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Abstract: Lighting designis tediousdueto therequiredphysicalmanipulationof reallight sources
andobjects. As analternatve, we presentaninteractve systemto virtually modify the lighting and
geometryof sceneswith both real and syntheticobjects,including mixed real/virtual lighting and
shadavs.

In our methodreal scenegeometryis first approximatvely reconstructedrom photographsAd-
ditional imagesaretakenwith areallight in differentpositionsfrom the sameviewpointto estimate
reflectanceA filtering processs usedto compensatér modelingerrors,andperimagereflectances
areaveragedo generat@napproximateeflectanceémagefor thegivenviewpoint,remaoving shadavs
in the process.This estimates usedto initialise a globalillumination hierarchicalradiosity system,
representingeal-world secondaryllumination; the systemis optimizedfor interactve updates.Di-
rectillumination from lights is calculatedseparatelysingray-castinganda tablefor efficient reuse
whereappropriate.

Our systemallows interactve modificationof light emissionandobjectpositions,all with mixed
real/virtualillumination effects. Realobjectscanalsobevirtually removedusingtexture-filling algo-
rithmsfor reflectanceestimation.

Key-words: Imagesynthesiscomputeraugmentedeality, virtual reality, reflectanceestimation,
commonillumination, virtual relighting, virtual removal of realobjects hierarchicakadiosity global
illumination, interactvity.
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Rééclairage/Remodélisatin Virtuels et Interactifs
desScenedRéelles

Résumé: Le designde I'éclairaged’interieur estun travail laborieux,notammenta causede la

manipulatiori'physique’deslampesetdesobjets.Ensolutionalternatve, nousproposonsinsysteme
interactif pourmodifiervirtuellement’éclairageet la géometriedesscénescomprenant la fois des
objetsréelsetvirtuels,entenantcomptedeséclairagesnixtes(réels/ virtuels) etdesombres.

DansnotreméthodeJa géométriede la sceéneréelle estd’abord approximatvementreconstruite
a partir de photos. Puis de nouwelles photossont prisesdepuisle mémepoint de vue, mais sous
deséclairagedlifférents,et senenta estimera reflectancalesobjetsréels.Un processuslefiltrage
estappliguépour compensetes erreursde modélisation. La moyennedesreflectancegalculées
pourchaquemage,permetd’obteniruneimagede reflectanceour le point de vue donné enlevant
ainsiles ombres. Cetteestimationest utilisée pour initialiser un systémede radiositéhiérarchique
de simulationd’illumination globale,afin de représentefillumination indirecteréelle. Le systeme
estoptimisépourfavoriserdesmisesa jour interactves. L’éclairagedirectd( auxlampesestcalculé
séparémenpar du lancerde rayon et une table est maintenuepour une réutilisation aux endroits
apropriés.

Notre systemepermetunemodificationinteractve del'intensité deslampeset de la positiondes
objets, en tenantcomptedeseffets lumineux mixtes entreobjetsréelset virtuels. Les objetsréels
peuentaussiétreenlevésvirtuellementen utilisantdesalgorithmesde remplissagele texturespour
I'estimationdela reflectance.

Mots-clé: Syntheseal'imagesréalittaugmentéassistégarordinateuyréalitévirtuelle, estimation
de la reflectancegclairagecommun,rééclairagevirtuel, enlé\ementd’objetsréels,radiositéhiérar
chique,éclairageglobal,interactvité.
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1 Intr oduction

Designingtheillumination of realervironmentshasalwaysbeena difficult task. Lighting designfor
homeinteriorsfor example,is acomplex undertakingrequiringmuchtime andeffort with themanip-
ulationof physicallight sourcesshadesteflectorsgtc. to createheright ambianceln additionother
physicalobjectsmayneedto be movedor otherwisechangedThe problemis evenmorecomplex on
movie setsor exterior lighting design. The fundamentatrial-and-erromatureof the relighting pro-
cessmakesit painful and often frustrating; moreimportantly the requirement®f constructingand
moving realobjectsandlight sourcesnake testingmary differentpotentialdesignsoftenimpossible.

Ideally, we would like to perform suchprocesse®ntirely synthetically The lighting designer
would simply photographthe ervironmentto berelit and/orremodeledandthencreatethe different
conditionsby computersimulationsothey canbe evaluatedappropriately

Evidently, sucha goalis very hardto accomplish.In this paperwe provide first solutionsto a
subsef this goal, inspiredby techniqueslevelopedfor computeraugmentedeality, andcommon
illumination betweertherealandthe syntheticsceneg2, 10].

Our methodstartswith a preprocessin which real geometryis reconstructedrom a seriesof
photos[20], takenfrom severaldifferentviewpoints.A secondsetof imageqwhich we call radiance
image9 aretakenfrom afixedviewpointwith areallight sourcein differentpositions.Thegeometry
andthe imagesare usedto 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 gives a good reflectancesstimate;we compensatdor geometric
andphotometriamprecisionusingafiltering stepon individual radiancamagesbeforeperforminga
weightedaverage.The resultof this new approachs anacceptablestimateof reflectancecalleda
reflectancemage; in the processshadevs areremovedin a satishctorymanner

Ourmaingoalis to provide interactivemanipulationof mixedrealandvirtual environmentswith
commonillumination. To achiese this we have separatedhe calculationof directandindirectillu-
mination. The reflectancamageis usedto initialise a hierarchicalradiosity systemwith clustering
[23], optimizedfor dynamicupdategd6]. This structureis usedfor rapid updatesof indirectlight,
while directlight is computedon a pixel-by-pixel basis. For directlight marny componentsanbe
pre-compute@ndstoredin atablefor rapid modification,andin othercaseghe changesrelimited
to smallregionsof screenspace permittinginteractve updates.Working on a pixel-by-pixel basis
resultsin high quality directshadevs andalsofacilitatesthe removal of realobjects sincewe simply
manipulatehereflectancemageusingtexture generatiormethods.

It is importantto noteoutrightthatwe do not attemptto extractaccumate reflectancevalues.The
goal of our methodis to achiese corvincingrelighting atinteractve rates.To this endwe canignore
inaccuraciesandsmallartifacts,if the overall effectis believable.

2 Previouswork

A large body of literature exists in computervision on reconstructingBD scenedrom photos|[§.
However the quality of the extracted3D modelshasonly recentlybecomesatishictoryfor computer
graphicsapplicationswith the presentatiorof interactve systemssuchas Photomodelgi9], RE-
ALISH9, 15], Facadg4], andothers[2(. While they all includesomeform of texture extractionand
mapping,nonetreatthe extractionof surfacepropertiesandre-illumination. Satoet al.[21] presenta
systemto extract 3D geometrytexture,andsurfacereflectancebut it is limited to a very controlled
ervironment.

RT n°0230
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With the developmentof anever increasinghumberof computeraugmentedeality applications,
it becomesmportantto handlethe commonillumination betweernreal andsyntheticscenes.While
someprevious paperd10, 5] presenpreliminarysolutions they all requiresignificantuserinterven-
tion andarelimited in differentwaysin the lighting or geometricconditionsthey cantreat. Recent
developmentsto Facadg2] include surfacesproperty extraction, but renderingtimes of the Radi-
ancd24] systemusedfor image-generatioarefar from interactve.

Nakamaeetal.[18] developedasolutionfor megingvirtual objectsinto backgrounghotographs,
and estimatedthe sunlocationto simulatecommonillumination effectsin outdoorernvironments.
More recentlyYu andMalik [27] proposeda solutionto virtually modify theillumination with differ-
entvirtual positionsof the sunin outdoorscenes.

Loscosand Drettakis[16, 17] have developedan approachto remove shadavs, thus enabling
syntheticrelighting. This techniqueattemptgo remove shadavs by computingthe bestpossibleap-
proximationusinga singleimage.Despitesuccessfutesultsfor certaincasesgertainvisual artifacts
remainin the shadaev regions.

In our method,asmentionedn theintroduction,we separatalirectlighting, which canbe easily
computedor eachpixel, from indirect, or globallighting. Sincewe will be interactvely modifying
thescenewe needto be ableto updatetheglobalilluminationrapidly. To dothis, we have usedsome
of theideasdevelopedby Shav [22] andDrettakisandSillion [6].

Remoaal of real objectsfrom areconstructegcenearequiressomeform of hole-filling in thereal
images/taturescontainingthe real objectsbeingremoved. HeggerandBergen[13] have developed
a methodto synthesizeexture imagesgiven a texture sample. They usea seriesof linear filters
to analysethe sampleand createa texture that matchesthe sampleappearance.Their methodis
successfubn “stochastic”textures(e.g. stucco)but fails on “deterministic” textures(e.g. bricks).
El-Maraghi[7] hasprovideda public domainimplementatiorof their algorithm.

IgehyandPereirg14] integratea compositionstepinto HeegerandBergenalgorithmin orderto
“erase”flaws (e.g. stainsor undesiredeatures)rom images. They manuallycreatea maskwhich
indicateswhich partof theimageis to be coveredby the synthesizedextureandwhich partkeepsts
original texture.

3 Overview of the Method

Our goalis to allow interactve syntheticrelighting andremodelingof real ervironmentsincluding
bothremoving reallights or objects andaddingvirtual ones.To accomplistthis, we needto build ap-
proximategeometricandreflectancenodelsof the environmentandquickly estimateheillumination
in modifiedconfigurationsWe alsowantour methodto betolerantof measuremerandmodelinger-
rorsin orderto work on abroadclassof ervironments.Our processonsistf severalpreprocessing
stepsfollowedby aninteractve relightingsession.

We begin by taking two setsof photograph®f the target ervironment. The first is taken from
multiple viewpointsundernormallighting conditionsandis usedto build anapproximategeometric
model of the modelusing our photomodelingsystem[2(. The secondsetis taken from the fixed
viewpointthatwill beusedduringtheinteractve editingsessionThesephotosusecontrolledlighting
whichconsistf asingleknown light sourcethatis movedbetweerphotos.We typically usebetween
5 and7 suchphotossuchasthosein Figurel. This secondset,whichwe will referto astheradiance
images is usedto estimatehereflectancen all thevisible surfaces.

The geometricand reflectancanodelsare usedto initialize an optimizedhierarchicalradiosity
systemthat is usedto dynamically simulatethe indirect lighting in the ervironment. To recreate

INRIA
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3D point
R
B

Figure2: A per pixel datastructureis storedfor the interactve view aswell asfor eachradiance
image.Thevisibility to eachsourcev;, theform factorto eachlight F, andthe estimatedeflectance
at this pixel R. The interactve view also storesthe surfaceid and 3D point correspondingo each
pixel.

sharpshadaevs, thedirectlighting is estimatedn a perpixel basisfrom thefixedviewpoint usingray
casting.For eachpixel we storeits correspondin@D pointandsurface jits estimatedocalreflectance,
andits visibility andform factorsto eachlight. This structureis illustratedin Figure2.

Eachsingleradianceimageis usedto estimateall the pixel reflectancesbut may be unreliable
in someregions suchas shadavs. We generatea more robust reflectanceestimatorby assigning
confidencen eachestimateandcombiningthemfrom the multiple imagesaccordingly

After approximatingreflectancen visible regions, we also estimatethe reflectancen regions
thatmight becomevisible dueto objectremoval. Thisis accomplishedy adaptinga texture-filling
algorithm. Oncethe radiosity and per pixel datastructureshave beeninitialized, we arereadyto
interactvely remodelandrelight our scene.

4 Preprocessing

Themaingoalof thepreprocessingtepss to initialize thedatastructureghatwill beusedduringthe
interactve sessionFirstsurfacereflectancateachpixelis estimatedanda pixel-basedlatastructure
for precomputedlirect lighting quantitiesis initialized. Finally the hierarchicalradiosity systemis
setupfor rapidindirectlighting updates.

The processhegins by building a geometricmodelof the environmentusingour photomodeling
system[20]. The userspecifiesa setof correspondingointsin the setof photographgaken from
multiple viewpoints. The systemusestheseto solve for the camergparametersnd3D positionsof
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the points. The userconnectghesepointstogetherinto polygonsto form a geometricmodelof the
sceneand canspecify additionalconstraintdo improve the model. All further processingisesthe
radiancamages andthe positionof the light sourcels measuredby hand.

4.1 Pixel Data Structure

Theradianceémagesareall takenfrom a singleviewpoint which is the sameviewpoint thatwe will
usein our interactve remodelingsession.The physicallight sourcewe usedis a simplegardenlight
with abase coveredby white semi-transparergaperto achieve a morediffuseeffect. Usinga fixed
viewpoint simplifiesthe captureof thereal scengfewerimages)in additionworking in imagespace
allows more efficient datastructurego be usedfor display and generallysimplifiesthe algorithms
developed.

Much of thecomputatioris doneon a per pixel basisbasedn this viewpointusinganaugmented
pixel datastructure At eachpixel we store(seeFig. 2):

e The 3D point P which projectsto the centerof this pixel

e ThepolygonID of thevisible surfacecontainingthis point
e Theform factorF to eachlight sourcefrom this point

e Thevisibility V; to eachlight sourcefrom this point

e Theestimatedsurfacereflectancer atthis point

Actually we createone suchdatastructurefor eachradianceimage plus an additionalone for
interactive usewhich alsostoresthe estimatedndirectradianceB estimatecby the radiositysystem
for this point. The radianceimagesadditionally storea confidenceK; (<= 1) at eachpixel which
indicateshow reliablewe think its reflectanceestimates.

The polygonID and 3D point P are obtainedby using an item buffer [25] and z-buffer depth
values.Theform factorF is computedisinga standargoint-to-polygortechniqugl]. Thevisibility
V; is thefractionof thelight sourcewhichis visible from point P andis estimatedy ray castingfrom
the point to the light source. The numberof raysis variedadaptvely from 4 to 64, with the higher
numberbeingusedin regionsof penumbra.

Initially, confidenceK; is setequalto V;, sincewe have lessconfidencen regionsin shadav.

4.2 ReflectanceRecovery Algorithm

If we assumeéhatour surfacesarediffusethenthereis a simplerelationbetweertheradiance. seen
by a pixel in thecamerathereflectancer at point P, andtheincidentlight on point P givenby:

L=R( Y FMEi+B) (1)

wherekE; is the emittanceof light i, FV;E; is thedirectillumination dueto light i andB accountgor
all indirectlight. The emittancevalueis currently setarbitrarily, and an appropriatescalingfactor
appliedto compensateuringdisplay
If all thequantitiesn questionvereavailableandexact,we couldestimateeachof thesequantities
andsolve exactly for thereflectancet eachpixel using,for agivenlight i:
T4C)

R=——"% 2)
FVIE +B INRIA
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View 1 Reflectancd Confidencel

View 2 Reflectance Confidence?

MergedReflectance

Figure3: Two of thesevenradianceamageviews, theconfidencgvisibility) imagesandtheresulting
reflectanceextractedusingEq.(2). Themegedreflectancas shovn atthe bottom.

whereC; is the pixel color recordedby the cameraandT () is the responsdunction of the camera.
This functionwas unavailablefor our camera sowe have useda simplescaling,thoughit could be
accuratelyestimatedisingthe methodof DeberecandMalik[3].

As afirst approximatiorto indirectlighting B, we have usedanambientermequalto theaverage
imagecolortimesauserspecifiedaveragaeflectancg¢l0]. Theresultingreflectancegivessatistctory
resultsfor our testcases;nonethelessit is clear that more involved indirect lighting calculations
are necessaryn othercontets, whereaccuratereflectancds paramount. Someexperimentswere
performedwith aniterative approacho reflectanceestimationusingour radiosity solution, without
muchimprovementin thereflectanceestimate Nonethelesghis is clearlyatopic of future work.

Becauseof the mary approximationsn our systemincluding the geometry indirect light, and
diffuseassumptionye know thatour reflectancesstimatesvill sometimese quiteinaccuratee.g.,
in shadev regions wherethe indirect term dominates). We compensatéor this by combiningthe
reflectancestimate$rom multiple radiancamagego form amuchmorerobustreflectancestimator

For eachradianceimagei, we also estimateour confidenceK; for eachpixel reflectanceesti-
mate. The memgedpixel reflectances canbeformedby a weightedaverageof individual reflectance

1A KodakDC260digital camera.

RT n°0230
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(@)

Figure4: Thefiltering procesdor the confidencemages.(a) The original radiancamagefor given
sceneandlighting conditions. (b) The original confidencemage(= visibility) (c) Thefinal filtered
confidencemage.

estimates: K
_ 2i=0.n .I X R 3)
> Ki

Dueto inaccuracie®f both the geometricreconstructiorandthe lighting parameteestimation,
this reflectanceestimatas not asaccurateasrequiredfor our purposesSincewe have usedK; = V;
(visibility) initially, we filter the confidencevaluesk; to compensatéor theseinaccuraciegseenext
section).Eq. (3) will thenbere-appliedwith thenew confidenceraluesto obtainanimprovedmerged
reflectance.

R

4.3 Filtering ConfidenceValues

When combiningthe reflectancesywe take into accountthe confidencewe have in eachpixel re-
flectanceestimateR of Eq. (3). As we saw, this canbe achieved by usingthe visibility computed
asaninitial confidencevalue estimate.Nearshadev boundariehowever, the visibility V depends
heavily on the exactgeometryconfigurationandthus may be unreliabledueto inaccuraciesn our
reconstructednodel. Reflectanceestimatesn regionsof partial or total shadev arealsomuchless
reliable. In addition,the original light sourceimagesmight containthe imageof the (moving) light
sourcefixture. We wantto remove this geometryfrom theimages.

The problemof shadev boundaryaccurag andthe light sourcefixture geometryis addressed
by applying successie filter operationson the confidencemages(i.e., an “image” of the K;(x,y)).
The choiceof filters andtheir domainsizeswasbasedon the requirement®f eachprocesswe use
standardilters suchasmin, smoothingandoutlier.

Thefirst two filters aim at extendingshadev boundariesso that the regions of low confidence
becomdarger. To do this a5x5 min filter is applied:ateachpixel (x,y), a 5x5 window is examined,
andthe value of K(x,y) is replacedwith the minimum. We thenapply a 5x5 smoothindfilter, to
ensuresmoothtransitionsin the shadav regions. An averagek of the 5x5 window of confidence
valuesis computed If K is lower thanthe currentconfidenceK(x,y) is replacedwith k. This results
in smoothingthe transitionsbetweenthe imagesusedin the mege, sincethe weightedaverageis
performedwith the (smoothedK values.

To remove the lighting fixtureswe apply an outlier filter on the radianceimagesfor eachlight
sourceposition. For eachpixel, atableis constructedvith the valuesof reflectancdor eachimage
which have beencomputedusingEg. (2) (we only considervalueswhich have aK; > €, wheree
is typically around.75). The medianu of this tableis computedandif |R —p > €3, (wheregy is
anotheruserdefinedthresholdtypically around0.3),thenK;(x,y) is setto 0. A 3x3 smoothingfilter
is thenapplied,againsothattransitionshetweereachimageduringthe memgewill occursmoothly

INRIA
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An exampleof this processs shavn in Figure4. In Figure4(b), the original confidencemage
(initialised to V; ) is shown for the scenewith lighting conditionsshown in 4(a). In Figure 4(c),
the min, smoothing,outlier and secondsmoothingfilters have beenapplied. Notice that the view-
dependenhighlighton thelaptopscreerhasbeengivenvery low confidence.

Oncethe filters have beenapplied, we performa nev meiging operation,againusing Eq (3).
Sincewe have smoothedandexpandedshadev borders the transitionsarelesspronouncedandthe
reflectance&eomputechasfewer artifacts.An exampleof the memgedreflectancas shovn in Figure3
(bottomimage).

4.4 TextureFilling for Real Object Removal

In orderto beableto remove areal objectfrom the scenewe integratedel-Maraghi’s [7] implemen-
tation of Hegger and Bergen’s [13] texture synthesignto our system. By usinga techniquesimilar
to Igehy and Pereira[14], we are ableto fill the gapsleft in the imagewhen an objectfrom the
reconstructedcenes choserfor removal.

To synthesizeéhe texturesneededwe extract a texture samplefrom the reflectancemage from
every polygonthat now coversthe region to fill. The extraction of the sampleis currently done
manually but we areexperimentingwith automaticextractionproceduresThis sampleis fed to the
synthesisalgorithmwhich generates synthesizedexture of the samesizeastheregionto fill. The
generatedextureis correctlyappliedto thereflectancaisingamaskingprocessdescribedn Section
5.3. Thegeneratedexturesarestoredfor objectsmarked as“removable” acceleratinghe interactve
remodelingoperations.

It shouldbe notedthattexture generations performedon the reflectancemageandis thusnot
hinderedoy shadevsor lighting variationsduringtheobjectremoval. Thereprojectiorof theshadavs
with the new scenewill generate correctimageof the scenewithouttherealobject.

4.5 Initializing the Hierar chical Radiosity System

To bootstrapthe hierarchicalradiosity system,the reflectancevaluesrecoreredby Eq. (3) arere-
projectedonto the correspondingpolygons,initialising the reflectancevalues. For the polygonsnot
visible in the imageusedfor the interactive sessionwe take a sampleof the texture during the the
photomodelingessiorandusethe averagevalueusingEq. (2). This alsotruefor the hiddenpartsof
polygonswhich areactuallyvisible.

With this approximationafirst radiositysolutionis computedoy our systemusinganimplemen-
tationof hierarchicakadiositywith clustering[23]. Thesubdvisionis setto arelatively coarsdevel
sincesuchalevelis sufficientfor indirectlight only, which variesslowly. An examplemeshis shovn
in Figure5(b).

Recall that direct effects, including direct shadavs, are treatedseparatelyfor display Direct
light is however computedby the radiosity system but simply ignoredfor display The subdvision
is fixed at the beginning of the processto a minimum areathreshold. Nonethelessye maintain
the hierarchicalnatureof the radiosityalgorithm,sincelinks areestablishedt differentlevels of the
hierarchyusinga“standard”BF refiner[12]. Thuswewill only needto updatdinks andtheradiosity
valueswhenperforminginteractve modifications.

RT n°0230
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(@) (b)

Figure5: (a) Theoriginal view of thesceneand(b) thecorrespondingadiositymeshusedto simulate
indirectlight anddynamicupdatesnotethe coarsesubdvision.

5 Interacti ve Modification of SceneProperties

Oncethereflectancdasbeencomputedor eachpixel andtheradiositysystensetup, we canperform
interactve modificationof sceneproperties.The modificationswhich our systempermitsarerelated
to lighting andgeometry Theformerincludeschangingareallight or addingvirtual lights; the latter
includesaddingandmoving virtual objectsandremoving real objects.

All the resultsdescribedbelon are bestappreciatedoy watchingthe accompawping videotape
of aninteractve virtual relighting/remodelingsession.All timing resultsreportedbelonr have been
taken on a SGI R10000195Mhz processar The web pagé containsbetterimagesand additional
companionnformation.

5.1 Modifying lllumination

Whenwe modify alight sourceemittancefwo operationsieedto be performed:

e Forindirectillumination, we needto computea new radiositysolution. Giventhatthe subdvi-
sionandthelink structures fixedaftertheinitial solution,updatingndirectilluminationsimply
requiresafew successie sweep®f thehierarchyto “gather”and“push-pull” [12] radiosityand
is very fast(lessthan.05secondsn our testscenes).

e For display thedirectlighting components recomputedat eachpixel. Indirectillumination is
displayedusing hardware smooth-shadingf the elementsof the hierarchicalradiosity subdi-
vision, which arethenblendedinto the final image. This resultsin the additionof B at each
pixel.

In the pixel structure we have storedthe visibility andform factorwith respecto eachlight source.
Thusthe computatiorof the directcomponents very rapid.
Whendisplayinganimage,we computethefollowing color at eachpixel:

C = R( FVsEs+B) (4)

s=0..ns

for theng (realor virtual) light sourcesn thescene Thusshadavs arereprojecteddueto thevisibility
termVs, sincethey have beenremovedfrom thereflectance.

An exampleis shavn in Figure6. The original photois shavn in (a), reprojectednitial lighting
conditionsn (b), andwe showv theadditionof avirtual light sourcen (c). Theentireupdatefor adding

2http://www-imagis.imag.fr/Membres/Celine.koos/relighhtml
INRIA
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(@) (b) ()

Figure6: (a) The original radianceimage (photo) (b) original reprojectedighting conditions,dis-
playedusingthe recomputedlirectandindirectcomponents(c) a virtual light hasbeeninsertednto
the sceneaddingthelight took 3.1 secondgfor 400x300resolution).

thevirtual light takes 3.1 second$rokendown asfollows: visibility 2.5s,shaft/radiosityoperations
0.4s.,indirectlight blendingandother0.2s. Recallthatin the caseof the light sourceinsertion,we
arerequiredto updateall the pixelsof theimage. During dynamicupdateswe casta smallnumber
of raysto thelight sourcesresultingin aliasedshadavs. An additional“shadav clean-up”couldbe
performedwvhenthe userstopsmodifying the scenewith a highershadev samplingrate.

5.2 Modifying SceneGeometry

To allow interactvity whenadding,removing or moving objectsandlights, we maintaina shaftdata
structurg[11], inspiredfrom thework of DrettakisandSillion [6]. Updatingthe entiretablerequires
in the orderof afew minutesfor visibilities, especiallywhenusingmary raysperlight sourcejusing
themethoddescribedelow reduceghistime to fractionsof a second.

A hierarchicakhaft[11] datastructures constructedrom thefirst radiositysolution,correspond-
ing to eachlink. Whenwe add an objectit is first attachedo the root clusterof the scene;links
are establishedo the light sourcesasappropriate pasedon the refinementcriterion, and visibility
informationis computed.

The hierarchyof shaftsis usedfor two purposesia) to identify the pixelsfor which directillu-
minationhaschangedi.e., the shadav regions of the new object); and(b) to identify the links for
which the form-factorneedso be modified(i.e., all links whoseshaftis cut by the new object),for
bothdirectandindirectlight transfers.

To achieve the above, we descendhe hierarchyof shafts,finding thoseintersectedy the new
object. The hierarchicalelementsattachedto the end of a shaft originating at a light sourceare
marked as “changed”. While descendingthe form-factorsof the modifiedlinks are updated(i.e.,
a visibility calculationis performed). With all necessaryinks updated,we recomputea radiosity
solutionwith only gatherandpush-pullisteps.

The pixel datastructureis thenupdatedanddisplayed.The boundingbox of theinitial andfinal
positionof themoving objectarefirst projectedontotheimage-planelimiting theregion of thescreen
directly affectedby the motion. For this region annew item buffer is performed andthe pixelsunder
the previous objectpositionarefoundaswell asthoseunderthe new position,sincethe polygonIDs
will have changedFor thesepixels,areflectancas updatedo the original valuefor the “uncovered”
pixelsandto thatof the virtual objectfor the newly coveredpixels. New form-factorsandvisibility
valuesarethencomputedor all the pixelschangedn the modifiedregion.

For thepixelsassociateavith patchedaggedas“changed” visibility with respecto thesources
recomputedThesearenotaslocalizedasthedirectly affectedpixels,but theirnumberis oftensmall.
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(@) (b)

Figure7: (a) A virtual objecthasbeeninsertedinto the scenewith both lights on; addingthe object
requiredl sec.(b) moving thevirtual objectrequiresl.1sec.

The entire pixel tableis thentraversedto updatethe indirect illumination value at eachpixel,
basednthenew globalillumination calculation;again thisis performedwith hardwarerenderingof
the hierarchicakadiositypatches.

Wheninsertinga new light source the form-factorandvisibility with respecto the sourceneed
to becomputedor every pixel.

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

Whenmoving anobject,the processs equivalent,but we do not have to deletethelinks. We just
have to updatethe information (form factorsandvisibilities). Shaftsdueto the moving objectare
deletedandreconstructedavith its new position.

In Figure7(a) we shav the insertionof a virtual object,which requiresl sec,of which visibility
accountdfor .5 sec,shafts.1 secandthe rest.4 sec. Whenmoving the virtual object, we achieve
updateratesof aboutl secperframe,with a similar breakdevn to thatof the objectinsertion(Figure

7(b)).

5.3 Removing Real Objects

Whentheuserchooseso remove anobject,sheindicatesheobjectto the system Similarly to virtual
objects,sincethe correspondencdsetweerpolygonsandpixelsareknown throughthe polygonIDs
storedin the pixel datastructuresye know exactly which region of screerwill haveto befilled. We
automaticallycreatetwo maskscorrespondingo this region: aweightmaskanda texture mask[14].
At first, eachcontains“1l” over the region to fill and“0” elsavhere. We extendthe weight maska
few pixelsto compensat#or inaccuraciesn theremovedobjectgeometry(to avoid leaving any color
from theremovedobjectin theimage).

The objectis thenremoved from the sceneand a new item buffer is performedto updatethe
polygonIDs. The polygonIDs presentin the region to befilled indicatefrom which polygonswe
have to extracttextures.Thetexture maskis filled with thesenew IDs andthe weightmaskis blurred
aroundits “0/1” borders.Thisallowsthecompositionof the synthesizedexturewith thetexturefrom
theimage:whenthe maskis 0, the color of the pixel will bethe colorin thereflectancemage,when
themaskis 1 thecolorwill betakenfrom the synthesizedextureanda fractionalweightwill allow a
smoothtransitionfrom the synthesizedextureto the original image(e.g. the original colorspresent
in theimage).

Thereflectancas thenupdatedor the pixels affected,aswell asthe visibility andform-factors,
asin the caseof virtual objectmotion/rem@al. Resultsof objectremoval areshovn in Figure8.

A secondexampleof real objectremoval is shavn in Figure 9. In the contet of an interior
redesignwe may wantto remove doorsfor example,which is hardto do in the realworld. Thisis
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(@) (b) (€) (d)

Figure8: Texturefilling exampledor realobjectremoval. (a) Initial reflectancemage(b) Thelaptop
is removed. The laptopwasremoved entirely syntheticallysinceno additionalimagewascaptured.
(c) Theoriginalrelit image,(d) therelit imageafterremoval. Remal of the laptoptook 0.7s,since
generatedexturesarepre-computedor “removable” objects.

showvn Figure9(b). Notethatdueto approximateeflectancesstimationthetexturegeneratiomesults
in slightly visible discontinuities. A virtual object hasbeenaddedin (c) and a differentlighting
configurationcreatedn (d).

(@) (b)

(©) (d)

Figure9: A secondealobjectremoval example.(a) Theoriginal relit image,(b) therelit imageafter
removal of thedoor. Theremoval took 2.9 s, for aresolutionof 512x341.(c) A virtual chairhasbeen
addedo thescenerequiring3.4 sec,and(d) avirtual light addedneeding6.6s.).

6 Conclusion

We have presented new approacho syntheticrelightingandremodelingof realenvironments.Our
approachis basedon a preprocessingtepto recover approximatereflectancepropertiesfrom a se-
guenceof radiancamages.Radiancamagesaretakenfrom afixedviewpointwith varyingillumina-
tion (i.e., differentpositionsof the samelight source),usinga simplified reconstructeanodelof the
scene.Using the informationin the imagesandthe 3D reconstructeanodel, we createreflectance
imagesfor eachlight positionby estimatingdirectillumination andlight sourcevisibility aswell as
indirectlight. The reflectancamagesare meiged by 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 shadav have low confidence)a filtering stepis appliedto compensatéor errors
in geometriaeconstructiorandillumination computation.

After thereconstructiormasbeenperformedwve caninteractvely modify scengoropertiesThisis
achievedby efficiently identifying regionsof thescreerwhich needupdating andperformingapixel-
by-pixel updatefor directlight. Indirectlighting is treatedseparatelywith an efficient hierarchical
radiositystructure pptimizedfor dynamicupdates.

In ourimplementatiorwe canvirtually modify reallight intensity insertandmove virtual objects,
andevenremove real objectsinteractively Despiteinevitable artifacts,the quality of the imagesis
sufficientfor the purpose®f interactve lighting designandlimited remodeling.

Independentlyo our work, Yu, DebevecandMalik [26], have developedmorerobusttechniques
for reflectanceestimationncluding speculareffectsin particular Thesearebasedon capturingim-
agesof the entiresceneandusingradiosityto estimatehereflectancaisingclever iteratve methods
andhigh-dynamicrangeimages. We believe that our approachcanbenefitfrom suchimprovedre-
flectanceestimation(for exampleto remove the artifactsin texture generationn Figure9) aswell as
for thereflectanceof objectswhich arenot visible in theradianceamage. On the otherhand,we be-
lieve thatboth our interactive approachgspeciallyfor globalillumination, aswell asour confidence
mapscould be usefulfor suchapproaches.

In futurework, usingthe highdynamicrangeradiancemagesof DeberecandMalik [3] will allow
us to achieve more accuratereflectanceextraction. Oncewe have more confidencein the original
radiancemostof theerrorin thereflectanceestimationwill bedueto indirectlight. The hierarchical
radiosityframeawvork hasthe addedadvantagethatit canbe usedto boundindirectillumination errors
andthusshouldallow usto achieve betterresults.

We alsoneedto investigatevaysto allow motionof theviewpoint,whichis currentlyanimportant
limitation of our approach. Also, the texture generationapproachesve have usedare limited to
stochastidextures. With someuserintervention, it may be possibleto achieve satishctoryresults
with deterministictexturesalso.

Froma morepracticalpoint of view, we canaddthe syntheticmotion of real objectssimply into
our system.A view-independentexture of the real objectis required,which canbe provided by our
photomodelingsystem,aswell asa modifiedrenderingroutine. As wasdiscussedn theresults,the
largestexpensein the updatess the calculationof visibility for directlighting. Thesecalculations
can be easily parallelized,and we hopeto achiese good speedupsn a parallelversion,enhancing
interactvity.
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