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Départementd’informatiqueet derechercheopérationnelle,Universit́edeMontréal
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Abstract: Lighting designis tediousdueto therequiredphysicalmanipulationof real light sources
andobjects.As analternative, we presentan interactive systemto virtually modify the lighting and
geometryof sceneswith both real andsyntheticobjects,including mixed real/virtual lighting and
shadows.

In our methodrealscenegeometryis first approximatively reconstructedfrom photographs.Ad-
ditional imagesaretakenwith a real light in differentpositionsfrom thesameviewpoint to estimate
reflectance.A filtering processis usedto compensatefor modelingerrors,andperimagereflectances
areaveragedto generateanapproximatereflectanceimagefor thegivenviewpoint,removingshadows
in theprocess.This estimateis usedto initialise a global illumination hierarchicalradiositysystem,
representingreal-world secondaryillumination; thesystemis optimizedfor interactive updates.Di-
rect illumination from lights is calculatedseparatelyusingray-castinganda tablefor efficient reuse
whereappropriate.

Our systemallows interactivemodificationof light emissionandobjectpositions,all with mixed
real/virtualilluminationeffects.Realobjectscanalsobevirtually removedusingtexture-filling algo-
rithmsfor reflectanceestimation.

Key-words: Imagesynthesis,computeraugmentedreality, virtual reality, reflectanceestimation,
commonillumination,virtual relighting,virtual removal of realobjects,hierarchicalradiosity, global
illumination, interactivity.
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Rééclairage/Remodélisation Virtuels et Interactifs
desScènesRéelles

Résumé: Le designde l’éclairaged’interieur estun travail laborieux,notammentà causede la
manipulation“physique”deslampesetdesobjets.Ensolutionalternative,nousproposonsunsystème
interactifpourmodifiervirtuellementl’éclairageet la géometriedesscènes,comprenantà la fois des
objetsréelset virtuels,entenantcomptedeséclairagesmixtes(réels/ virtuels)etdesombres.

Dansnotreméthode,la géométriede la scèneréelleestd’abordapproximativementreconstruite
à partir de photos. Puis de nouvellesphotossontprisesdepuisle mêmepoint de vue, mais sous
deséclairagesdifférents,et serventà estimerla reflectancedesobjetsréels.Un processusdefiltrage
est appliquépour compenserles erreursde modélisation. La moyennedesreflectancescalculées
pourchaqueimage,permetd’obteniruneimagedereflectancepour le point devuedonné,enlevant
ainsi les ombres. Cetteestimationestutiliséepour initialiser un systémede radiositéhiérarchique
de simulationd’illumination globale,afin de représenterl’illumination indirecteréelle. Le système
estoptimisépourfavoriserdesmisesà jour interactives.L’éclairagedirectdû auxlampesestcalculé
séparémentpar du lancerde rayon et une table est maintenuepour une réutilisationaux endroits
apropriés.

Notresystèmepermetunemodificationinteractive del’intensitédeslampeset de la positiondes
objets,en tenantcomptedeseffets lumineuxmixtesentreobjetsréelset virtuels. Les objetsréels
peuventaussiêtreenlevésvirtuellementenutilisantdesalgorithmesderemplissagedetexturespour
l’estimationdela reflectance.

Mots-clé : Synthèsed’images,réalitéaugmentéeassistéeparordinateur, réalitévirtuelle,estimation
de la reflectance,éclairagecommun,rééclairagevirtuel, enlèvementd’objetsréels,radiositéhiérar-
chique,éclairageglobal,interactivité.
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1 Intr oduction

Designingtheillumination of realenvironmentshasalwaysbeena difficult task.Lighting designfor
homeinteriorsfor example,is acomplex undertaking,requiringmuchtimeandeffort with themanip-
ulationof physicallight sources,shades,reflectors,etc. to createtheright ambiance.In additionother
physicalobjectsmayneedto bemovedor otherwisechanged.Theproblemis evenmorecomplex on
movie setsor exterior lighting design.The fundamentaltrial-and-errornatureof the relightingpro-
cessmakesit painful andoften frustrating;moreimportantly, the requirementsof constructingand
moving realobjectsandlight sourcesmake testingmany differentpotentialdesignsoftenimpossible.

Ideally, we would like to performsuchprocessesentirely synthetically. The lighting designer
would simply photographtheenvironmentto berelit and/orremodeled,andthencreatethedifferent
conditionsby computersimulationsothey canbeevaluatedappropriately.

Evidently, sucha goal is very hardto accomplish.In this paperwe provide first solutionsto a
subsetof this goal, inspiredby techniquesdevelopedfor computeraugmentedreality, andcommon
illuminationbetweentherealandthesyntheticscenes[2, 10].

Our methodstartswith a preprocess,in which real geometryis reconstructedfrom a seriesof
photos[20], takenfrom severaldifferentviewpoints.A secondsetof images(whichwecall radiance
images) aretakenfrom afixedviewpointwith a reallight sourcein differentpositions.Thegeometry
and the imagesareusedto extract an approximatereflectanceat eachpixel for the given point of
view. Intuitively, we attemptto have an unoccludedview of the light sourceat eachpixel in at
leastone radianceimage,which givesa good reflectanceestimate;we compensatefor geometric
andphotometricimprecisionusingafiltering stepon individual radianceimagesbeforeperforminga
weightedaverage.Theresultof this new approachis anacceptableestimateof reflectance,calleda
reflectanceimage; in theprocess,shadowsareremovedin a satisfactorymanner.

Ourmaingoalis to provide interactivemanipulationof mixedrealandvirtual environmentswith
commonillumination. To achieve this we have separatedthecalculationof directandindirect illu-
mination. The reflectanceimageis usedto initialise a hierarchicalradiositysystemwith clustering
[23], optimizedfor dynamicupdates[6]. This structureis usedfor rapid updatesof indirect light,
while direct light is computedon a pixel-by-pixel basis. For direct light many componentscanbe
pre-computedandstoredin a tablefor rapidmodification,andin othercasesthechangesarelimited
to small regionsof screenspace,permittinginteractive updates.Working on a pixel-by-pixel basis
resultsin highqualitydirectshadowsandalsofacilitatestheremoval of realobjects,sincewesimply
manipulatethereflectanceimageusingtexturegenerationmethods.

It is importantto noteoutright thatwe do not attemptto extractaccuratereflectancevalues.The
goalof our methodis to achieve convincingrelightingat interactive rates.To this endwe canignore
inaccuraciesandsmallartifacts,if theoverall effect is believable.

2 Previouswork

A large body of literatureexists in computervision on reconstructing3D scenesfrom photos[8].
However thequality of theextracted3D modelshasonly recentlybecomesatisfactoryfor computer
graphicsapplicationswith the presentationof interactive systemssuchas Photomodeler[19], RE-
ALISE[9, 15], Façade[4], andothers[20]. While they all includesomeform of textureextractionand
mapping,nonetreattheextractionof surfacepropertiesandre-illumination.Satoet al.[21] presenta
systemto extract3D geometry, texture,andsurfacereflectance,but it is limited to a very controlled
environment.

RT n˚0230



4 C. Loscos,M.C. Frasson,G. Drettakis,B. Walter, X. Granier, P. Poulin

With thedevelopmentof anever increasingnumberof computeraugmentedreality applications,
it becomesimportantto handlethecommonillumination betweenreal andsyntheticscenes.While
somepreviouspapers[10, 5] presentpreliminarysolutions,they all requiresignificantuserinterven-
tion andarelimited in differentwaysin the lighting or geometricconditionsthey cantreat. Recent
developmentsto Façade[2] include surfacespropertyextraction, but renderingtimes of the Radi-
ance[24] systemusedfor image-generationarefar from interactive.

Nakamaeetal. [18] developedasolutionfor mergingvirtual objectsinto backgroundphotographs,
and estimatedthe sun location to simulatecommonillumination effects in outdoorenvironments.
More recentlyYu andMalik [27] proposedasolutionto virtually modify theilluminationwith differ-
entvirtual positionsof thesunin outdoorscenes.

Loscosand Drettakis[16, 17] have developedan approachto remove shadows, thus enabling
syntheticrelighting. This techniqueattemptsto remove shadows by computingthebestpossibleap-
proximationusinga singleimage.Despitesuccessfulresultsfor certaincases,certainvisualartifacts
remainin theshadow regions.

In our method,asmentionedin theintroduction,we separatedirect lighting, which canbeeasily
computedfor eachpixel, from indirect,or global lighting. Sincewe will be interactively modifying
thescene,weneedto beableto updatetheglobalilluminationrapidly. To dothis,wehaveusedsome
of theideasdevelopedby Shaw [22] andDrettakisandSillion [6].

Removal of realobjectsfrom a reconstructedscenerequiressomeform of hole-filling in thereal
images/texturescontainingtherealobjectsbeingremoved. HeegerandBergen[13] have developed
a methodto synthesizetexture imagesgiven a texture sample. They usea seriesof linear filters
to analysethe sampleand createa texture that matchesthe sampleappearance.Their methodis
successfulon “stochastic”textures(e.g. stucco)but fails on “deterministic” textures(e.g. bricks).
El-Maraghi[7] hasprovidedapublicdomainimplementationof their algorithm.

IgehyandPereira[14] integratea compositionstepinto HeegerandBergenalgorithmin orderto
“erase”flaws (e.g. stainsor undesiredfeatures)from images.They manuallycreatea maskwhich
indicateswhichpartof theimageis to becoveredby thesynthesizedtextureandwhichpartkeepsits
original texture.

3 Overview of the Method

Our goal is to allow interactive syntheticrelighting andremodelingof real environmentsincluding
bothremoving reallightsor objects,andaddingvirtual ones.To accomplishthis,weneedto build ap-
proximategeometricandreflectancemodelsof theenvironmentandquickly estimatetheillumination
in modifiedconfigurations.Wealsowantourmethodto betolerantof measurementandmodelinger-
rorsin orderto work on abroadclassof environments.Our processconsistsof severalpreprocessing
stepsfollowedby aninteractiverelightingsession.

We begin by taking two setsof photographsof the target environment. The first is taken from
multiple viewpointsundernormallighting conditionsandis usedto build anapproximategeometric
modelof the modelusingour photomodelingsystem[20]. The secondset is taken from the fixed
viewpointthatwill beusedduringtheinteractiveeditingsession.Thesephotosusecontrolledlighting
whichconsistsof asingleknown light sourcethatis movedbetweenphotos.Wetypicallyusebetween
5 and7 suchphotossuchasthosein Figure1. Thissecondset,whichwewill referto astheradiance
images, is usedto estimatethereflectanceonall thevisible surfaces.

The geometricandreflectancemodelsareusedto initialize an optimizedhierarchicalradiosity
systemthat is usedto dynamicallysimulatethe indirect lighting in the environment. To recreate

INRIA
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Figure1: The7 radianceimagesusedfor theexamplepresentedin this paper.
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Figure2: A per pixel datastructureis storedfor the interactive view aswell as for eachradiance
image.Thevisibility to eachsourceVi , theform factorto eachlight Fi , andtheestimatedreflectance
at this pixel R. The interactive view alsostoresthe surfaceid and3D point correspondingto each
pixel.

sharpshadows,thedirectlighting is estimatedonaperpixel basisfrom thefixedviewpointusingray
casting.For eachpixelwestoreits corresponding3D pointandsurface,its estimatedlocalreflectance,
andits visibility andform factorsto eachlight. Thisstructureis illustratedin Figure2.

Eachsingleradianceimageis usedto estimateall the pixel reflectances,but may be unreliable
in someregions suchas shadows. We generatea more robust reflectanceestimatorby assigning
confidencein eachestimateandcombiningthemfrom themultiple imagesaccordingly.

After approximatingreflectancein visible regions, we also estimatethe reflectancein regions
thatmight becomevisible dueto objectremoval. This is accomplishedby adaptinga texture-filling
algorithm. Oncethe radiosityandper pixel datastructureshave beeninitialized, we are readyto
interactively remodelandrelightour scene.

4 Preprocessing

Themaingoalof thepreprocessingstepsis to initialize thedatastructuresthatwill beusedduringthe
interactivesession.Firstsurfacereflectanceateachpixel is estimated,andapixel-baseddatastructure
for precomputeddirect lighting quantitiesis initialized. Finally the hierarchicalradiositysystemis
setupfor rapidindirectlighting updates.

Theprocessbeginsby building a geometricmodelof theenvironmentusingour photomodeling
system[20]. The userspecifiesa setof correspondingpoints in the setof photographstaken from
multiple viewpoints. Thesystemusestheseto solve for thecameraparametersand3D positionsof

RT n˚0230



6 C. Loscos,M.C. Frasson,G. Drettakis,B. Walter, X. Granier, P. Poulin

thepoints. Theuserconnectsthesepointstogetherinto polygonsto form a geometricmodelof the
sceneandcanspecifyadditionalconstraintsto improve the model. All further processingusesthe
radianceimages,andthepositionof thelight sourceis measuredby hand.

4.1 Pixel Data Structure

Theradianceimagesareall takenfrom a singleviewpoint which is thesameviewpoint thatwe will
usein our interactive remodelingsession.Thephysicallight sourcewe usedis a simplegardenlight
with a base,coveredby white semi-transparentpaperto achieve a morediffuseeffect. Usinga fixed
viewpointsimplifiesthecaptureof therealscene(fewer images);in additionworking in imagespace
allows moreefficient datastructuresto be usedfor display, andgenerallysimplifiesthe algorithms
developed.

Muchof thecomputationis doneonaperpixel basisbasedonthisviewpointusinganaugmented
pixel datastructure.At eachpixel westore(seeFig. 2):

l The3D pointP which projectsto thecenterof this pixel

l ThepolygonID of thevisible surfacecontainingthis point

l Theform factorFi to eachlight sourcefrom thispoint

l Thevisibility Vi to eachlight sourcefrom this point

l TheestimatedsurfacereflectanceRat this point

Actually we createonesuchdatastructurefor eachradianceimageplus an additionalone for
interactive usewhich alsostorestheestimatedindirect radianceB̂ estimatedby theradiositysystem
for this point. The radianceimagesadditionallystorea confidenceKi ( mon 1) at eachpixel which
indicateshow reliablewe think its reflectanceestimateis.

The polygon ID and3D point P are obtainedby usingan item buffer [25] andz-buffer depth
values.Theform factorFi is computedusingastandardpoint-to-polygontechnique[1]. Thevisibility
Vi is thefractionof thelight sourcewhich is visible from pointP andis estimatedby raycastingfrom
thepoint to the light source.Thenumberof raysis variedadaptively from 4 to 64, with thehigher
numberbeingusedin regionsof penumbra.

Initially, confidenceKi is setequalto Vi , sincewehave lessconfidencein regionsin shadow.

4.2 ReflectanceRecovery Algorithm

If we assumethatour surfacesarediffusethenthereis asimplerelationbetweentheradianceL seen
by apixel in thecamera,thereflectanceR at point P, andtheincidentlight on pointP givenby:

L n Rp ∑
i

FiViEi q B̂ r (1)

whereEi is theemittanceof light i, FiViEi is thedirect illumination dueto light i andB̂ accountsfor
all indirect light. The emittancevalueis currentlysetarbitrarily, andan appropriatescalingfactor
appliedto compensateduringdisplay.

If all thequantitiesin questionwereavailableandexact,wecouldestimateeachof thesequantities
andsolveexactly for thereflectanceat eachpixel using,for agivenlight i:

Ri n T s 1 p Ci r
FiViEi q B̂

(2)
INRIA
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View 1 Reflectance1 Confidence1

View 2 Reflectance2 Confidence2

MergedReflectance

Figure3: Two of thesevenradianceimageviews,theconfidence(visibility) images,andtheresulting
reflectance,extractedusingEq.(2).Themergedreflectanceis shown at thebottom.

whereCi is the pixel color recordedby the cameraandT p.r is the responsefunction of the camera.
This functionwasunavailablefor our camera1 sowe have useda simplescaling,thoughit couldbe
accuratelyestimatedusingthemethodof DebevecandMalik[3].

As afirst approximationto indirectlighting B̂, wehaveusedanambienttermequalto theaverage
imagecolortimesauserspecifiedaveragereflectance[10]. Theresultingreflectancegivessatisfactory
resultsfor our test cases;nonetheless,it is clear that more involved indirect lighting calculations
arenecessaryin othercontexts, whereaccuratereflectanceis paramount.Someexperimentswere
performedwith an iterative approachto reflectanceestimationusingour radiositysolution,without
muchimprovementin thereflectanceestimate.Nonetheless,this is clearlya topicof futurework.

Becauseof the many approximationsin our systemincluding the geometry, indirect light, and
diffuseassumption,we know thatour reflectanceestimateswill sometimesbequiteinaccurate(e.g.,
in shadow regionswherethe indirect term dominates).We compensatefor this by combiningthe
reflectanceestimatesfrom multipleradianceimagesto form amuchmorerobustreflectanceestimator.

For eachradianceimage i, we also estimateour confidenceKi for eachpixel reflectanceesti-
mate.Themergedpixel reflectanceis canbeformedby a weightedaverageof individual reflectance

1A KodakDC260digital camera.

RT n˚0230
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(a) (b) (c)

Figure4: Thefiltering processfor theconfidenceimages.(a) Theoriginal radianceimagefor given
sceneandlighting conditions.(b) Theoriginal confidenceimage(= visibility) (c) Thefinal filtered
confidenceimage.

estimates:

R n ∑i t 0 u�u n Ki v Ri

∑Ki
(3)

Due to inaccuraciesof both thegeometricreconstructionandthe lighting parameterestimation,
this reflectanceestimateis not asaccurateasrequiredfor our purposes.SincewehaveusedKi n Vi

(visibility) initially, we filter theconfidencevaluesKi to compensatefor theseinaccuracies(seenext
section).Eq. (3) will thenbere-appliedwith thenew confidencevaluesto obtainanimprovedmerged
reflectance.

4.3 Filtering ConfidenceValues

When combiningthe reflectances,we take into accountthe confidencewe have in eachpixel re-
flectanceestimateR of Eq. (3). As we saw, this canbe achieved by usingthe visibility computed
asan initial confidencevalueestimate.Nearshadow boundarieshowever, the visibility V depends
heavily on the exact geometryconfigurationandthusmay be unreliabledueto inaccuraciesin our
reconstructedmodel. Reflectanceestimatesin regionsof partial or total shadow arealsomuchless
reliable. In addition,theoriginal light sourceimagesmight containthe imageof the(moving) light
sourcefixture. Wewantto remove this geometryfrom theimages.

The problemof shadow boundaryaccuracy and the light sourcefixture geometryis addressed
by applyingsuccessive filter operationson the confidenceimages(i.e., an “image” of the Ki p x w yr ).
Thechoiceof filters andtheir domainsizeswasbasedon the requirementsof eachprocess;we use
standardfilters suchasmin, smoothingandoutlier.

The first two filters aim at extendingshadow boundaries,so that the regionsof low confidence
becomelarger. To do this a 5x5 min filter is applied:at eachpixel p x w yr , a 5x5 window is examined,
and the valueof K p x w yr is replacedwith the minimum. We thenapply a 5x5 smoothingfilter, to
ensuresmoothtransitionsin the shadow regions. An averageκ of the 5x5 window of confidence
valuesis computed.If κ is lower thanthecurrentconfidence,K p x w yr is replacedwith κ. This results
in smoothingthe transitionsbetweenthe imagesusedin the merge, sincethe weightedaverageis
performedwith the(smoothed)K values.

To remove the lighting fixtureswe apply an outlier filter on the radianceimagesfor eachlight
sourceposition. For eachpixel, a tableis constructedwith thevaluesof reflectancefor eachimage
which have beencomputedusingEq. (2) (we only considervalueswhich have a Ki x ε, whereε
is typically around.75). Themedianµ of this tableis computed,andif yRi z µ y x ε2, (whereε2 is
anotheruserdefinedthreshold,typically around0.3), thenKi p x w yr is setto 0. A 3x3 smoothingfilter
is thenapplied,againsothattransitionsbetweeneachimageduringthemergewill occursmoothly.

INRIA



InteractiveVirtual RelightingandRemodelingof RealScenes 9

An exampleof this processis shown in Figure4. In Figure4(b), the original confidenceimage
(initialised to Vi ) is shown for the scenewith lighting conditionsshown in 4(a). In Figure 4(c),
the min, smoothing,outlier andsecondsmoothingfilters have beenapplied. Notice that the view-
dependenthighlighton thelaptopscreenhasbeengivenvery low confidence.

Oncethe filters have beenapplied,we perform a new merging operation,againusingEq (3).
Sincewe have smoothedandexpandedshadow borders,thetransitionsarelesspronounced,andthe
reflectancecomputedhasfewerartifacts.An exampleof themergedreflectanceis shown in Figure3
(bottomimage).

4.4 TextureFilling for RealObject Removal

In orderto beableto removea realobjectfrom thescene,we integratedEl-Maraghi’s [7] implemen-
tation of Heeger andBergen’s [13] texturesynthesisinto our system.By usinga techniquesimilar
to Igehy and Pereira[14], we are able to fill the gapsleft in the imagewhen an object from the
reconstructedsceneis chosenfor removal.

To synthesizethe texturesneeded,we extracta texturesamplefrom the reflectanceimage from
every polygon that now covers the region to fill. The extraction of the sampleis currently done
manually, but we areexperimentingwith automaticextractionprocedures.This sampleis fed to the
synthesisalgorithmwhich generatesa synthesizedtextureof thesamesizeastheregion to fill. The
generatedtextureis correctlyappliedto thereflectanceusingamaskingprocess,describedin Section
5.3. Thegeneratedtexturesarestoredfor objectsmarkedas“removable”acceleratingtheinteractive
remodelingoperations.

It shouldbe notedthat texturegenerationis performedon the reflectanceimageandis thusnot
hinderedby shadowsor lighting variationsduringtheobjectremoval. Thereprojectionof theshadows
with thenew scenewill generateacorrectimageof thescenewithout therealobject.

4.5 Initializing the Hierar chical Radiosity System

To bootstrapthe hierarchicalradiositysystem,the reflectancevaluesrecoveredby Eq. (3) are re-
projectedonto thecorrespondingpolygons,initialising the reflectancevalues.For thepolygonsnot
visible in the imageusedfor the interactive session,we take a sampleof the texture during the the
photomodelingsessionandusetheaveragevalueusingEq. (2). Thisalsotruefor thehiddenpartsof
polygonswhichareactuallyvisible.

With thisapproximation,afirst radiositysolutionis computedby oursystem,usinganimplemen-
tationof hierarchicalradiositywith clustering[23]. Thesubdivision is setto a relatively coarselevel
sincesucha level is sufficient for indirectlight only, whichvariesslowly. An examplemeshis shown
in Figure5(b).

Recall that direct effects, including direct shadows, are treatedseparatelyfor display. Direct
light is however computedby the radiositysystem,but simply ignoredfor display. Thesubdivision
is fixed at the beginning of the processto a minimum areathreshold. Nonetheless,we maintain
thehierarchicalnatureof theradiosityalgorithm,sincelinks areestablishedat differentlevelsof the
hierarchy, usinga“standard”BF refiner[12]. Thuswewill only needto updatelinks andtheradiosity
valueswhenperforminginteractivemodifications.

RT n˚0230
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(a) (b)

Figure5: (a)Theoriginalview of thesceneand(b) thecorrespondingradiositymeshusedto simulate
indirectlight anddynamicupdates;notethecoarsesubdivision.

5 Interacti veModification of SceneProperties

Oncethereflectancehasbeencomputedfor eachpixelandtheradiositysystemsetup,wecanperform
interactivemodificationof sceneproperties.Themodificationswhich our systempermitsarerelated
to lighting andgeometry. Theformerincludeschanginga reallight or addingvirtual lights; thelatter
includesaddingandmoving virtual objectsandremoving realobjects.

All the resultsdescribedbelow are bestappreciatedby watchingthe accompanying videotape
of an interactive virtual relighting/remodelingsession.All timing resultsreportedbelow have been
taken on a SGI R10000195Mhzprocessor. The web page2 containsbetterimagesandadditional
companioninformation.

5.1 Modifying Illumination

Whenwemodify a light sourceemittance,two operationsneedto beperformed:

l For indirectillumination,weneedto computeanew radiositysolution.Giventhatthesubdivi-
sionandthelink structureis fixedaftertheinitial solution,updatingindirectilluminationsimply
requiresafew successivesweepsof thehierarchyto “gather”and“push-pull” [12] radiosityand
is very fast(lessthan.05secondsin our testscenes).

l For display, thedirect lighting componentis recomputedat eachpixel. Indirect illumination is
displayedusinghardwaresmooth-shadingof theelementsof thehierarchicalradiositysubdi-
vision, which arethenblendedinto the final image. This resultsin the additionof B̂ at each
pixel.

In thepixel structure,we have storedthevisibility andform factorwith respectto eachlight source.
Thusthecomputationof thedirectcomponentis very rapid.

Whendisplayinganimage,wecomputethefollowing color at eachpixel:

C n Rp ∑
st 0 u�u ns

FsVsEs q B̂ r (4)

for thens (realor virtual) light sourcesin thescene.Thusshadowsarereprojecteddueto thevisibility
termVs, sincethey havebeenremovedfrom thereflectance.

An exampleis shown in Figure6. Theoriginal photois shown in (a), reprojectedinitial lighting
conditionsin (b),andweshow theadditionof avirtual light sourcein (c). Theentireupdatefor adding

2http://www-imagis.imag.fr/Membres/Celine.Loscos/relight.html

INRIA
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(a) (b) (c)

Figure6: (a) The original radianceimage(photo) (b) original reprojectedlighting conditions,dis-
playedusingtherecomputeddirectandindirectcomponents,(c) avirtual light hasbeeninsertedinto
thesceneaddingthelight took3.1seconds(for 400x300resolution).

thevirtual light takes3.1 secondsbrokendown asfollows: visibility 2.5s,shaft/radiosityoperations
0.4s.,indirect light blendingandother0.2s. Recallthat in thecaseof the light sourceinsertion,we
arerequiredto updateall thepixelsof the image.During dynamicupdates,we casta smallnumber
of raysto thelight sources,resultingin aliasedshadows. An additional“shadow clean-up”couldbe
performedwhentheuserstopsmodifying thescene,with ahighershadow samplingrate.

5.2 Modifying SceneGeometry

To allow interactivity whenadding,removing or moving objectsandlights,we maintaina shaftdata
structure[11], inspiredfrom thework of DrettakisandSillion [6]. Updatingtheentiretablerequires
in theorderof a few minutesfor visibilities, especiallywhenusingmany raysperlight source;using
themethoddescribedbelow reducesthis time to fractionsof asecond.

A hierarchicalshaft[11] datastructureis constructedfrom thefirst radiositysolution,correspond-
ing to eachlink. Whenwe addan object it is first attachedto the root clusterof the scene;links
areestablishedto the light sourcesasappropriate,basedon the refinementcriterion, andvisibility
informationis computed.

Thehierarchyof shaftsis usedfor two purposes:(a) to identify thepixels for which direct illu-
minationhaschanged(i.e., the shadow regionsof the new object); and(b) to identify the links for
which the form-factorneedsto bemodified(i.e., all links whoseshaftis cut by thenew object),for
bothdirectandindirectlight transfers.

To achieve the above, we descendthe hierarchyof shafts,finding thoseintersectedby the new
object. The hierarchicalelementsattachedto the end of a shaft originating at a light sourceare
marked as“changed”. While descending,the form-factorsof the modified links areupdated(i.e.,
a visibility calculationis performed). With all necessarylinks updated,we recomputea radiosity
solutionwith only gatherandpush-pullsteps.

Thepixel datastructureis thenupdatedanddisplayed.Theboundingbox of the initial andfinal
positionof themovingobjectarefirst projectedontotheimage-plane,limiting theregionof thescreen
directlyaffectedby themotion.For this regionannew itembuffer is performed,andthepixelsunder
thepreviousobjectpositionarefoundaswell asthoseunderthenew position,sincethepolygonIDs
will havechanged.For thesepixels,a reflectanceis updatedto theoriginalvaluefor the“uncovered”
pixelsandto thatof thevirtual objectfor thenewly coveredpixels. New form-factorsandvisibility
valuesarethencomputedfor all thepixelschangedin themodifiedregion.

For thepixelsassociatedwith patchestaggedas“changed”,visibility with respectto thesourceis
recomputed.Thesearenotaslocalizedasthedirectlyaffectedpixels,but theirnumberis oftensmall.
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(a) (b)

Figure7: (a) A virtual objecthasbeeninsertedinto thescenewith both lights on; addingtheobject
required1 sec.(b) moving thevirtual objectrequires1.1sec.

The entire pixel table is then traversedto updatethe indirect illumination valueat eachpixel,
basedonthenew globalilluminationcalculation;again,this is performedwith hardwarerenderingof
thehierarchicalradiositypatches.

Wheninsertinga new light source,theform-factorandvisibility with respectto thesourceneed
to becomputedfor everypixel.

Whenremoving an object,we performa similar process.We first remove every link of the re-
movedobject,thendeleteall thecorrespondingshaftstructures.

Whenmoving anobject,theprocessis equivalent,but wedo nothave to deletethelinks. We just
have to updatethe information(form factorsandvisibilities). Shaftsdueto the moving objectare
deletedandreconstructedwith its new position.

In Figure7(a)we show theinsertionof a virtual object,which requires1 sec,of which visibility
accountsfor .5 sec,shafts.1 secand the rest .4 sec. Whenmoving the virtual object,we achieve
updateratesof about1 secperframe,with asimilarbreakdown to thatof theobjectinsertion(Figure
7(b)).

5.3 Removing RealObjects

Whentheuserchoosesto removeanobject,sheindicatestheobjectto thesystem.Similarly to virtual
objects,sincethecorrespondencesbetweenpolygonsandpixelsareknown throughthepolygonIDs
storedin thepixel datastructures,we know exactlywhich region of screenwill have to befilled. We
automaticallycreatetwo maskscorrespondingto this region: aweightmaskanda texturemask[14].
At first, eachcontains“1” over the region to fill and“0” elsewhere. We extendthe weight maska
few pixelsto compensatefor inaccuraciesin theremovedobjectgeometry(to avoid leaving any color
from theremovedobjectin theimage).

The object is then removed from the sceneand a new item buffer is performedto updatethe
polygonIDs. The polygonIDs presentin the region to be filled indicatefrom which polygonswe
have to extracttextures.Thetexturemaskis filled with thesenew IDs andtheweightmaskis blurred
aroundits “0/1” borders.Thisallowsthecompositionof thesynthesizedtexturewith thetexturefrom
theimage:whenthemaskis 0, thecolor of thepixel will bethecolor in thereflectanceimage,when
themaskis 1 thecolorwill betakenfrom thesynthesizedtextureanda fractionalweightwill allow a
smoothtransitionfrom thesynthesizedtextureto theoriginal image(e.g. theoriginal colorspresent
in theimage).

Thereflectanceis thenupdatedfor thepixelsaffected,aswell asthevisibility andform-factors,
asin thecaseof virtual objectmotion/removal. Resultsof objectremoval areshown in Figure8.

A secondexampleof real object removal is shown in Figure 9. In the context of an interior
redesign,we maywant to remove doorsfor example,which is hardto do in the realworld. This is
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(a) (b) (c) (d)

Figure8: Texturefilling examplesfor realobjectremoval. (a) Initial reflectanceimage(b) Thelaptop
is removed. The laptopwasremovedentirelysyntheticallysinceno additionalimagewascaptured.
(c) Theoriginal relit image,(d) therelit imageafterremoval. Removal of thelaptoptook 0.7s,since
generatedtexturesarepre-computedfor “removable”objects.

shown Figure9(b). Notethatdueto approximatereflectanceestimation,thetexturegenerationresults
in slightly visible discontinuities. A virtual object hasbeenaddedin (c) and a different lighting
configurationcreatedin (d).

(a) (b)

(c) (d)

Figure9: A secondrealobjectremoval example.(a)Theoriginal relit image,(b) therelit imageafter
removal of thedoor. Theremoval took2.9s,for a resolutionof 512x341.(c) A virtual chairhasbeen
addedto thescene,requiring3.4sec,and(d) avirtual light added(needing6.6s.).

6 Conclusion

We havepresenteda new approachto syntheticrelightingandremodelingof realenvironments.Our
approachis basedon a preprocessingstepto recover approximatereflectancepropertiesfrom a se-
quenceof radianceimages.Radianceimagesaretakenfrom afixedviewpointwith varyingillumina-
tion (i.e., differentpositionsof thesamelight source),usinga simplifiedreconstructedmodelof the
scene.Using the informationin the imagesandthe 3D reconstructedmodel,we createreflectance
imagesfor eachlight positionby estimatingdirect illumination andlight sourcevisibility aswell as
indirect light. The reflectanceimagesaremergedby a weightedaveragebasedon the confidence
level we have in the reflectanceat eachpixel in eachradianceimage. In our case,this is basedon
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visibility (pointsin shadow have low confidence);a filtering stepis appliedto compensatefor errors
in geometricreconstructionandilluminationcomputation.

After thereconstructionhasbeenperformedwecaninteractively modify sceneproperties.This is
achievedby efficiently identifyingregionsof thescreenwhichneedupdating,andperformingapixel-
by-pixel updatefor direct light. Indirect lighting is treatedseparatelywith an efficient hierarchical
radiositystructure,optimizedfor dynamicupdates.

In our implementationwecanvirtually modify reallight intensity, insertandmovevirtual objects,
andeven remove real objectsinteractively. Despiteinevitableartifacts,thequality of the imagesis
sufficient for thepurposesof interactive lighting designandlimited remodeling.

Independentlyto our work, Yu, DebevecandMalik [26], have developedmorerobusttechniques
for reflectanceestimation,includingspeculareffectsin particular. Thesearebasedon capturingim-
agesof theentirescene,andusingradiosityto estimatethereflectanceusingclever iterativemethods
andhigh-dynamicrangeimages.We believe thatour approachcanbenefitfrom suchimprovedre-
flectanceestimation(for exampleto remove theartifactsin texturegenerationin Figure9) aswell as
for thereflectanceof objectswhich arenot visible in theradianceimage.On theotherhand,we be-
lieve thatbothour interactive approach,especiallyfor global illumination, aswell asour confidence
mapscouldbeusefulfor suchapproaches.

In futurework,usingthehighdynamicrangeradianceimagesof DebevecandMalik [3] will allow
us to achieve moreaccuratereflectanceextraction. Oncewe have moreconfidencein the original
radiancemostof theerror in thereflectanceestimationwill bedueto indirect light. Thehierarchical
radiosityframework hastheaddedadvantagethatit canbeusedto boundindirectilluminationerrors
andthusshouldallow usto achievebetterresults.

Wealsoneedto investigatewaysto allow motionof theviewpoint,whichis currentlyanimportant
limitation of our approach. Also, the texture generationapproacheswe have usedare limited to
stochastictextures. With someuserintervention,it may be possibleto achieve satisfactoryresults
with deterministictexturesalso.

Froma morepracticalpoint of view, we canaddthesyntheticmotionof realobjectssimply into
our system.A view-independenttextureof therealobjectis required,which canbeprovidedby our
photomodelingsystem,aswell asa modifiedrenderingroutine. As wasdiscussedin theresults,the
largestexpensein the updatesis the calculationof visibility for direct lighting. Thesecalculations
canbe easilyparallelized,andwe hopeto achieve goodspeedupsin a parallelversion,enhancing
interactivity.
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