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Abstract

We present the Free-form Light Stage, a system that captures
the reflectance field of an object using a free-moving, hand-held
light source. By photographing the object under different illumina-
tion conditions, we are able to render the object under any lighting
condition, using a linear combination of basis images. During the
data acquisition, the light source is moved freely around the object
and hence, for each picture, the illuminant direction is unknown.
This direction is estimated automatically from the images. Although
the reflectance field is sampled non-uniformly, appropriate weighting
coefficients are calculated. Using this system, we are able to relight
objects in a convincing and realistic way.
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Abstract

We presenthe Free-formLight Stagea systenthatcaptureghereflectancdield of anobject
usinga free-mwing, hand-heldight source. By photographinghe objectunderdifferentillu-
minationconditions,we areableto renderthe objectunderary lighting condition,usingalinear
combinatiorof basisimages.During the dataacquisition thelight sourceis movedfreely around
the objectandhence for eachpicture,theilluminant directionis unknavn. This directionis es-
timatedautomaticallyfrom theimages.Althoughthereflectancdield is samplechon-uniformly
appropriataveightingcoeficientsarecalculated Usingthis systemwe areableto relightobjects
in acorvincing andrealisticway.

1 Introduction

Relightingof objectsor scenediasbhecomeanimportantresearctiopic over recentyears.Applica-
tions rangefrom real-timeglobal illumination andlighting designto mixed reality whererealand
virtual objectsarecombinedwith consistentllumination.

In thisreport,we presentheFree-formLight Stageasystenthatcaptureshereflectancdield of
anobjectusingafree-mawing, hand-heldight source Thereflectancdield of anobjectis theexitant
radiantlight field of thatobjectunderary incidentlight field. Themainideain our objectrelighting
techniqueis to createa linear combinationof basisimages. Eachbasisimageis a photographof
the object,from a fixedviewpoint, with thelight sourcepositionedfreely over the object. Thelight
sourcedirectionis extractedfrom eachphotograptandusedtogethemwith anincidentlight field to
calculatethe scalarsin the linear combination. To recordthe photographsa very simple system
setupis used.We usea digital cameraa hand-heldight source four white diffusesphereghatwill
beusedfor light sourceextraction,andthe objectto berelit.

The structureof this reportis asfollows: In section2, we overview somerelatedwork and
positionour techniquean the broadfield of relighting. We continuewith anoverview of the method
in section3. In sectiord, thesetupof thecamerapositioningof the objectandthediffusespheress
suneyed. We overview the calibrationof cameraandlight sourceaswell, andthe dataacquisition
processs consideredn moredetail.

For eachphotographin the acquiredset, we estimatethe light sourcedirection by analyzing
the shadingpatternof the diffuse spheresyisible in the photographs.Our light sourcedirection
estimationtechniques explainedin section5.

The weightsfor the linear combinationof basisimages,are determinecbasedon light source
directionsandthe light map. By resamplingthe light mapusingthe foundlight sourcedirections,
theobjectcanberelit. In section6, this resamplings elaborated.



2 Reated Work

Relightingis nota new topicin computergraphicsandconsiderableesearcthasalreadybeendone
in thisfield. Theexistingtechniqueganroughlybedividedinto two cateyories:geometrydependent
relightingtechniqguesaindimage-basedelighting (IBR).

The geometrydependentechniquesequirea model of the object. This canbe given or, us-
ing image-basednodelingtechniquesa geometricapproximationof the object can be obtained.
Usually, geometrydependeninethodserive surfacepropertiesof the object,representedly a bidi-
rectionalreflectancadistribution function (BRDF). With ageometricnodelandBRDFsit becomes
possibleto renderthe scendrom new view pointswith novel lighting conditionsby applyingglobal
illumination algorithms.

Loscoset al.[9] usean approachbasedon the radiosity algorithm. From a setof photographs
from afixedview point, takenwith differentillumination settingsthe diffusealbedofor eachpatch
in the sceneis estimated. Yu et al.[17] usea large setof photographdaken from differentview
pointswith unchangedlumination to estimatethe BRDFsof all surfaces.The Ward model[14 is
usedas BRDF modelso non-diffusematerialpropertiescanbe extracted. Boivin et al.[1] useone
picture to estimatethe BRDFs. For all patchesthe BRDF is approximatedwith an incremental
andhierarchicattechnique.Malzbenderet al.[1(] extractPolynomialTexture Mapsor PTMs from
a surfaceinsteadof BRDFs. Pertexel, coeficientsof a polynomialare stored. Theseare usedto
reconstructhe surfacecolor undervarying lighting conditions. Still, a coarsegeometricmodelis
neededo applythesePTMsfor rendering.

A secondcategory of relighting algorithmsare the image-basedelighting (IBR) techniques,
which requireno geometryat all. Wong et al.[16] introducedthe conceptof an apparenBRDF
Basedon a setof picturesthe BRDF of a pixel ontheimageplaneis assembledThistechniquevas
furtherimprovedto relightpanoramas[15 Lin etal.[8] researchethe dualof the Lumigraph[g, in
whichthe camerds fixedandapointlight sourceis moved. Picturesaretakenof anobjectwhile the
light sourceis mechanicallypositionedat coplanargrid points. After resamplinghedata,the object
canberelit. A geometric-independebibundon the grid resolutionof thelight sourceplacements
derivedaswell. Thisboundis relatedto BRDF of theobject.Nimeroff etal.[11] usedatechniqueof
combiningimagedo relightascene Dueto thelinearity of illumination, objectsarerelit by creating
a weightedsumof basisimages. The weightsare calculatedusing steeringfunctions. Debevec et
al.[3] describes Light Stagein which anobjectcanbeplaced.Thisdevice positionsthelight source
atfixed positionsusinga gantry while a cameraakespicturesfrom afixedview point. Usingthese
basisimagesthe objectcanberelit with arny ervironmentmap. Evolutionsof the Light Stage Light
Stage?.0andLight Stage3.0have beendevelopedtheformerspeedingip the capturingprocess[f
thelatterenablingto relight objectswith anarbitrarylight mapin realtime.

3 Overview of our technique

Our proposedechniqueis animage-basedelighting techniqueandrelatedto the Light Stage[3.
The Light Stageandall its evolutions usea gantryto move the light sourcein known positions.
This limits the samplingresolutionof illuminant directions(i.e. the numberof possibleilluminant
directions)andthe sizeof the objectsto berelit. We remove thelimitation of the gantry andputno
restrictionson light sourceplacementlnsteadthelight sourceis movedfreely aroundthe object.
We work in threefazes(figure 1). First, we startwith the acquisitionof basisimages. Basis
imagesare picturesof the objecttaken from a fixed cameraposition. For eachimage,a hand-held
light sourceis positionedfreely, hencetheillumination perbasisimageis different. Theilluminant



Figurel: Schemati@verview of ourtechnique With thecorrectsetupthebasisimagesarerecorded
(a). Fromthe shadingpatternof the diffusewhite spheregheilluminant directionis estimatedb).
Thelight sourcedirectionsareplottedin a concentriomapanda Voronoidiagramis constructedc).
For eachVoronoicell, theincidentlight from thelight mapis integrated(d) andthisis usedasscalar
in thelinearcombinationof the basisimagesto relightthe object(e).



Figure2: A smallstatuettés illuminatedby ahand-heldight sourceandcontinuouslyphotographed,
resultingin severalpictureswith differentillumination.

directionis unknown but will beestimatedsinceit is requiredfor relighting. Next to the object,four
diffusewhite spheresreplaced.Thesespherearevisible in thebasisimagesaswell.

Secondly we usethe parts of the basisimagesshaving the diffuse spheresto estimatethe
illuminant direction. Sincediffuse spheresand a single light sourceare used,we can derive the
illuminant directionfrom the shadingpatternof thespheres.

Finally, we relight the objectwith anincidentlight field. This light field is usually given as
an ervironmentmap. For eachbasisimage,a weight needsto be calculated. This weightwill be
determinedy theilluminantdirectionof thatbasisimageandtheincidentlight to be usedto relight
theobject. We expresghegivenenvironmentmapasaconcentrichemispherenap,in whichall light
sourcedirectionsareplotted. A Voronoidiagramis thenconstructedisingthe plotteddirectionsas
sites. Theweightfor a basisimageis theintegrationof all incidentlight in the Voronoi cell related
to thatbasisimage.

In this report,wherever we referto thereflectancdield, we meanthe non-localreflectancdield
asdefinedby Debevecetal.[3].

4 DataAcquisition

Figure2 shows the completesetupfor dataacquisition.A digital cameraa hand-heldight source,
anobjectto berelit and4 diffusewhite spheresreneeded.

The white diffuse spheresare placedaroundthe objectandare visible by the cameraaswell.
The spherewill beusedto estimatethelight sourcedirection,sincethe hand-heldight sourcewill
be moved freely but the light directionstill needsto be known. The whole systemis placedin a
darkenedroom,in which the hand-heldight sourceis the only sourceof illumination.

The setupcanbe donein asfew asa coupleof minutes. Typically, 400 to 500 pictureswere
taken. The photoshootis easyandis realizedin 25to 30 minutes,usinga CanonEOSD30 camera.
The camerais controlledby a computerandtakes a photographevery 4 seconds.The hand-held
light sourceis movedfreely but held still every time a pictureis taken. Thelight sourcemovement
canbeirregular, but it is wiseto endthe photoshootwith a seriesof picturesin aregularpattern,so
no large sectionf the hemispheravill be missed.

Carehasto betakenthatthe spheresio not affect the illumination of the object,sincethey are
not part of the objectto be relit andtheir influenceon the illumination of the objectshouldnot be



Figure3: The Free-formLight Stagein action. The hand-heldight sourceis movedfreely while
picturesaretaken.

noticeable Differentproblemscouldarise:

Thespheesare in front of the object. In the resultingimageof the relit object,the spheres
will block theview of the objectaswell. However, the spherewill becorrectlyrelit, asthey
arepartof thescene.

The sphees are reflectedin a highly specularobject. In the imageof the relit objectthe
reflectedandrelit spherewill benoticeable.

A sphee castsa shadowon the object. The object can be relit with a light map, but an
unwantedblurredshadaev of the spherewill beseenin theimageof therelit object.

Theobjectcastsa shadowon oneof the sphees. Thiswill not have aneffect ontheimageof
therelit object. It will however bedifficult to extracttheilluminant direction.

Theseeffectscanbe avoidedby placingthe sphereswith caution.By placingthe spherestthe
sideandbehindtheobject,shadavs of the spheresvill becastonthebackof theobject,thusunseen
andreflectionswill be hardly noticeable.Basisimageswith shadeved spheresanbe rejectedfor
furtheruse,sinceno decentlluminantdirectioncanbe estimated.

Thelight sourcels ahand-heldcalibratedXenonlight source emitting diffuselight andis small
in area 10cm 10cm. This type of light sourceis adequateor our assumptiongi.e. a non-
directionalpointlight source).In Figure3 we seethe Free-formLight Stagein action.

The linearcombinationof photographshoulddoneusingradiancevalues. The camerareturns
pixel values,the resultof a non-lineartransformatiorappliedto the incomingradiance. We take
theselow dynamicrange(LDR) picturesbut minimize the saturationby tuning the apertureand
exposureime of our cameraWe extracttheresponseurve of our digital camerawith thetechnique
proposediy Debevecetal.[4]. By transformingour LDR picturesinto high dynamicrange(HDR)
picturesusingtheinverseresponseurve, we obtainthe radiancevalues.

5 Light Source Direction Estimation

Oncethe picturesare taken, we will analyzeeachpictureto find the illuminant direction. Light
sourceestimationfrom realimagesis a well researchegroblemin computervision. Researcthas



beendoneextensiely on problemsof determining3D shapefrom two-dimensionakhading. An
extensie overview canbefoundin Zhangetal.[18].

We startedfrom the approactoutlinedby Pentland[1P andchangedheideato suitour needs.
They wereableto determineshapefrom shadingevenin caseswhereillumination direction,illu-
minantstrength,and surfacereflectvity arenot known. By makingassumptiongboutchangesn
surfacecurvatureandthe position of surfacepoints,leastsquaremethodssolve their modelfor il-
luminantdirectionandsurfaceorientation. A follow-up paperby Lee andRosenfeld[T essentially
usesthe sameassumptionshut is basedon statisticalmethodgo determinethe light directionand
thenestimateshapeorientationin thelight sourcecoordinatesystem.

In our algorithm,we do not needshaperecovery, but needanaccuratemethodto determinethe
illuminant direction. Note thatwe do not try to recoverthelight sourceposition. Only the direction
asmeasuredrom thecenterof thescenewill berecorered. Wherevermostmethodsarenotaccurate
enoughbecausehey are basedon assumptionsboutunknavn geometryandunknown illuminant
direction,we wantedanaccuratemethodstandingon known geometry

Basedon the model of Lambertshading,extraction of an illuminant directionis possibleif
the exact normalsare known of a sphere. Thosenormalscan be computedeasily if the center
of the sphereis known. The algorithm outlined here searcheghe illuminant direction, given a
calibratedcameraandthe exact sphereradius. Optimizationis usedto find a illuminant direction
aftercomputingthe spherecenterandthe normalsfor its surfacepoints(figure 4).

A numericalalgorithm is necessaryor extraction of the sphereposition with respectto the
cameralf thecenteris wrongly estimatedall normalswill befalseandour precisiononilluminant
directiondecreasesAs canbeeasilyverifiedin figure4,

C?2 R 5C2%2 0 (1)

wheres arethesilhouettedirections.C is the spherecenterandR its radius.

To find the silhouettedirectionss, we singledout the region of the imagewherethe sphereis
displayed by usinga matte. Afterwards,a Canry Edgedetectionalgorithmsearchesll the visible
edgepixelsin thatregion. Usingthe calibrationparametersf the camerathe silhouettedirections
5 canbecomputedrom thesesdgepixels. A goodestimatiorfor C canthenbefoundby non-linear
optimizationtechniguesminimizing eq. 1.

The computatiorof the surfacenormalsNp for eachpoint of the sphereis quite straightforward
now. Again, we usetheregionwith the spheredataandmake alist of thosepixelscontaininguseful
intensityinformation. However, dueto inter-reflectiondan our scenethe spheresnight containsome
additionalinformation. Soit is usefulto positionthe objectandsphereson blackvelvet. It prevents
color bleedingfrom the sceneon the spheres By intersectinghe spherewith op, P andNp canbe
computed ThenormalNp is thedesirednormaldirectionfor eachpixel in thelist.

Finally, thenormalsandshadingnformationtogethercanbeusedo find theilluminantdirection.
It is basedon the principle of Lamberts cosinelaw which statesghatthe reflectedintensityof light
| onasurfaceis proportionalto the cosineof theincidentangleof the light reachinghe surface.

lp pPlLNp L )

wherel_ is the point light sourceintensity p the materials diffuse hemisphericareflectiity, Np
resp.L arethe surfacenormalsandtheilluminant direction.
Leastsquareoptimizationtechniquescan now solve equation2 for the illuminant direction L
usingtheintensityl, andnormalN, datafrom all pixels containingshadingnformation.
Beforewe appliedour techniqueto real pictures,we testedthis procedureon a virtual erviron-
ment. Whenthe setupconsistsof a point light sourceat infinity, which is mathematicallycorrect



Image Plane

Figure4: conceptualepresentationf the photographedphere.The sphereis locatedsomavhere
in the scene.lts perspectie projectionis displayedon theimageplane. By computingthe normal
directionN, for each’spherepixel’ p, we areableto obtaintheilluminant direction.

accordingto equationl, the estimateddirectiondiffers at most 1 degreefrom the exact direction.
For the Free-formLight Stagea smallarealight sourceis usedat approximately? metersdistance.
Theaccurayg decreasewith 2 to 3 degreesascanbeseenin tablel. Whenourtechniques applied
to real scenesexperimentsshaved thatthe error still increasesbut doesnot becomdargerthan7

degrees.

In practice to obtainthe bestresultsfor the Free-formLight Stagewe opt for placing4 spheres
symmetricallyaroundthe centerof our realsceng(fig. 5). Theilluminant directionis computedor
eachsphereseparately As is illustratedin figure 5, the bestfitted intersectionis usedto find the
illuminant directionwith respecto the centerof thescene.

6 Relighting Objects

After the dataacquisitionandilluminant directionestimationwe move to the third andfinal stage,
the actualrelighting. To relight the objectwe useanincidentlight field, givenasan ernvironment
map. We optedfor the concentricmap parameterizationproposeddy Shirley etal.[13]. This pa-
rameterizatiortransformsthe hemispherento a unit square preservingadjacenyg. On the left of
Figure6, a photograptof a mirroredball in anernvironmentis displayed.On theright, the concen-
tric mapof theupperhemisphereanbeseen.

To relightthe objectcorrectly all theincidentlight of the ervironmenthasto be used.For each
picture we have an associatedlluminant direction. We will distribute all the incidentlight of the
concentricmapover thesdight sourcedirections.This distribution will thendetermingheweights
for eachpicturein thelinearcombination resultingin thefinal picture.
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Table1: Degreeerrortable: The erroris plottedfor a virtual setupasshawn in figure 5. 6 is the
downwardsdirectioninto theimage-plan@rientation.® is theazimuthalangle 0 degreesheingthe
cameradirection. The estimatedlluminant directiondiffers at mostthreeto four degreesfrom the

exactdirection.

Figure5: Estimatingthe llluminant Directionwith 4 spheresD is calculatedisingd; d, dzandds




Figure6: Left: a mirror ball placedin the Uffuzi gallery. Right: the concentrichemispherenapof
theupperhemisphereLight mapfrom http://www.debe&ec.og/Prokes
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Figure7: Constructiorof the Voronoidiagramin theconcentrianap,basedn the estimatedllumi-
nantdirections.

Every pixel in theconcentrianaprepresenta smallsolid anglewith someincidentlight coming
from that direction. Thus, eachpixel needsto be associatedvith the closestsampledilluminant
direction. This canbe donein the following way. Every extractedlight sourcedirectionis plotted
in theconcentrichemisphericamap. Fromtheresultingsetof pointsin themap,a Voronoidiagram
is constructedThis is visualizedin Figure7 (a) and(b) for threeilluminant directions.A Voronoi
diagramwith 100light sourcess displayedn Figure7 (c).

This givesfor every light sourcedirectiona Voronoi cell, containingall pixelsbeingclosestto
thatlight sourcedirection. We now integrateall the incidentlight over eachVoronoi cell (figure 8)
The resultingradiancevaluewill be usedasthe weight for the accompaying pictureilluminated
from the correspondindjght sourcedirection.

The Voronoidiagrambringsan elegantsolutionto the non-uniformdistribution of light source
directionsoverthe hemispherewhichresultsfrom theuncontrolledandfree movementof thehand-
held light source. We want all intensitiesover the hemispherdo participatein the weightsof the



Figure8: Left: Theconcentrichemispherenapof Figure6 with the Voronoicellsoverlayed.Right:
Theresampleatoncentrichemispherenap.

linearcombination.Thereforewe assigneachpixel for which we have anintensityin thelight map
to the closestilluminant direction. Becauseve wantto mappixelsin the light mapto the closest
illuminant direction, discontinuitiesin the parameterizatiomreto be avoided. Classichemisphere
mappingdoesnot fulfill this condition. The concentricmapis a parameterizationhat preseres
adjaceng andis thereforechoserfor constructingour Voronoidiagram.

In our examplespnly the upperhemispher®f incominglight is used,sincewe placethe object
on thefloor, andillumination only comesfrom above. Extensionto afull sphereof light directions
is trivial (e.g. placetheobjecton atripod).

A comparisorwith the Light Stagels interesting:By usingthegantry all light sourcedirections
areknown andarrangedn a grid-like-manner If thatgrid is mappedonto a concentricmapanda
Voronoidiagramis constructedthelight mapis resampledn exactly thesameway aswith theLight
Stagetechnique.

7 Resaults

We have experimentedvith arangeof differentobjects.Resultscanbeseenin figure9. A Hawaiian
statuetteanda setof toy soldiersarerelit with four differentlight maps.For the Hawaiian statuette,
400basisimagesweretaken, for thetoy soldierss00imageswereused.In figure9 (a)usesa virtual
light map. Noticethe coloredshadevs (e.g. aroundandunderthe chairsof the soldiers).Redlight
clearly comesfrom the right, while yellow light is comingfrom the left. This canbe seenclearly
on the statuetteand on the shouldersof the soldiers. In (b), the objectsare relit usingthe upper
hemispheref the environmentmapin a building. Soft shadevs canbe seenaswell ashighlights.
In (c), thetwo brightestwindows of the GraceCathedratanbe noticedasa reflection(e.g. onthe
top of the statuettelandthe yellow light marksour objectswith a yellow highlight on the left side.
In (d), amorehomogeneouight mapwasused. Very soft shadavs resultfrom this andvery few
highlights.

As an application,our techniquecanbe usedto placea real objectin a virtual scene.During
photographingpositionthe objecton a surfacewith approximatelythe sameBRDF asthe surface
in the virtual scenethe objectwill be placedon. This will ensurethe correctamountof light will
bereflectedfrom the surfaceto the object. Thereflectancdield of the objectis thencapturedusing
our presentedechnique Remave the objectin the setupandcaptureanothereflectancdield of just
the surface. Using RenderRrk, a global illumination software packagewww.renderpark.beve
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createanervironmentmapat the approximatepositionwherethe objectwill be placedin thevirtual
scene We canthenrelight thetwo reflectancdieldswith this renderedernvironmentmapandusing
a differentialrenderingtechnique[2 the real objectis consistentlyilluminated and megedwith a
renderedmageof avirtual scene.In figure 10, the left sideis the original rendering,on the right
is the augmentedirtual scene.The shadavs of the soldiersare strongvisual cuesto link the real
andvirtual objectstogether A similar techniquecanalsoaddreal objectsto a photographof areal
scene.

8 Conclusion and Future Work

We have presentec techniqueo capturethereflectancdield of arealobjectusingahand-heldree
moving light source.

Futureresearchncludesbettersamplingof theincidentlight map. In our currentimplementa-
tion, we useda boxfilter over eachVoronoicell, but Gaussiarilters might producebetterresults.

We have only usedone cameraposition. Moving the camerawhile moving the light sourceas
well might enableusto relight a real objectandrenderit from ary view point. This total freedom
might beinterestingto pursuein futureresearch.

Sincewe do not usea gantry, or any otherdevice to placelight sourcesat known positions,the
sizeof the objectis only limited by the ability to move thelight aroundthe object. Therelighting of
large objects(e.g.acar)thereforebecomes possibility. However, positioningthelight sourceatall
possiblepositionscouldbe morechallenging Exceptfor thelight movementbiggerdiffusespheres
for light sourcedetectionwould be needed since our small sphereswould be hardly noticeable
in a photographwith large objects. Otherilluminant directionrecovery techniquescould also be
researched.
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Figure9: a Hawaiianstatuetteanda setof toy soldiers.Eachcoupleof picturesis accompaniegvith
theappliedlight map.

Figure10: Ontheleft a roughrenderingof avirtual chartandglobeis displayed.On theright the
setof soldiersis added.Noticethe correctshadavs.
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