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Abstract

Whena sceneis lit by a source of light, the radianceof each point in the scenecan be viewed as having
two components,namely, direct and global. Recently, an ef�cient separation methodhas beenproposedthat
useshigh frequencyillumination patternsto measure the direct and global componentsof a scene. Theglobal
componentcould arise from not only interre�ections but also subsurfacescatteringwithin translucentsurfaces
and volumetricscatteringby participating media.In this paper, we usethis methodto measure the direct and
global componentsof a variety of natural and man-madematerials.The computeddirect and global images
provideinterestinginsightsinto thescatteringpropertiesof commonreal-worldmaterials.Wehavealsomeasured
the two componentsfor a 3D texture as a functionof lighting direction.This experimentshowsthat the global
componentof a BTF tendsvary smoothlywith respectto thelighting directioncomparedto thedirectcomponent
of theBTF. Finally, weapplytheseparation methodto a translucentobjectfor differentimaging andillumination
scales(resolutions).Theresultsobtainedshowhow theBSSDRFof the objectgradually reducesto a BRDF as
onegoesfrom �ne to coarsescale. All themeasurementresultsreportedhere, as well as several others, can be
viewedashigh resolutionimagesat http://www1.cs.columbia.edu/CAVE/projects/separation/separation.php.

Categories and SubjectDescriptors(accordingto ACM CCS): I.3.7 [ComputerGraphics]:Three-Dimensional
GraphicsandRealismI.4.1 [ImageProcessingandComputerVision]: Digitization andImagecapture

1. Intr oduction

When a sceneis lit by a sourceof light, the radianceof
eachpoint in the scenecanbe viewed ashaving two com-
ponents,namely, direct and global. The direct component
arisesfrom thedirect illumination of thescenepoint by the
light source.Theglobalcomponentresultsfrom the illumi-
nationof thepointduetoscatteringof light from otherpoints
in thescene.Theglobal illumination canresultfrom a vari-
ety of effects,including,interre�ections,subsurfacescatter-
ing andvolumetricscattering.Recently, theauthors,in col-
laborationwith MichaelGrossberg at theCity Universityof
New York andRameshRaskarat MERL, have proposedef-
�cient methodsthatusehighfrequency illuminationpatterns
to separatethedirectandglobalcomponentsof ascenelit by
a single light source[NKGR06]. The illumination patterns
includeshiftedcheckerboardpatterns,shiftedsinepatterns,
shadowscastby atranslatingline occluderandshadowscast
by a rotatingmeshoccluder.

Thegoalof this paperis to presentseparationresultsfor
a variety of real-world materialsand objects.For this, we

have useda 1280x720DLP projectoranda 1024x728color
camera.We have used the shifted checkerboardmethod
[NKGR06] with checker sizesin the rangeof 4x4 to 8x8
(in projectorpixels).In theremainingof this paper, we will
show our experimentalresults.In each�gure, thedetailsof
theresultarediscussedin thecaption.Weconcludewith sep-
arationexperimentsin which thesourcedirection,thereso-
lution of the cameraandthe resolutionof the illumination
patternarevaried.Theseexperimentsshow thedecomposi-
tion of a BTF [DvGNK99] into its direct andglobal com-
ponents,and the transitionof a BSSRDF[JMLH01] to a
BRDF [Nic70] asthescaleof observation andillumination
variesfrom �ne to coarse.

The examplesshown hereillustrate how real-world ob-
jectsinteractwith light aswell asoptically interactwith each
other (hencethe term "visual chatter").Someof thesein-
teractionscon�rm our intuitionson how globalillumination
works.Othersrevealsurprisingeffectsandprovide new in-
sightsinto thescatteringpropertiesof commonplacemateri-
als.
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Figure 1: Concave and Convex V-Grooves: This sceneincludestwo identical V-grooves,exceptthat the left oneis concave
and the right oneis convex. Thetwo sidesof each grooveare madeof mattepaper(whiteon left sideandpink on the right).
Asexpected,theconvex groovehasno global illumination while theconcaveonehasa strongglobal componentdueto diffuse
interre�ections that increasetoward the edge of the groove. The interre�ections causethe color of oneside to "bleed" into
the other. Several studieshavebeenconductedin psychophysicsthat showthat interre�ectionsplay an importantrole in the
perceptionof shapeandcolor [Gil79] [BKH99].
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Figure 2: Kitchen Sink: This sceneincludesobjectsin a sink �lled with water. Sincethe water is clear it servesas a fully
transparent mediumanddoesnot in�uence thescatteringeffects.It is worth noting that thecomputeddirect image lookslike
a syntheticimage renderedusinga single-bouncerenderingpackage such asOpenGL.All theinterre�ectionsbetweenthesink
andtheobjectsare observedin theglobal image. Noticethestronginterre�ectionsat theedgesandcorners of thesinkandthe
occludingboundariesof thecurvedobjects.

Scene Direct GlobalScene Direct Global

Figure 3: TranslucentColoredBalls: Theballs in this sceneexhibit verystrongsubsurfacescatteringwhich causesthemto
"glow" undervirtually anyillumination[JMLH01] [GLL� 04]. Weseethatall thesubsurfacescatteringis capturedin theglobal
image. Perhaps,dueto strongmultiplescattering, theglobal imagesof theballs havevery little shading, causingtheballs to
appearlike �at discs(particularly, thegreenball). On theotherhand,thedirectcomponentrevealsthesphericalshapesof the
ballsandtheroughnessof their surfaces.
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Figure4: Pink Carnation: In thecaseof this �ower, weseethat in thedirectimagetheshadowscastbythepetalsoneach other
are strongand thepetalsthemselvesappeargrayishandsomewhat listless.Asa result,thedirect image looksmore like that
of a synthetic�ower thana natural one. It is interestingto notethat mostof thecolor of the �ower arisesfromglobal effects.
Theseincludetheinterre�ection of light betweenthepetalsaswell asthediffusionof light throughthepetals.Boththeseeffects
causea "sharpening"of thespectral distribution of thelight [FDH91]. Asa result,in this example, thecolor of the light gets
more reddishaftereach bounceor diffusion.

Scene Direct GlobalScene Direct Global

Figure 5: Hybrid Tea RoseLeaf: Althoughthe leaf is thin, it exhibits a noticeableglobal componentover its entire area.
This is becausetheentire leaf hasa spongymesophylllayer, beneaththeupperepidermisandpalisademesophylllayers, that
exhibitssubsurfacescattering. In particular, theglobal componentis strongfor theveinsof theleaf. This is probablybecause
theveinsare translucentasthey are madeof vasculartissuesthat carry water, minerals andsap.See[PSOH03] for detailson
theanatomyof theleaf.

Scene Direct GlobalScene Direct Global

Figure6: PlasticCupwith Milky WaterandCoin: In thisexample, theglobalimageincludesthevolumetricscattering[Cha50]
[ Ish78] of light by themilky water(referredto as"airlight" in atmosphericoptics[Mid52] [McC76]) in thecupaswell asthe
secondaryilluminationof thecoppercoinby themilky water[SRNN05]. Thedirectcomponentincludesthespecularhighlights
on the coppercoin dueto direct illumination of the coin by the source. This componentis attenuated(referred to as "direct
transmission"in atmosphericoptics[Mid52] [McC76]) by themilky wateras it makesits wayto thecamera. Thewaxcandle
on theright hasa strongsubsurfacescatteringcomponent.Asa result,all of its color is captured in theglobal image andthe
directimage only includesthesurfacere�ection (highlights)fromthecandle.
c
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Figure 7: Blonde Hair: In this example, we seehow blondehair decomposesinto its direct and global components.It is
interestingto notethat thedirectcomponentmakestheblondehair look like dark tan hair. Furthermore, thedirectcomponent
revealsthe complex BRDF of individual hair �bers, which is dueto the nested-conestructure of each �ber [SGF77] [BS91]
[LKK00] [MJC� 03]. Onecanobservethecomplex structuresof thespecularhighlightsaswell as rainbowscatteringeffects
that are knownto occur in hair �bers. In contrast, the global componenthastheappearanceof a �at texture such as that of
�nished wood[MWAM05]. Theglobal componentarisesfrommultiple re�ectionsof light betweenthe hair �bers [MJC� 03]
andis seento accountfor thecolor of thehair.

Scene Direct GlobalScene Direct Global

Figure 8: Hand: Here, we showseparation resultsfor the handof an AsianIndian male. Noticehow the direct component
mainly includesthe surfacere�ection dueto oils and lipids on the skin. It also revealsthe detailsof the micro-geometryof
theskinsurface[UKM� 96] [HEG01] [KP03] [CDMR04]. Mostof thecolor of theskincomesfromsubsurfacescattering, as
seenin theglobal image [HK93] [DHT� 00] [JMLH01] [TOS� 03] [WMP� 05]. In contrastto thedirectcomponent,theglobal
componentdoesnot revealtheroughnessof theskin's surfaceandonly includesalbedovariations.Thedetailsof thegeometry
andopticsof skincanbefoundin [ INN05].
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Figure 9: Handsof Dif ferentRaces:Theseparation resultsfor threemore handsof peopleof differentnationalities:African
Americafemale(left), Chinesemale(middle)andSpanishmale(right). In thesespeci�c hands,themicro-geometryof theskin
is quitedifferent,asseenfromthedirect component.Onceagain, thecolors of theskincomefromtheglobal componentand
dependon themelaninandhemoglobin levelswithin theskin[TOS� 03] [ INN05].
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Figure 10: Direct and Global BTF of Pebbles: For this sampleof pebblestaken from the CURETdatabase[DvGNK99]
we varied the source direction in a planebetween-30 and 30 degreesin stepsof 10 degrees(where 0 degreescorresponds
to the viewing direction),and performedthe separation for each source direction.Theendresult is a decompositionof the
BTF [DvGNK99] into its direct andglobal components.Noticehow the direct imageslook like real imagesof dark pebbles.
Theglobal imagescapture thesubsurfacescatteringwithin individual pebblesaswell asthecomplex interre�ectionsbetween
neighboringpebbles.As the source directionvaries,the direct imagesvary signi�cantly within local regionsas the shadows
shift and the shadingchanges.However, the global image variesmore smoothlywith respectto the lighting direction.This
con�rms our intuition that thevariation in global illumination tendsto besmoothwith respectto lighting direction.
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Figure11:BSSRDFandBRDF of Marble asa Function of Scale:In thisexample, weshowseparationresultsfor a marbletile
for differentresolutionsof imagingandillumination.For scale= 1, theresolutionof thecamera wassetat thenativeresolution
of 1024x768andtheseparation wasdonewith a checkerboard patternwith checkers of 4x4projectorpixels.For lower scales
of 1/n, theresolutionof thecamera wasreducedbyaggregatingnxnpixelsandthechecker sizeof theilluminationpatternwas
increasedto 4nx 4n.At scale= 1, weseea slightdirectcomponentanda dominantglobalcomponent[ JMLH01] [GLL� 04]. In
contrast,at scale= 1/6,weseethat theglobal componentis nearlyzero everywhere andthedirectcomponentis almostequal
to theoriginal image. ThisexampleshowshowtheBSSRDFof a translucentobjectdominatesat �ne scales,but reducesto a
BRDFasonegoesto coarserscales.
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