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Abstract

A goal ofimage-basedenderingis to synthesizasrealisti-
cally aspossiblemanmadeand natural objects.Thispaper
presentsa methodfor image-basednodelingandrendering
of objectswith arbitrary (possiblyanisotiopic and spatially
varying) BRDFs.Anobjectis modeledy samplingthesur-

face's incidentlight eld to reconstructa non-pamametric
apparentBRDF at eac visible point on the surface This
can be usedto renderthe objectfrom the sameviewpoint
but under arbitrarily speci ed illumination. We demon-
strate how theseobject modelscan be embeddedn syn-
theticscenesndrendeedunderglobalillumination which

captuestheinterre ectionsbetweerreal and syntheticob-
jects. We also showhowtheseimage-basednodelscanbe
automaticallycompositednto videofootage with dynamic
illuminationsothattheeffects(shadowsndshading)of the
lighting onthe compositeabjectmatd thoseof thescene

1 Intr oduction

The aim of image-basedenderingis to synthesizeasac-
curatelyaspossiblescenesomposedf naturalandarti -
cial objects.Advancesn computatiorandglobalrendering
techniquescan now effectively simulatethe most signi -
cantradiometricphenomené#o produceaccurateenderings
solong asthe geometricandre ectancemodelsare accu-
rate.Yetwhile researcherandpractitionerdrave succeeded
in developingaccuratee ectancemodelsfor objectscom-
posedof homogeneoumaterialge.g.,plasticsandmetals),
therehasbeenlessprogressn developinglocal re ectance
modelsthat effectively characterizenaturalobjects. Con-
siderthe challengesof modelingand accuratelyrendering
materialdik e leatherwrinkled humanskin, shagcarpeting,
the fur on an old mare,or a plate of greasyFrenchfries.
Theseobjectshave extremely complex re ectanceproper
ties,includingspatiaihonhomogeneityanisotrofy, andsub-
surfacescattering.

As a simple empiricalillustration of the complexity of
there ectancefunctionsof real surfaces,considerthe plot
shawvn in Fig. 1. The gure plots the measuredixel in-
tensity of a point on the surfaceof ateddybearasa func-
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Fig. 1: Not all objectshave a BRDF with a simplelobe structure.
Imagesof asmallteddybearwereacquiredasa pointlight source
was moved over a quarterof a sphere. The plot shavs the mea-
suredintensityof onepixel asafunctionof light sourcedirection,
with thedirectionspeci edin degreesof sphericalangles.

tion of light sourcedirection;thecameras held x edasan

isotropic point sourceis moved over a quarterof a sphere
at approximatelya constandistancefrom the surface.No-

tice the broad,bendingbandandthe multiple peaks- this

is qualitatively very differentthan what one expectsfor a

2-D sliceof abidirectionalre ectancedistribution function

(BRDF) suchasPhong.

This paperpresentsa methodfor image-basedender
ing of objectswith arbitraryre ectancefunctions. There-
ectance functionsmay be anisotropicand spatially vary-
ing. Theillumination of the objectis likewise unrestricted.
Neglecting subsurécetransport,we adopta commonas-
sumptionthat the re ectance of an object can be locally
modeledby a bidirectionalre ectancedistribution function
(BRDF).

Our methodusesonly a single viewpoint of the object,
but manyimagesof the objectilluminatedby a point light
sourcemoved over somesurface surroundingthe object.
This surfaceshouldbe starshapede.g., corvex) with re-
spectto all objectpoints, andin practicewe move lights
over a sphere.Our methodfor renderingrequiresthat the
object's surfacegeometryis known. It is shavnin [4, 21]
that if a secondset of imagesis obtainedby moving a
pointsourceover a secondstarshapedurface thena point
for point reconstructiorof the object's visible surfacecan
be performedby estimatingthe depthof eachpoint along
theline of sight. Although otherreconstructioriechniques
couldbeusedwe usetheonedescribedn [4, 21] asit han-
dlessurfaceswith arbitraryBRDFs,andit canbeperformed
usingthe samedataasthatusedfor rendering.

With surfacegeometryin hand,we estimatean appar
ent BRDF for the surface patchescorrespondingo every



pixel. This apparenBRDF differs from the true BRDF in
thatit is expressedn a global coordinatesystemandit in-
cludes(1) shadavs that the object might castuponitself,
(2) the cosineforeshorteningerm,and(3) the effectsof in-
terre ection from the object onto itself. When using this
apparentBRDF for rendering,it will exactly accountfor
self shadeving andforeshorteningandthe interre ections
will often closelyapproximatehosethatwould occurin a
realscene.

Our methodfor renderingsits within a larger collec-
tion of image-basedenderingtechniquesthat have re-
centlyemegedfor synthesizinghaturalor complex scenes.
Yet most efforts to datefocus on viewpoint variation, of-
ten at the expenseof the ability to control lighting. In
[3,10,12, 13, 16, 18, 26], imagesf arealobjecttakenfrom
multiple viewpointsare usedto rendersyntheticimagesof
the objectfrom arbitraryviewpoints.In [3, 10, 12, 16, 2€6],
few realimagesareneededor the syntheticrenderingsbut
the method rst mustdeterminea 3-D modelof the scene
by establishinghe correspondencef featurepixelsin the
real images. A radical departurefrom reconstructionor
correspondence-baseghproacheso image-basedender
ing is the 4-D lumigraph[13] or light eld [18]. (See
also[31].) In thesemethods,imagesof the object from
novel viewpoints are renderedwithout ary 3-D model of
thescenehowever, thousandef realimagesareneededor
accurateenderingsSeethediscussiorin Section2.

The methodsare particularly effective when the syn-
theticlighting duringrenderings similar to thatduringac-
quisition. Yet, it is dif cult to embedheseandotherimage-
basedbjectmodels(e.g.,lumigraphs/lightelds) in either
syntheticor naturalscenesinlesgthelighting in thesecom-
posedsceness similar to thatduring the acquisitionof the
image-basedbjectmodel. To more effectively handlear
bitrary lighting, recentmethodshave attemptedo recover
re ectancepropertieof objectd9, 25, 32]. In [25, 37, it is
assumedhatthere ectancepropertiesat eachpoint canbe
characterizedy a few parametersand that their variation
acrosghesurfaceis alsocharacterizetyy afew parameters
(e.g.,albedovariation).

It haslong beenrecognizedin computervision and
graphicsthat while ad-hoc re ectance models such as
Phong can be usedto representcertain materials (e.g.,
smoothplastics),thesemodelsdo not effectively capture
the re ectanceof materialssuchas metalsand glazedce-
ramics. Toward this end, Ward's empiricalmodelattempts
to captureanisotropiae ectance[29]. Furthermoreanum-
ber of physics-basede ectancemodelshave beendevel-
opedto more accuratelycapturethe re ectanceof rough
metals[7, 14, 28] or mattesurfaces[23]. Importantto de-
velopingthesephysicalmodelsis theunderstandingf how
materialssuchasdielectricsre ect light, but perhapanore
importantis the understandingf how to characterizeghe
micro-structure(micro-facets)of the surface and the im-

pactof shadaving, interre ection, maskingandforeshort-
ening. This hasyielded more realistic re ectance func-
tions [2, 15, 23]. Yet eachof theseonly characterizes
limited classof surfaces,and noneof them addresseshe
nonhomogeneityf re ectancefunctionsover the surfaces
of objects.

In contrasto this work, we presenta methodfor render
ing imagesof anobjector scendrom a x edviewpoint, but
underarbitrary illumination conditions. The methoduses
mary imagesf anobjectilluminatedby pointlight sources,
to recover the object's shapeandthento estimateanappar
ent BRDE The problemof synthesizingmagesfor Lam-
bertiansurfaceswith light sourcesatin nity without shad-
owsis consideredn [27] andwith shadevsin [5]. Methods
for re-renderingmageswith diffuselinearcombinationof
imagesformed underdiffuse light are consideredn [22].
In [30, 9], methodsare proposedfor performingimage-
basedrenderingundervariableillumination by estimating
an apparentBRDF (for a x ed viewing direction) associ-
atedwith eachscenegpointby systematicallynoving distant
light sources. However, to synthesizeéimagesfor nearby
light sourcesthe 3-D scenegeometryaswell asthe appar
entBRDF ateachpointis needed30], andin theseworksit
is assumedhatgeometryhasbeenacquiredoy someother
means(e.g.,a range nder). The methodin [9] also pro-
videsamethodfor renderinghe surfacefrom anovel view-
point by separatingpecularmandsub-surécere ection and
usingnon-parametritechniquedor transformingthe spec-
ular componenbf there ectancefunction.

Therestof this paperis organizedasfollows. In thenext
section,we detail our methodfor image-basednodeling
andrendering.In Section3, we discusgheimplementation
of our methodandpresenthe resultsof threeapplications:
(1) renderingisolatedobjectswith complex BRDFsunder
novel lighting conditions,(2) embeddingmage-baseab-
jectsin complex (possiblysynthetic)scenesand(3) com-
positingimage-basedbjectsinto avideostream Notethat
earlywork onthesetopicswaspresentedn [4, 20].

2 Rendering Method

Recentlytwo papersntroduceda novel approacho image-
basedenderingof natural3-D scenedrom arbitraryview-
points[13, 18]. Ratherthanusingimagesto constructa
3-D geometricmodelanda re ectancefunction acrosshe
surfaceaswould traditionally be donein computervision
and computergraphics,the approachis basedon directly
representingheradiancen all directionsemanatingrom a
scenaunder x edillumination. As discussedh [17], theset
of light raysis a four-dimensionaimanifold. Under static
illumination, the radiancealongaray in free spaceis con-
stant. Note thatthis reduceghe 5-D plenopticfunctionto
4-D [1]. Now considersurroundinga sceneby a closed
smoothcorvex surface. By moving a camerawith its 2-D
imageplaneover the entire surface(a 2-D manifold), one



cansampletheintensityalongeverylight ray thatemanates
from the object's surfaceand s visible from the objects
corvex hull. In doingthis, oneobtainsa functionon the 4-
D ray space which hasbeencalledthelumigraph[13] or
light eld [18].

For any viewpoint outsideof thesurface,animagecan
besynthesizedby consideringheradianceof all of therays
passinghrough . Thesetof rayspassinghrough is sim-
ply a 2-D subsetof , andthe radianceof thoseraysthat
intersectheimageplaneareusedto computetheirradiance
ateachpointof thesynthesizedmage.Thisturnsrendering
into a problemof simply indexing into a representatiowf

ratherthanray tracing, for example. The advantageof
suchan approacharethatthe representatiois constructed
directly fromimageswithoutneedingreconstructioror cor-
respondencehatno assumptionsiboutthe surfaceBRDF
arerequired andthatinterre ectionsdonotneedo becom-
putedsincethey occurredphysicallywhentheimageswere
acquired.

Yet, in [13, 18] the illumination is x ed during mod-
eling, andall synthesizedmagesarevalid only underthe
samaeillumination; this complicategherenderingof scenes
composedf both traditionalgeometricmodelsand lumi-
graphs/lightelds undergeneralighting. It is naturalto ask
whetherone could “turn the lumigraph/light eld around”
andsynthesizéemagesunder x ed pose,but variablelight-
ing. As describedin [17], the spaceof sourceraysillu-
minating a sceneis alsofour-dimensional. Sincelight in-
terre ects within the scene,one approachto image-based
modelingwould be to illuminate the scenewith a single
light ray (e.g., a laser) and measurethe resultingimage
from someviewpoint. As describedn [9], this lasercould
thenbe movedto samplethe 4-D sourceray spaceandim-
ageswould be acquiredfor eachlocation. The resulting
representatiorwould be 6-D with four parameterspeci-
fying sourceray directionandtwo parametergjiving im-
agecoordinates.Sincethis schemds clearly impractical,
our methodis basedon the following obsenations. Like
the rayspassingthrougha cameras optical center the set
of light rays emanatingfrom a point light sourceis two-
dimensional. Hence,by moving anisotropic point source
over a closedsurface(a 2-D manifold) boundinga scene,
imagescanbe acquiredfor all possiblesourcerays cross-
ing this surface.Let the surfaceof pointsourceocationsbe
givenby andthe correspondingmagesbegivenby

. We call the collectionof imagesdenoted
theobjectsillumination dataset.

Now considersynthesizingan image from the same
viewpoint but under completelydifferent lighting condi-
tions usingthe illumination dataset. The appliedlighting
is afunctiononthe4-D light ray space For a singleillumi-
nationray arisingfrom somelight source(e.g.,a nearby
or distantpoint sourceor simply a morecomplex 4-D illu-
mination eld), we can nd theintersectionof with the

Fig. 2: To determinegtheintensity of pixel for apointlight
source that doesnot lie on , knowledge of the 3-D
position of the correspondingurfacepoint is required. (Note
thatthe surfacepoint is viewed from the direction by the
pixel .) If the3-D positionof is known, theintersection of
therayfrom through with thetriangulatedsurfaceof light
sourcescan be determined. Basedon the vertices(samplelight
sources)f the trianglecontaining , theimageintensity is
computedby interpolatingthe measurecdpixel intensitiesin the
imagesformed underlight sourcedocatedat the vertices. Here
thelight sourcedocatedattheverticesarerepresentedly thelight
sourceiconson eithersideof

surfaceof point sources usedin modeling. Thein-
tersections a pointlight sourcelocation , and
the correspondingmageis . Emanatingfrom
thepointsource , thereexistsalight ray thatis coincident
with  whichintersectshesceneandsheddight ontosome
imagepixel in . Figure2 showvs in 2-D anexampleof a
light ray emanatingrom a syntheticpoint source ,
andthe correspondindight sourcelocation . However, it
is not evidentwhich pixel of  correspondso the surface
patchdirectlyilluminatedby . As discussedn [4, 3Q], if
the scenedepthwereknown, this dilemmaof determining
the correspondencbetweemanimagepixel andanillumi-
natingray canbe resohed. Note that this correspondence
only appliesto thedirect(local) re ectance,andthe effects
of globalillumination (interre ection)areignored.

Theseobsenationsleadusto a methodfor renderingan
imageof a scenelluminatedby arbitrarylighting (a func-
tion onthe4-D ray space)However, for clarity andillustra-
tion, thefollowing expositionfocuse®ntheconcretesxam-
ple of asinglesyntheticpointlight source thatdoesnot
necessariljie on the surfacede ned by . It should
be clearfrom this descriptionhow to renderimagesunder
otherlight sourcese.g., areasources strip sources radi-
ancemaps,arbitraryincidentillumination eld, etc. First,
the 3-D positionsof points on the surface (i.e., a depth
map) mustbe obtainedandpixel registeredwith theimage
set. Thereare numerousmethodsavailable for obtaining
a depthmap: structuredlight, laserrange nders, struc-
ture from motion, stereopsisetc. However, eachof these
methodsassumeghe BRDF of the surfaceis sufciently
well-behared. Alternatively, if onegathersa secondsetof
images,obtainedby moving a point sourceover a second
starshapedsurface,thenthe methodin [21] couldbe used



to nd thedepthcorrespondindgo eachpixel. This method
usesthe samedataasthat neededor image-basedender
ing describedn this paper andit accuratelyreconstructs
the shapeof the surfacewithoutmakinganyunderlyingas-
sumptionsaboutthe nature of the surfaces BRDFE

Off-line, the surfaceof light sourcelocations is
triangulated Recallthattheillumination datasetonsistsof
imagesgatheredunderpoint sourcesat a nite numberof
samplepointsonthe surface.)To determingheintensityof
apixel ,the3-D location of the scenepoint projecting
to is computedrom theregistereddepthmap(scenege-
ometry). It is straightforvardto determinethe intersection

oftheray  from through with thetriangulation.
(For a regularly sampledsphereasin our implementation,
this is simply doneby indexing.) SeeagainFig. 2. If the
intersectiorhappengo be avertex, thentheintensityof the
pixel in the correspondingneasuremeritnagecould be
useddirectly. Sincethis is rarely the case,we insteadin-
terpolatethe intensitiesof correspondingixels associated
with the threeverticesto estimatethe intensity for a
ctitious pointlight sourceat . Becauseéhesolid angleof
the surfaceprojectingto  asseenby and depends
onthesquaredlistancethepixel is renderedvith

)
This processis repeatedor eachpixel in the rendered
image.

Note that the reconstructedcenegeometry(3-D posi-
tion of ) is usedin two ways. Firstit is usedto index
into the triangulation,and secondlyit is usedto determine
the loss. For eachpixel in the renderedmage, this
nonlinearprocedurecanbe performedindependently It is
importantto realizethatthe renderedmageis not formed
by the superpositiorof the original images,evenwithin a
triangle.Thisis illustratedin Figure4 anddiscussedbelow.
For multiple pointlight sourcesimagescanbe synthesized
throughthe superpositiorof the pixel intensitiesformedfor
eachlight source weightedby the relative strengthof the
sourcesFor anarbitraryincidentillumination eld (i.e.,not
simply point sources)the directionof eachnon-zeroradi-
anceincidentto is usedto index into thetriangulation.

3 Implementation, Applications and Results
We have gatheredllumination datasetandgeneratedyn-
theticimagesof mary objectsusinga combinationof the
renderingmethoddescribedabore and the reconstruction
methodin [21]. Figure3 shavs the acquisitionsystem.In
our experimentswe have only usedimagesgatheredasa
light is moved over the upperfront quartersphere not be-
causethe rest of the light sphereis irrelevant but simply
becausehis reduceddatasetis sufcient for validatingand
demonstratingpur mainideas.Potentiallysigni cant com-
ponentof re ectancesuchasglareandFresnekffectsmay

Fig. 3: Imagesof objectsto berenderedvereacquiredusinga 3-
chip digital video camerawhile a white LED sourcewasmoved
by anAdeptrobotarm,top. Thecollectionof imagesof aceramic
pitcher bottom,wasacquiredasthelight sourcewasmoved over
aquartersphere Theblock of missingimagescorrespondso con-
gurations in which therobotarmpartially occludedthe pitcher

notbe capturedput they do not affecttheunderlyingmeth-
ods. Figure3 alsoshavs anexampledatasetNote thatfor
thelight stageapparatusn [9], thelight sourcewasmoved
overafull sphere.

3.1 Rendering Isolated Objects

Figure 4 showns a renderedimage of the ceramicpitcher
from Fig. 3, andalsoillustratestheindexing processNote
particularlythat the syntheticimageis basedon measured
pixel intensitiesfrom a large numberof images.In Fig. 5,
we display syntheticimagesfor four objects:a dirty brass
owl, a ceramic gurine, ared deliciousapple,anda pear
The rst threeobjectsarerenderedinderpointlight sources
with locationssigni cantly differentfrom thosein the ob-
jects' respectieillumination datasetsyhile thepeatris ren-
deredwith a nearbypoint sourceto the left and an area
sourceto theright. We chooséo usepoint sourcesn these
examplessinceit is more challengingto provide accurate
renderinguindera singlesource(nearbyor atin nity) than
underbroadersourcesWhenlight sourcesaredistant,it is
well known thatthe setof imagesof anobjectin x edpose
but underall lighting conditionsis a corvex cone[5]; im-
agesacquiredunderasinglelight sourcedie ontheextreme
boundaryof this set(extremerays),andall imagesformed
underary other lighting condition are simply derived by
corvex combinationsof the extremerays. So, for single
light sourceimagesthe shadevs aresharpermandspecular
ities more prominentthanundermore diffuseillumination
elds.

As a steptoward validatingthe accuray of therendered
image,Figure6 shavs botharealimageandarenderedm-
ageof a partially glazedceramicfrog; wherethe glazeis



Fig. 4: To rendertheimageof the ceramicpitcher top left, from a
pointlight sourcelocated23 cm away, intensitiesfrom a number
of imagesin the objects datasetvereinterpolated.The top right
imagecolor codeseachpixel in therenderedmagewith thetriplet
of light sourcesvhosecorrespondingmageswereusedto render
thatpixel. The correspondingriplets of light sourcepositionsare
shavn, bottom. The dotson the spheredenotethe light sourcepo-
sitions. Thecolortrianglesdenotetripletsof light sourcepositions.
Thethreeimagesacquirecby thethreelight sourcepositionsin the
triplet areusedto rendertheintensitiesof thelik e-coloredregions
in the syntheticimage,top left andright.

light or absentthe re ectanceis dominatedby the porous
clay while wherethe glazeis thick (eyes,dimples,bumps),
thesurfacedisplaysspecularitiesin theseimagesthelight
sourcerealin thetopimageandsynthetidn thebottomim-
age)waspositionedat 1/3 of the distancefrom the surface
of light sourcedo thefrog. Sincethetwo imagesare per
ceptuallynearlyidentical,the lower imageshavs the mag-
nitudeof thedifferenceémagebetweerthetwo images.The
averageerroris 3.40gray levels. The erroris largestnear
specularitiesand shadevs, andthis may be attributableto
the samplingrate of light sourcepositions. Movies show-
ing the owl andfrog illuminated by moving light sources
canbedownloadedrom [19]; notethe motionandshapeof
thehighlights.

3.2 EmbeddingObjectsin SyntheticScenes

We canapply this approacho renderarti cial sceneswith
embeddednodelsof realandsyntheticobjectsaswell. The
only majordifferencds interactionsdbetweertheembedded
objectandtherestof thesceneandthesecanbeeithercap-
turedin advanceor simulated.

We have usedthe Blue Moon Renderinglools (BMRT),
a public domainray tracerconformingcloselyto the Ren-
derManinterface,to renderscenesontaininga mixture of
real and arti cial objects. Figure 7 shavs two examples

Fig. 5: Renderedmagesof four objects:a dirty brassowl, a ce-
ramic gurine, ared deliciousapple,anda pear While the owl,

gurine, andapplearerenderedinderpointlight sourceswith lo-

cationssigni cantly differentfrom thosein the objects'respectie
illumination datasetshe pearwasrenderedindera pointandarea
source.Therenderingtechniques thatdescribedn Sec.2 andin

Fig. 4.

of scenegontaininga pitcher(the“real” object)undertwo
differentlighting conditions. The apple,ceramictile oor,
and metallic sphereare syntheticand speci ed by public
domainmodelsandshadersFor castshadev andre ection
ray calculationsthe pitcheris representetly a 3-D model.
The surfaceof the modelwasrenderedisinga customsur
faceshaderwhich usesthe array of imagesof the pitcher
asshawn in Fig. 3 to performimage-basedendering.The
shadereffectively implementsthe indexing and interpola-
tion schemedescribedn the previous section. However,
sinceonly a 2-D slice of the BRDF is capturedthe shader
considerghe emittedradianceat eachpoint to be constant
in all directions.Thisis correctfor thedirectview of thereal
object,but anapproximatiorfor light re ectedfromthereal
objectonto othersceneelements.To renderthe imagesin
Fig. 7, thescenewasilluminatedby two pointlight sources
andBMRT usedraytracingto computeglobalillumination.
Note thatinterre ection from the real pitcherto synthetic
sceneelementqceramic oor andmetallic spherelaswell
asfrom the syntheticelementgo the real pitcherare cap-
tured.



Fig. 6: Realimageof a ceramicfrog (top), renderedimage of
the ceramicfrog usingourimage-basetechniquewith asynthetic
light sourceat the samelocation (middle), and the magnitudeof
the differenceimagebetweerthe real andrenderedmages(bot-
tom).

Fig. 7: In thesetwo scenestenderedisingthe Blue Moon Render
ing Tool Kit, thebackgroundsupportingplane,apple,andmetal-
lic sphereare completelysyntheticwhile the ceramicpitcheris
renderedisingourimage-basedenderingmethod.

3.3 Compositing Real Objectsin Video

We can further usethe illumination dataset¢o automat-
ically compositean image-basedbijectinto a video se-
guence.Our goalis to compositethe image-baseabjects
ontovideosuchthattheillumination on the objectmatches
thatin the sceneandthe shadeovs andinterre ectionscre-

atedby theobjectarerealisticallyhandled.

The remainderof this sectiondemonstrateshe appli-
cationthrougha compositingexample. First, to corvinc-
ingly compositean object within a scene,knowledge of
how the sceneis illuminated is required. Similar to the
methoddescribedin [24], we simultaneouslygathertwo
video sequencesone of the actualsceneusinga Canon
XL-1 miniDV videocameraandtheotherof theradianceat
theintendedobjectlocationwithin thescenepusinga Nikon
CoolPixdigital cameran MPEG modewith a sheye lens
attachment. (Our radiancemapsare similar to thoseob-
tainedwith metallic spheresn [8], althoughwe pay the
price of limited dynamicrangedueto the acquisitionof a
time sequence.)

In eachframe, the pixel coordinatesf all light sources
in the sheyeradiancenapswereautomaticallydetermined
by low passltering andthresholdingheimages.Thoseco-
ordinatesandthe experimentallydeterminedixel location
to anglemappingof the lens, were usedto selectimages
from the illumination datasetcorrespondingo the closest
capturedight sourcelocations? The selecteddataseim-
ageswerethencombinedusingsuperpositiono renderthe
objectunderthe arbitrary scenelighting, which could in-
clude multiple or extendedsources.This methodassumes
the sourcesareat a x ed distancefrom the object,and so
doesnot requirethe full depth-basedenderingmethodin
Section2. We arecurrentlyextendingthis demonstrationo
situationsrequiringdepth-basedendering.

This approximationworks quite well for pixels on the
object,but it ignoresthe effectsof shadevs andinterre ec-
tionscastfrom the objectontothesurroundingegionin the
videofootage.To overcomethis, we useatechniquesimilar
tothosein [8, 11]. We gatheranadditionalbackgroundllu-
minationdatasethatis identicalto theillumination dataset,
exceptthat the object hasbeenremoved. As [8, 11] did
with syntheticglobal illumination solutions,we compared
the two dataseimagesto determinehow the presenceof
the objectaffectedthe areasurroundingit. We compared
theimagesby computinga radiancescalefactor that
wascomputedor eachpixel asfollows

(@)

where wasthe intensityof the pixel in theap-
propriateillumination dataseimage (with objectpresent),
and wastheintensityof pixel inthecorrespond-
ing backgroundllumination dataseimage(with no object
present).In shadev regions, is lessthanone,andit

darkensthe region surroundingthe objectin the composite
image. In interre ections, is greaterthanone,andit

ITheillumination datasetsvereacquiredwith light sourcdocationsat
every two degreesin azimuthandelevation over the upperfront quadrant
of asphere Althoughthedatasets limited, andsoobviously cannotsim-
ulateall possiblelighting conditions,it is adequatdor demonstratingur
methods.



Fig. 8: This gure illustrateshow imagesof anobjectarecompos-
ited into video footage. The top row shaws a still framefrom the

video sequenceleft, andthe correspondingadiancemap, right.

Note that the dark circle is the sheye lens recordingthe radi-

ancemap. The secondrow shavs animage from the illumina-

tion dataset|eft, andanimagefrom the backgroundllumination

datasetorrespondingo one of the light sourcedetectedn the

radiancemap,right. Thethird row shavs a diagramoutlining the

segmentedbbjectboundaryandtheactive regionin thecomposite
image,andthefourth shavs the compositémagealone.

brightensthe surroundingregion. The methodis exact if
the backgroundn the sceneandthe backgroundn theil-
luminationdatasehave the samegeometricandre ectance
properties,andis an approximationotherwise. For color
imagesthe scalefactorcanbe computedandappliedsepa-
ratelyfor eachcolor channel.

A onetime handsegmentationwas performedto label
the pixelsin the illumination dataseimagesas object or

backgroundSincetheviewpointwas x ed,it wassufcient

to sggmenta singleimagefrom eachdataset.A large "ac-
tive” region encompassinghe object, shadavs, andinter-

re ections in the entireillumination datasetvasalsohand
selectedalthoughonly aroughboundarywasneeded.

The pixel valuein the nal compositeimagewascom-
putedas follows: compositeimage pixels locatedon the
objectareassignedhe pixel valuein the objectimage;pix-
els locatedin the active region, but not on the object, are
assignedhevideoframevaluescaledby theradiancescale
factor ; and pixelslocatedoutsidethe active region are
assignedhe unchangedideoframevalue.

The above procedurds illustratedin Fig. 8, in which a
vasecontaining o wersis compositedonto a table scene.
Note the consistentshadevs castby the o wersonto the
supportingtable and the consistentighlights on both the
glassandthe compositedvase. The geometryof the plate
and glassare unknownn, and so shadevs caston themare
approximate Figure9 shows still framesfrom the original
sequencethe radiancemap sequenceandthe nal com-
positedsequenceThe compositecsequenceanbe down-
loadedfrom [19].

4 Discussion

We have presentec methodfor renderingnovel imagesof
an objectunderarbitrarylighting conditions. The method
correctlyhandlesshadaving without the needfor ray trac-
ing andcansynthesizepoint, anisotropic extended or ary
othertype of light source.

Thereare,of course,mary issuesto explore. As in the
lumigraphwork [6], whatis the relationof the BRDF and
geometryto thesamplingrateof light sourceghatyieldsef-
fectiverenderings®hatareef cient waysto compresshe
presumablyedundaninformationfor mostscenes?How
accuratearethe renderings? While the renderingmethod
can be appliedto surfaceswith arbitrary BRDFs, the ef-
fectof interre ectionsneedgo bestudiedfurther. Whatare
fastwaysto renderimagesusingthe resultingrepresenta-
tion? How cansuchmethodsbe extendedto handlediffer-
entviewpointsaswell asillumination? Note thatwe only
really recover a 2-D slice of the apparentBRDF at each
point. Are thereprincipledmeango extrapolatethe appar
ent4-D BRDFfrom the2-D slicesowe cancorrectlyrender
novel viewpoints?
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