataacquisition
processis consideredin moredetail.

For eachphotographin the acquiredset,we estimatethe light sourcedirection by analyzing
the shadingpatternof the diffusespheres,visible in the photographs.Our light sourcedirection
estimationtechniqueis explainedin section5.

The weightsfor the linear combinationof basisimages,aredeterminedbasedon light source
directionsandthe light map. By resamplingthe light mapusingthe found light sourcedirections,
theobjectcanberelit. In section6, this resamplingis elaborated.
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2 Related Work

Relightingis not anew topic in computergraphicsandconsiderableresearchhasalreadybeendone
in thisfield. Theexistingtechniquescanroughlybedividedinto two categories:geometrydependent
relightingtechniquesandimage-basedrelighting(IBR).

The geometrydependenttechniquesrequirea modelof the object. This canbe given or, us-
ing image-basedmodelingtechniques,a geometricapproximationof the object canbe obtained.
Usually, geometrydependentmethodsderivesurfacepropertiesof theobject,representedby abidi-
rectionalreflectancedistribution function(BRDF).With a geometricmodelandBRDFsit becomes
possibleto renderthescenefrom new view pointswith novel lighting conditionsby applyingglobal
illumination algorithms.

Loscoset al.[9] usean approachbasedon the radiosityalgorithm. From a setof photographs
from a fixedview point, takenwith differentillumination settings,thediffusealbedofor eachpatch
in the sceneis estimated.Yu et al.[17] usea large setof photographstaken from differentview
pointswith unchangedillumination to estimatetheBRDFsof all surfaces.TheWardmodel[14] is
usedasBRDF modelsonon-diffusematerialpropertiescanbe extracted.Boivin et al.[1] useone
picture to estimatethe BRDFs. For all patches,the BRDF is approximatedwith an incremental
andhierarchicaltechnique.Malzbenderet al.[10] extractPolynomialTextureMapsor PTMsfrom
a surfaceinsteadof BRDFs. Pertexel, coefficientsof a polynomialarestored. Theseareusedto
reconstructthe surfacecolor undervarying lighting conditions. Still, a coarsegeometricmodel is
neededto applythesePTMsfor rendering.

A secondcategory of relighting algorithmsare the image-basedrelighting (IBR) techniques,
which requireno geometryat all. Wong et al.[16] introducedthe conceptof an apparentBRDF.
Basedonasetof picturestheBRDFof apixel on theimageplaneis assembled.This techniquewas
furtherimprovedto relightpanoramas[15]. Lin et al.[8] researchedthedualof theLumigraph[5], in
which thecamerais fixedandapoint light sourceis moved.Picturesaretakenof anobjectwhile the
light sourceis mechanicallypositionedatcoplanargrid points.After resamplingthedata,theobject
canberelit. A geometric-independentboundon thegrid resolutionof thelight sourceplacementis
derivedaswell. Thisboundis relatedto BRDFof theobject.Nimeroff etal.[11] usedatechniqueof
combiningimagesto relightascene.Dueto thelinearityof illumination,objectsarerelit by creating
a weightedsumof basisimages.The weightsarecalculatedusingsteeringfunctions. Debevecet
al.[3] describesaLight Stagein whichanobjectcanbeplaced.Thisdevicepositionsthelight source
at fixedpositionsusinga gantry, while a cameratakespicturesfrom afixedview point. Usingthese
basisimagestheobjectcanberelit with any environmentmap.Evolutionsof theLight Stage,Light
Stage2.0andLight Stage3.0havebeendeveloped,theformerspeedingupthecapturingprocess[6],
thelatterenablingto relightobjectswith anarbitrarylight mapin realtime.

3 Overview of our technique

Our proposedtechniqueis an image-basedrelighting techniqueandrelatedto the Light Stage[3].
The Light Stageandall its evolutionsusea gantry to move the light sourcein known positions.
This limits thesamplingresolutionof illuminant directions(i.e. thenumberof possibleilluminant
directions)andthesizeof theobjectsto berelit. We removethelimitation of thegantry, andput no
restrictionson light sourceplacement.Instead,thelight sourceis movedfreely aroundtheobject.

We work in threefazes(figure 1). First, we startwith the acquisitionof basisimages. Basis
imagesarepicturesof theobjecttaken from a fixedcameraposition. For eachimage,a hand-held
light sourceis positionedfreely, hence,theillumination perbasisimageis different.Theilluminant
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Figure1: Schematicoverview of our technique.With thecorrectsetupthebasisimagesarerecorded
(a). Fromtheshadingpatternof thediffusewhite spheresthe illuminant directionis estimated(b).
Thelight sourcedirectionsareplottedin aconcentricmapandaVoronoidiagramis constructed(c).
For eachVoronoicell, theincidentlight from thelight mapis integrated(d) andthis is usedasscalar
in thelinearcombinationof thebasisimagesto relight theobject(e).
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Figure2: A smallstatuetteis illuminatedbyahand-heldlight sourceandcontinuouslyphotographed,
resultingin severalpictureswith differentillumination.

directionis unknown but will beestimatedsinceit is requiredfor relighting.Next to theobject,four
diffusewhite spheresareplaced.Thesespheresarevisible in thebasisimagesaswell.

Secondly, we usethe partsof the basisimagesshowing the diffuse spheres,to estimatethe
illuminant direction. Sincediffusespheresanda single light sourceareused,we canderive the
illuminantdirectionfrom theshadingpatternof thespheres.

Finally, we relight the objectwith an incident light field. This light field is usually given as
an environmentmap. For eachbasisimage,a weight needsto be calculated.This weight will be
determinedby theilluminantdirectionof thatbasisimageandtheincidentlight to beusedto relight
theobject.Weexpressthegivenenvironmentmapasaconcentrichemispheremap,in whichall light
sourcedirectionsareplotted.A Voronoidiagramis thenconstructedusingtheplotteddirectionsas
sites.Theweightfor a basisimageis theintegrationof all incidentlight in theVoronoicell related
to thatbasisimage.

In this report,whereverwe referto thereflectancefield, we meanthenon-localreflectancefield
asdefinedby Debevecet al.[3].

4 Data Acquisition

Figure2 shows thecompletesetupfor dataacquisition.A digital camera,a hand-heldlight source,
anobjectto berelit and4 diffusewhitespheresareneeded.

The white diffusespheresareplacedaroundthe objectandarevisible by the cameraaswell.
Thesphereswill beusedto estimatethelight sourcedirection,sincethehand-heldlight sourcewill
be moved freely but the light directionstill needsto be known. The whole systemis placedin a
darkenedroom,in which thehand-heldlight sourceis theonly sourceof illumination.

The setupcanbe donein asfew asa coupleof minutes. Typically, 400 to 500 pictureswere
taken.Thephotoshootis easyandis realizedin 25 to 30 minutes,usinga CanonEOSD30 camera.
The camerais controlledby a computerandtakesa photographevery 4 seconds.The hand-held
light sourceis movedfreely but heldstill every time a pictureis taken. Thelight sourcemovement
canbeirregular, but it is wiseto endthephotoshootwith a seriesof picturesin a regularpattern,so
no largesectionsof thehemispherewill bemissed.

Carehasto betakenthat thespheresdo not affect the illumination of theobject,sincethey are
not partof theobjectto berelit andtheir influenceon the illumination of theobjectshouldnot be
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Figure3: The Free-formLight Stagein action. The hand-heldlight sourceis moved freely while
picturesaretaken.

noticeable.Differentproblemscouldarise:

3 Thespheresare in front of the object. In the resultingimageof the relit object,the spheres
will block theview of theobjectaswell. However, thesphereswill becorrectlyrelit, asthey
arepartof thescene.

3 The spheres are reflectedin a highly specularobject. In the imageof the relit object the
reflectedandrelit sphereswill benoticeable.

3 A sphere castsa shadowon the object. The object can be relit with a light map, but an
unwantedblurredshadow of thespherewill beseenin theimageof therelit object.

3 Theobjectcastsa shadowon oneof thespheres.This will not haveaneffect on theimageof
therelit object.It will howeverbedifficult to extracttheilluminantdirection.

Theseeffectscanbeavoidedby placingthesphereswith caution.By placingthespheresat the
sideandbehindtheobject,shadowsof thesphereswill becastonthebackof theobject,thusunseen
andreflectionswill be hardlynoticeable.Basisimageswith shadowedspherescanbe rejectedfor
furtheruse,sinceno decentilluminantdirectioncanbeestimated.

Thelight sourceis ahand-heldcalibratedXenonlight source,emittingdiffuselight andis small
in area 4 10cm 5 10cm6 . This type of light sourceis adequatefor our assumptions(i.e. a non-
directionalpoint light source).In Figure3 we seetheFree-formLight Stagein action.

The linearcombinationof photographsshoulddoneusingradiancevalues.Thecamerareturns
pixel values,the resultof a non-lineartransformationappliedto the incomingradiance.We take
theselow dynamicrange(LDR) picturesbut minimize the saturationby tuning the apertureand
exposuretimeof ourcamera.Weextracttheresponsecurveof ourdigital camerawith thetechnique
proposedby Debevecet al.[4]. By transformingour LDR picturesinto high dynamicrange(HDR)
picturesusingtheinverseresponsecurve,weobtaintheradiancevalues.

5 Light Source Direction Estimation

Oncethe picturesare taken, we will analyzeeachpicture to find the illuminant direction. Light
sourceestimationfrom real imagesis a well researchedproblemin computervision. Researchhas
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beendoneextensively on problemsof determining3D shapefrom two-dimensionalshading. An
extensiveoverview canbefoundin Zhanget al.[18].

We startedfrom theapproachoutlinedby Pentland[12], andchangedtheideato suit our needs.
They wereableto determineshapefrom shadingeven in caseswhereillumination direction,illu-
minantstrength,andsurfacereflectivity arenot known. By makingassumptionsaboutchangesin
surfacecurvatureandthe positionof surfacepoints,leastsquaremethodssolve their modelfor il-
luminantdirectionandsurfaceorientation.A follow-up paperby LeeandRosenfeld[7] essentially
usesthesameassumptions,but is basedon statisticalmethodsto determinethe light directionand
thenestimatesshapeorientationin thelight sourcecoordinatesystem.

In our algorithm,we do not needshaperecovery, but needanaccuratemethodto determinethe
illuminant direction.Notethatwe do not try to recover thelight sourceposition.Only thedirection
asmeasuredfrom thecenterof thescenewill berecovered.Wherevermostmethodsarenotaccurate
enoughbecausethey arebasedon assumptionsaboutunknown geometryandunknown illuminant
direction,wewantedanaccuratemethodstandingon known geometry.

Basedon the model of Lambertshading,extraction of an illuminant direction is possibleif
the exact normalsare known of a sphere. Thosenormalscan be computedeasily if the center
of the sphereis known. The algorithm outlined heresearchesthe illuminant direction, given a
calibratedcameraandthe exact sphereradius. Optimizationis usedto find a illuminant direction
aftercomputingthespherecenterandthenormalsfor its surfacepoints(figure4).

A numericalalgorithm is necessaryfor extraction of the sphereposition with respectto the
camera.If thecenteris wronglyestimated,all normalswill befalseandourprecisionon illuminant
directiondecreases.As canbeeasilyverifiedin figure4,

7
C
7 2 8 R2 8 4 si 9 C 6 2 : 0 ; (1)

wheresi arethesilhouettedirections.C is thespherecenterandR its radius.
To find the silhouettedirectionssi , we singledout the region of the imagewherethe sphereis

displayed,by usinga matte.Afterwards,a Canny Edgedetectionalgorithmsearchesall thevisible
edgepixelsin that region. Usingthecalibrationparametersof thecamera,thesilhouettedirections
si canbecomputedfrom theseedgepixels.A goodestimationfor C canthenbefoundby non-linear
optimizationtechniques,minimizing eq.1.

Thecomputationof thesurfacenormalsNP for eachpoint of thesphereis quitestraightforward
now. Again,weusetheregionwith thespheredataandmakea list of thosepixelscontaininguseful
intensityinformation.However, dueto inter-reflectionsin ourscene,thespheresmightcontainsome
additionalinformation.Soit is usefulto positiontheobjectandsphereson blackvelvet. It prevents
color bleedingfrom thesceneon thespheres.By intersectingthespherewith op, P andNP canbe
computed.ThenormalNP is thedesirednormaldirectionfor eachpixel in thelist.

Finally, thenormalsandshadinginformationtogethercanbeusedtofind theilluminantdirection.
It is basedon theprincipleof Lambert’s cosinelaw which statesthat thereflectedintensityof light
I on asurfaceis proportionalto thecosineof theincidentangleof thelight reachingthesurface.

Ip
: ρIL 4 Np 9 L 6<; (2)

whereIL is the point light sourceintensity, ρ the material’s diffusehemisphericalreflectivity, Np

resp.L arethesurfacenormalsandtheilluminantdirection.
Leastsquareoptimizationtechniquescannow solve equation2 for the illuminant directionL

usingtheintensityIp andnormalNp datafrom all pixelscontainingshadinginformation.
Beforewe appliedour techniqueto realpictures,we testedthis procedureon a virtual environ-

ment. Whenthe setupconsistsof a point light sourceat infinity, which is mathematicallycorrect
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Figure4: conceptualrepresentationof thephotographedsphere.Thesphereis locatedsomewhere
in thescene.Its perspective projectionis displayedon the imageplane.By computingthenormal
directionNp for each’spherepixel’ p, we areableto obtaintheilluminantdirection.

accordingto equation1, the estimateddirectiondiffers at most1 degreefrom the exact direction.
For theFree-formLight Stage,a smallarealight sourceis usedat approximately2 metersdistance.
Theaccuracy decreaseswith 2 to 3 degreesascanbeseenin table1. Whenour techniqueis applied
to realscenes,experimentsshowedthat theerrorstill increases,but doesnot becomelarger than7
degrees.

In practice,to obtainthebestresultsfor theFree-formLight Stagewe opt for placing4 spheres
symmetricallyaroundthecenterof our realscene(fig. 5). Theilluminant directionis computedfor
eachsphereseparately. As is illustratedin figure 5, the bestfitted intersectionis usedto find the
illuminantdirectionwith respectto thecenterof thescene.

6 Relighting Objects

After thedataacquisitionandilluminant directionestimation,we move to thethird andfinal stage,
the actualrelighting. To relight the objectwe usean incident light field, given asan environment
map. We optedfor the concentricmapparameterization,proposedby Shirley et al.[13]. This pa-
rameterizationtransformsthe hemisphereinto a unit square,preservingadjacency. On the left of
Figure6, a photographof a mirroredball in anenvironmentis displayed.On theright, theconcen-
tric mapof theupperhemispherecanbeseen.

To relight theobjectcorrectly, all theincidentlight of theenvironmenthasto beused.For each
picturewe have an associatedilluminant direction. We will distribute all the incident light of the
concentricmapover theselight sourcedirections.This distribution will thendeterminetheweights
for eachpicturein thelinearcombination,resultingin thefinal picture.
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φ = θ 0 10 20 30 40 50 60 70

0 1.0 1.5 1.7 1.7 1.2 0.5 1.1 1.8
20 1.1 0.7 1.4 2.5 1.9 1.8 0.8 0.7
40 1.1 2.8 2.4 3.1 2.8 2.5 1.9 1.0
60 1.0 2.5 2.4 2.7 3.0 2.8 3.0 1.5
80 1.1 1.9 2.4 2.5 2.8 2.7 2.5 2.8
100 1.1 1.7 2.8 2.2 1.7 2.0 2.8 3.4
120 1.1 1.3 1.3 1.4 1.2 3.2 3.2 4.1
140 1.1 0.7 0.6 1.5 5.1 2.7 3.4 3.2
160 1.1 0.3 0.5 0.8 2.0 2.7 2.7 2.5
180 1.1 0.3 1.6 2.2 2.7 3.6 0.7 4.2

Table1: Degreeerror table: The error is plottedfor a virtual setupasshown in figure 5. θ is the
downwardsdirectioninto theimage-planeorientation.Φ is theazimuthalangle,0 degreesbeingthe
cameradirection. Theestimatedilluminant directiondiffersat mostthreeto four degreesfrom the
exactdirection.

d

Light

d d4 3 1
d

D

2

Figure5: EstimatingtheIlluminantDirectionwith 4 spheres.D is calculatedusingd1 ; d2 ; d3andd4 >
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Figure6: Left: a mirror ball placedin theUffuzi gallery. Right: theconcentrichemispheremapof
theupperhemisphere.Light mapfrom http://www.debevec.org/Probes
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Figure7: Constructionof theVoronoidiagramin theconcentricmap,basedontheestimatedillumi-
nantdirections.

Everypixel in theconcentricmaprepresentsasmallsolidanglewith someincidentlight coming
from that direction. Thus,eachpixel needsto be associatedwith the closestsampledilluminant
direction. This canbedonein the following way. Every extractedlight sourcedirectionis plotted
in theconcentrichemisphericalmap.Fromtheresultingsetof pointsin themap,aVoronoidiagram
is constructed.This is visualizedin Figure7 (a) and(b) for threeilluminant directions.A Voronoi
diagramwith 100light sourcesis displayedin Figure7 (c).

This givesfor every light sourcedirectiona Voronoi cell, containingall pixelsbeingclosestto
that light sourcedirection. We now integrateall the incidentlight over eachVoronoicell (figure8)
The resultingradiancevaluewill be usedasthe weight for the accompanying picture illuminated
from thecorrespondinglight sourcedirection.

TheVoronoidiagrambringsanelegantsolutionto thenon-uniformdistribution of light source
directionsoverthehemisphere,whichresultsfrom theuncontrolledandfreemovementof thehand-
held light source.We want all intensitiesover the hemisphereto participatein the weightsof the
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Figure8: Left: Theconcentrichemispheremapof Figure6 with theVoronoicellsoverlayed.Right:
Theresampledconcentrichemispheremap.

linearcombination.Therefore,we assigneachpixel for which wehaveanintensityin thelight map
to the closestilluminant direction. Becausewe want to mappixels in the light mapto the closest
illuminant direction,discontinuitiesin the parameterizationareto be avoided. Classichemisphere
mappingdoesnot fulfill this condition. The concentricmap is a parameterizationthat preserves
adjacency andis thereforechosenfor constructingourVoronoidiagram.

In our examples,only theupperhemisphereof incominglight is used,sinceweplacetheobject
on thefloor, andillumination only comesfrom above. Extensionto a full sphereof light directions
is trivial (e.g.placetheobjecton a tripod).

A comparisonwith theLight Stageis interesting:By usingthegantry, all light sourcedirections
areknown andarrangedin a grid-like-manner. If thatgrid is mappedontoa concentricmapanda
Voronoidiagramis constructed,thelight mapis resampledin exactly thesamewayaswith theLight
Stagetechnique.

7 Results

Wehaveexperimentedwith arangeof differentobjects.Resultscanbeseenin figure9. A Hawaiian
statuetteanda setof toy soldiersarerelit with four differentlight maps.For theHawaiianstatuette,
400basisimagesweretaken,for thetoy soldiers500imageswereused.In figure9 (a)usesa virtual
light map.Noticethecoloredshadows (e.g. aroundandunderthechairsof thesoldiers).Redlight
clearly comesfrom the right, while yellow light is comingfrom the left. This canbe seenclearly
on the statuetteandon the shouldersof the soldiers. In (b), the objectsarerelit using the upper
hemisphereof theenvironmentmapin a building. Soft shadows canbeseenaswell ashighlights.
In (c), thetwo brightestwindows of theGraceCathedralcanbenoticedasa reflection(e.g. on the
top of thestatuette)andtheyellow light marksour objectswith a yellow highlight on the left side.
In (d), a morehomogeneouslight mapwasused.Very soft shadows resultfrom this andvery few
highlights.

As an application,our techniquecanbe usedto placea real object in a virtual scene.During
photographing,positiontheobjecton a surfacewith approximatelythesameBRDF asthesurface
in the virtual scenethe objectwill be placedon. This will ensurethe correctamountof light will
bereflectedfrom thesurfaceto theobject.Thereflectancefield of theobjectis thencapturedusing
ourpresentedtechnique.Removetheobjectin thesetupandcaptureanotherreflectancefield of just
the surface. Using RenderPark, a global illumination softwarepackage(www.renderpark.be),we
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createanenvironmentmapat theapproximatepositionwheretheobjectwill beplacedin thevirtual
scene.We canthenrelight thetwo reflectancefieldswith this renderedenvironmentmapandusing
a differentialrenderingtechnique[2] the real object is consistentlyilluminatedandmergedwith a
renderedimageof a virtual scene.In figure10, the left sideis the original rendering,on the right
is the augmentedvirtual scene.The shadows of the soldiersarestrongvisual cuesto link the real
andvirtual objectstogether. A similar techniquecanalsoaddrealobjectsto a photographof a real
scene.

8 Conclusion and Future Work

We havepresenteda techniqueto capturethereflectancefield of a realobjectusingahand-heldfree
moving light source.

Futureresearchincludesbettersamplingof the incidentlight map. In our currentimplementa-
tion, weuseda boxfilter overeachVoronoicell, but Gaussianfilters mightproducebetterresults.

We have only usedonecameraposition. Moving thecamerawhile moving the light sourceas
well might enableus to relight a realobjectandrenderit from any view point. This total freedom
might beinterestingto pursuein futureresearch.

Sincewe do not usea gantry, or any otherdevice to placelight sourcesat known positions,the
sizeof theobjectis only limited by theability to movethelight aroundtheobject.Therelightingof
largeobjects(e.g.acar)thereforebecomesapossibility. However, positioningthelight sourceatall
possiblepositionscouldbemorechallenging.Exceptfor thelight movement,biggerdiffusespheres
for light sourcedetectionwould be needed,sinceour small sphereswould be hardly noticeable
in a photographwith large objects. Other illuminant directionrecovery techniquescould alsobe
researched.
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Figure9: aHawaiianstatuetteandasetof toy soldiers.Eachcoupleof picturesis accompaniedwith
theappliedlight map.

Figure10: On the left a roughrenderingof a virtual chartandglobeis displayed.On theright the
setof soldiersis added.Noticethecorrectshadows.
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