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(a) Scene

Abstract

We presenfastmethoddfor separatinghe directandglobalillumi-
nationcomponentsf ascenameasuredby a cameraandilluminated
by alight source.ln theory the separatiortanbe donewith just two
imagestakenwith a high frequeng binaryillumination patternand
its complement.In practice,a larger numberof imagesare usedto
overcomeheopticalandresolutionlimitationsof thecamerandthe
source.Theapproactdoesnot requirethe materialpropertiesof ob-
jectsandmediain the sceneto be known. However, we requirethat
theillumination frequeng is high enoughto adequatelysamplethe
global componentseceved by scenepoints. We presenseparation
resultsfor sceneghat include comple interre ections, subsuréce
scatteringand volumetric scattering. Several variantsof the sepa-
ration approacharealsodescribed.Whena sinusoidalillumination
patternis usedwith differentphaseshifts,theseparatiortanbedone
usingjust threeimages. Whenthe computedimagesare of lower
resolutionthan the sourceand the camera,smoothnesgonstraints
areusedto performthe separatiorusinga singleimage. Finally, in
the caseof a static scenethatis lit by a simple point source,such
asthesun,amoving occluderandavideocameracanbe usedto do
the separationWe alsoshav several simpleexamplesof how novel
imagesof a scenecanbe computedrom the separatiomesults.
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(b) Direct Component
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(c) GlobalComponent

Figurel: (a) A scendit by a singlesourceof light. The sceneincludesa wide variety of physicalphenomenahat producecomplex global
illumination effects. We presenseveral methodgor separatinghe (b) directand(c) globalillumination componentsf the scenausinghigh
frequeng illumination. In this example,the componentsvereestimatedy shifting a singlecheclerboardpattern25 timesto overcomethe
optical andresolutionlimits of the source(projector)andsensorcamera).The directand globalimageshave beenbrightnessscaledby a
factorof 1.25. In theory the separatiorcanbe doneusingjust 2 images.Whenthe separationmesultsareonly neededat a resolutionthatis
lower thanthoseof the sourceandsensorthe separatiortanbe donewith a singleimage.

1 Intro duction

Whenascensas lit by asourceof light, theradianceof eachpointin
the scenecanbe viewed ashaving two componentspamely direct
andglobal. The directcomponenis dueto the directillumination
of the point by the source. The global componenis dueto the il-
luminationof the point by otherpointsin the scene. Considerthe
scenepoint P shawn in Figure2. Thelight ray A representdts di-
rectillumination by the sourceand henceis the sole causefor the
directcomponenbf theradiancemeasuredby the camera Therays
B, C, D andE arerecevedby P from otherpointsin the sceneand
togethetthey contrikbuteto theglobalcomponenof its radiancemea-
suredby thecameraTheseglobalillumination light raysarecaused
by differentphysicalphenomenghatarecommonin therealworld.
Ray B representshe interre ection of light betweenscenepoints;
ray C resultsfrom subsurécescatteringwithin the mediumbeneath
the surface;ray D is dueto volumetricscatteringoy a participating
mediumin the scene;andray E is dueto diffusion of light by a
translucensurface.

It is highly desirableto have a methodfor measuringhe directand
global componentof a scene,as eachcomponentonveys impor-
tantinformation aboutthe scenethat cannotbe inferred from their
sum.For instancethedirectcomponengivesusthepurestmeasure-
mentof how the materialpropertiesof a scenepoint interactwith
the sourceand camera. Therefore,a methodthat can measurgust
the direct componentcan be immediatelyusedto enhancea wide
rangeof scenecapturetechniqueshatareusedin computervision
and computergraphics. The global componentcorveys the com-
plex opticalinteractionshetweerdifferentobjectsandmediain the
scene. We know that it is the global componenthat makes pho-
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Figure2: The radianceof scenepointis dueto directillumination
of the point by the source(A) andglobalillumination dueto other
pointsin the scene. The global illumination can arisefrom inter-
re ections (B), subsurficescattering(C), volumetric scattering(D)
andtransluceng (E). Separatiomf thedirectandglobalcomponents
of measuredadiances usefulasthesecomponentgorvey different
propertiesof thescene.

torealisticrenderinga hard and computationallyintensve problem.
A measurementf this componentould provide new insightsinto

theseinteractionghatin turn could aid the developmentof moreef-

cient renderingalgorithms.Furthermoremeasurementf thedirect

andglobalcomponentsanenablenew typesof imagemanipulations
thataremorefaithful to the physicallaws thatgovernscattering.

The goal of this paperis to develop ef cient methodsfor separat-
ing the directandglobal component®f a scendit by a singlelight
sourceand viewed by a camera. One way to measurethe global
components to illuminate eachpoint of the sceneindependently
and capturean imageto determinethe contritution of the point to
all otherpoints, asrecentlyproposedn [Seitz et al. 2005]. While
this approachis valid from atheoreticalstandpointjt becomegro-
hibitively expensie for largeandcomplex scenesWe shaw thatthe
direct and global componentsat all scenepoints canbe ef ciently
measuredy using high frequeng illumination patterns. This ap-
proachdoesnot requirethe scatteringpropertiesof the scenepoints
to be knowvn. We only assumehatthe global contribution received
by eachscenepoint is a smoothfunction with respectto the fre-
queng of thelighting. Thisassumptiommakesit possiblejn theory
to dothe separatiorby capturingjusttwo imagestakenwith adense
binary illumination patternandits complement.In practice,dueto
theresolutionlimits imposedby the sourceandthe cameraa larger
setof images(25 in our setting)is used. We shav separatiorre-
sultsfor several sceneghatincludediffuseandspeculaiinterre ec-
tions, subsurécescatteringdueto translucensurfacesandvolumet-
ric scatteringdueto densemedia. We alsoshav how the directand
global componentsanbe usedto generatenew imagesthat repre-
sentchangesn theoptical propertiesof the objectsandthe mediain
thescene.

We presenseveral variantsof our methodthatseekto minimizethe
numberof imagesneededor separation.We shav thatby usinga
sinusoid-basetlumination patterntheseparatiortanbedoneusing
justthreeimagestaken by changingthe phaseof the pattern.When
the resolutionof the cameraandthe sourceare greaterthanthe de-
siredresolutionof the direct and global images,the separatiorcan
be donewith a singleimageby assumingneighboringscenepoints
to have similar directand global components.In the caseof justa
simplepointlight source suchasthe sun,the sourcecannotbe con-
trolled to generateherequiredhighfrequeny illumination patterns.
In suchcasesthe shadw of aline or meshoccludercanbe swept
over the scenewhile it is capturedby a video camera.The captured
videocanthenbeusedto computethedirectandglobalcomponents.
We concludethepaperwith adiscussioron severalextensionof our
approachthatareplannedor thefuture.

2 Related Work

Therehasbeenlimited work on separatinghe directandglobaliil-
lumination component®of a scenefrom images. Classicalshape-
from-brightnessalgorithms,suchas photometricstereo[Woodham
1980], do not accountfor global illumination due to interre ec-
tionsandhenceproduceancorrectshapeandre ectanceestimategor
scenewvith concaities. For LambertiarsurfacesNayaretal.[1991]
analyzedthe propertiesof the incorrectshapeandre ectancepro-
ducedby photometricstereoand shaved that the actualshapeand
re ectancecanbe recoveredfrom the incorrectones. This recovery
processmplicitly separatethedirectandglobalcomponent®f the
scene.However, this approachs hardto extendto non-Lambertian
scenewith complex geometrie®f thetypewe areinterestedn.

In the caseof pureinterre ectionsproducedby ary opaquesurface,
thedirectandglobalcomponentsanbeinterpretedn asimpleman-
ner Thedirectcomponents dueto asinglere ection atthesurface,
while the globalcomponents dueto multiple re ections. An inter

estingtheoreticaldecompositiorbasedn this interpretationwvasre-

centlyproposedy Seitzetal. [2005]. They alsopresenteé method
for estimatingtheinterre ection contribution dueto ary givennum-
berof re ections. While thedecompositioritselfis applicableo sur

faceswith arbitraryBRDF, the methodfor estimatingthe decompo-
sitionis basednthe LambertiarassumptionMoreover, thismethod
requiresa very large numberof imagesto be acquiredasit needso

know the photometriccouplingbetweenrall pairsof scenepoints.

In orderto separateheillumination component®f arbitraryscenes,
oneneeddo go beyond the realmof interre ectionsandbe ableto
handlemore complex phenomenauch as subsurfice scatteringin
translucenbbjectsandvolumetricscatteringoy participatingmedia.
A generalapproachto this problemis to estimatethe dependence
of the light eld [Levoy and Hanrahan1996; Gortler et al. 1996]
of a sceneon an arbitraryillumination eld. This dependencés
expressedisa linear transformatiorcalled a transportmatrix. Due
to its enormousdimensionality estimationof the transportmatrix
requiresa very large numberof imagesandilluminations. Several
techniqueshave beenproposedo reducethe numberof imagesby
usingcodedillumination elds [Zongker etal. 1999; Debevecetal.
2000; Chuanget al. 2000; Lin et al. 2002; Peersand Dutré 2003;
Zhu and Yang 2004; Shim and Chen2005; Senet al. 2005]. Even
so, typically, severaltensor even hundredof imagesareneededo
obtainacceptablestimate®f thetransportmatrix. In our work, we
do not aim to recover the entire transportmatrix. Our goal is less
ambitious— it is to separatehe appearancef ascendit by asingle
sourceinto its directandglobalcomponentsin this setting,we shav
thatthe separatiorcanbe donewith a very smallnumberof images
—undercertainconditions just a singleimageis sufcient.

It hasbeenrecentlyshavn that by separatelycomputingthe direct
and global componentsthe renderingof a syntheticscenecanbe
spedup [Sloanet al. 2002; Arikan et al. 2005]. We have computed
directandglobalimagedor severalscenesandtheseimagesinclude
avariety of non-intuitive effects. We thereforebelieve thatour sepa-
rationmethodscouldprovide new insightsthatleadto moreef cient
renderingalgorithms. Finally, we shav several simple examplesof
how the separatiomesultsfor a scenecanbe usedto generateovel
imageghatrepresenthangesn thephysicalpropertieof thescene.

3 Theory of Fast Sepaation

3.1 De nitions for Direct and Global Illumination

Considera surfaceviewed by a cameraandilluminated by a point
source asshawvn in Figure3(a). Let usassumeahatthe sourcegen-
eratesa setof illumination rays,eachray correspondindo a single
sourceelementasin the caseof adigital projector We assumehat
eachpointof the surfacecould causea signi cant scatteringeventin
thedirectionof thecameraf lit by thesource.Theradianceof asur
facepoint measuredy the cameradueto sucha scatteringeventis



referredto asthedirectcomponentl ;. Theexactvalueof thedirect
componenis determinecby the BRDF of the surfacepoint, which
canbe arbitrant. For our separatiormethodto work, we assume
that eachcamerapixel canobsere at mostone signi cant scatter
ing event,i.e. two differentsourceelementannotproducea direct
componenklonga camerapixel's line of sighf.

Theremainingradiancemeasuredby the camergpixel is referredto
astheglobal componentlLg. In computergraphicsthis termis typ-
ically usedto denoteinterre ections— light receved by a surface
point after re ection by other scenepoints. Here, we are usinga
moregeneralde nition. In additionto interre ections,theglobalil-
luminationreceved by the surfacepoint may be dueto volumetric
scattering,subsurice scatteringor even light diffusion by translu-
centsurfaces(seeFigure2). The caseof diffusion by a translucent
surfaceworks similarly to interre ections. In the caseof volumetric
scatteringthe global componentrisesfrom theillumination of the
surfacepoint by light scatteredrom particlessuspendedn a par
ticipating medium. In the caseof subsurécescatteringthe surface
pointreceveslight from otherpointswithin the surfacemedium.Fi-
nally, theglobalcomponentlsoincludesvolumetricandsubsuréce
effectsthatmayoccurwithin thecameraixel's eld of view but out-
sidethevolumeof intersectiorbetweerthe elds of view of thepixel
andthe sourceelementhatproducesa signi cant scatteringeventat
the pixel. Theseareconsideredo be global effectsasthey arenot
signi cant scatteringeventscausedy individual sourceelements.

In all casesthetotal radiancemeasurectacamergixel is thesum
of thedirectandglobalcomponents:

L= L+ Lg:
3.2 The Nature of the Light Source

In ourwork, we restrictoursehesto the useof a singlecameraanda
singlesource.While we will usea point sourceto describeour sep-
arationmethod this is not a strict requirementWe only requirethat
eachpointin the scenebedirectlyilluminatedby at mostonesource
element.In otherwords,thelight rayscorrespondingo the source
elementshouldnotintersectvithin theworking volumeof thesetup
usedto performthe separation Any source(point or extended)that
satis esthis conditionmaybeused.

@)

3.3 Sepaation using High Frequency lllumination

Let usassumehatthe scenen Figure3(a)includesa singleopaque
surfaceof arhitraryBRDF immersedn a non-scatteringnediumso
thatthe globalcomponenarisessolely from interre ections. As we
will see,our analysisof this caseis applicableto otherphenomena
suchassubsurdceandvolumetricscattering.

Let usdivide the surfaceinto a total of N patchesM of which are
directly visible to the source .Eachof theseM visible patchesorre-
sponddgo asinglepixel of the source We denotethe radianceof the
patchi measuredby the camerac asL[c;i], andits two components
asLylc;i] andLglc;i], sothatL[c;i] = Ly[c;i] + Lg[c;i]. Theglobal
componenbdf i dueto interre ectionsfrom all othersurfacepatches
canbewritten as:

1Since,in practice camerasndsourceshave ®nite resolutionsthe direct
components theaggregateof all thescatteringhatoccurswithin thevolume
of intersectionbetweerthe ®elds of view of the camerapixel that obseres
the surfacepoint andthe sourceelementhatilluminatesit.

2A scenaricthatviolatesthis assumptions the caseof atransparenand
yetre ectve) surfacein front of anothersurface,wherea cameraixel's line
of sightcould producetwo signi®cantscatteringglueto differentsourceele-
ments(pixelsin the caseof aprojector).

3This claim doesnot hold true when the sourceand the cameraare co-
located. In this specialcase,the ®eld of view of eachcamerapixel is illu-
minatedby a singlesourceelementandhencethe volumetricandsubsurace
scatteringeffects within the pixel's ®eld of view will indeedbe signi®cant
scatteringeventsandhenceappeain thedirectcomponent.

(b)

Figure3: (a) A simple scenariowherethe radianceof eachpatch
i includesa directcomponentueto scatteringof light incidentdi-
rectly from the sourceanda global componentueto light incident
from otherpointsin the scene.(b) Whenthe sourceradiatesa high
frequeng binaryillumination patternthelit patchesncludebothdi-
rectandglobalcomponentsvhile theunlit patcheshave only aglobal
component.In theory two imagesof the scenetaken with suchan
illumination patternandits complementresufcient to estimatehe
directandglobalcomponentsor all patchesn thescene.

Lolciil= & Ali; jIL[i: j];
2P

@)

where,P = fjj1 j N;j6 ig. L[i;j] is the radianceof patch
j in the directionof patchi andAli; j] incorporategthe BRDF of i

aswell asthe relative geometriccon guration of the two patche$.
We canfurtherdecompose.g[c; i] into two componentssLg|c;i] =

Lgd[c;|] + LgglG ], whereLgd[c;l] is dueto the directcomponenbf
radiancedrom all scengpatchesandLg[c; i] is dueto theglobalcom-
ponentof radiancerom all scenepatches:

LydlS;il= & Al ilLglisils Leglciil= @ Al jlLgli; il: (3)
j2P j2P

Now let usassumehatonly afractiona of thesourcepixelsareacti-
vatedandthattheseactivatedpixels arewell-distributedover theen-
tire scendo producea high frequeng illumination pattern asshavn

in Figure 3(b). The setof illuminated patchescan be denotedas
Q= fkik2 Nandit(k) = 1g, wherethefunctionlit indicatesvhether
apatchis illuminatedor not. Then,theabore componentbecome:

Al jlLg" [isj]: (4)

Loa"[c;il= @ Al lLgli: i Log™ [l = &
i2Q j2P
Note that Lgd+ [c;i] differs from Lgd[c;i] only in that the lit aM

patchegatherthanall the M patcheshave a direct componentand
hencemale a contribution. Therefore,if the geometryand re-
ectance term A[i; j] andthe direct component. [i; j] are smooth
with respecto thefrequeng of theillumination patternwe have:

“4Details on the form of AJi;j] can be found in [Chandrasekhaf950;
Koenderinkand van Doorn 1983; Kajiya 1986; Immel et al. 1986; Forsyth
andZissermanl991; Nayaretal. 1991; Seitzet al. 2005]. In our work, the
exactform of Ali; j] is notrelevantasit notusedexplicitly duringseparation.
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A brief frequeng domainanalysisof theilluminationfrequeng that
malestheabove relationvalid is givenin AppendixA.

Now, let us considerthe secondterm, Lgg* [c;i]. Since Lg* [i; j]
in Equation(4) is the resultof higherordersof interre ection than
Lgd+ [c;i], it is even smootherand hencelessaffected by the non-
uniformity of theillumination. However, it is directly proportionako
the averagepower of theillumination, whichis reducedby a in the
caseof the high frequeny pattern. Therefore,Lg* [i; j] = aLgl[i; j]

andwe get: e )

Lgg™ [Gi]= algglC;i]: (6)
Considertwo capturedmagesof the scenewhere,in the rst image
L* thescends lit with high frequeng illumination thathasfraction
a activatedsourcepixelsandin thesecondmagel it is lit with the
complementaryllumination thathasfractionl a activatedsource
pixels. If the patchi is lit directly by the sourcein the rst image
thenit is notlit by the sourcein the secondmage,andwe get:

L [ci]= Lylcii]+ alglc;i]; L [ci]l= (1 a)Lglcii]:  (7)
Thereforejf weknow a, we cancomputethedirectandglobalcom-
ponentsateachcameraixel from justtwo images.Thusfar, we have
assumedhatwhena sourcepixel is not activatedit doesnot gener
ateary light. In the caseof a projector for example,this is seldom
completelytrue. If we assumehebrightnesof adeactvatedsource

elementis a fractionb, where0 b 1, of an activatedelement,
thentheabove expressiong€anbemodi ed as:

L*[ci] = Lylcil+ alglcii]+ b(1  a)Lg[ci];
L [ci] bLylcil+ (1 a)lg[ci]+ ablg[c;i]:

Lgd+ [ci1= aLyqlcil:

8)

Again, if a andb areknown, the separatiorcanbe doneusingjust
two images. Note thatif a is eithercloseto 1 or 0, the scenewill
belit (sampled)very sparselyin one of the two images. Sincewe
wishto maximizethesamplingfrequeng of theilluminationin both
imagesagoodchoiceis a = % In this casewe get:

Lt [C,I] = Ld[C;i]+ (l+ b) Lg[zcyl] ’
L (il = blyfoil+ 1+ =2l ©)

2

Basedon the above results,we will develop a variety of separation
methods.In eachcase we will recorda setof brightnessvaluesat
eachcamerapixel and useLmax and L,;, to denotethe maximum
andminimumof thesevalues.In theabove caseof two imagestaken
witha= 3, L* L andhenceLmax= L* andL,=L .

3.4 Generality and Limitations

While we have useda simple scenewith just interre ectionsto de-
scribethe separatiormethodiit is applicableto a wide rangeof sce-
narios.Thedirectcomponentanincludediffuseandspeculare ec-
tions. The globalcomponentanarisefrom not justinterre ections
but also volumetric and subsuréce scattering. In the presenceof
thesescatteringeffects,the surfaceelementj in theabove equations
representsoxels of intersectiorbetweerthe elds of view of cam-
eraandsourcepixelsthataredistributedin 3D spaceratherthan2D
surfacepatches.

In the caseof volumetricscatteringasmentionecearlier two effects
arecapturedby the measuredjlobal component.The rst is theil-

luminationof eachsurfacepoint by the participatingmedium. This
effect works like interre ectionsandhenceis includedin the mea-
suredglobal component.The secondeffect is the brightnessof the
participatingmediumwithin the pixel's eld of view. Considerthe
entiresetof sourceraysthatpassthroughtheline of sightof asingle
camerapixel. In the rst image,a fraction a of the rayswill pass

throughtheline of sightandin thesecondmageafractionl a of
therayswill pasghroughit. Thereforejf theilluminationfrequeng
is highenoughgvenif the mediumis non-homogeneouthe second
effectis alsoincludedin the measuredjlobalcomponent.

In thecaseof subsuracescatteringthedirectcomponentis produced
by the BRDF of the surfaceinterfacewhile the globalcomponents
producedby the BSSRDF(not including the BRDF of the surface
interface)of the surfacemedium.

Onthe otherhand,thereareseveral extremescenariosvheretheil-
luminationfrequeng will notbesufciently highfor the separation
methodto produceaccurateresults. For example,if the scenein-
cludeshighly specularor refractive surfaces the surfacepoint may
be strongly illuminated from multiple directionsand henceexhibit
multiple signi cant scatteringevents. Furthermorethe global com-
ponentmay be underestimatedueto undersamplingy the illumi-
nation. In suchcasesthe separatiorresultswill includeundesirable
artifacts,aswe will shav in Sectior4.

3.5 Verication

Beforewe describeour separatiormethodswe presentseveral ver-

i cation resultson the useof high frequeng illumination for esti-
matingthe global component.For theseexperimentswe have used
the sceneshawvn in Figure 4(a) (also shawvn in Figure 1) that in-

cludesa wide variety of physicalphenomenaThe scenewaslit by

a Saryo PROxtraX digital projector (with 1024 768 pixels) and
imageswere capturedusing a Point Grey Dragon y camera(with

1024 768 pixels). Sincethe cameradetectohasa Bayercolor mo-

saic, all separatiorcalculationswere doneusingthe raw mosaiced
imagesandthendemosaicingvas appliedto obtaincolor informa-

tion. Sincethis camerais noisyfor our purposesfor eachprojected
illumination we capturecandaveraged32 imagesto reducenoise.

We presentesultsfor thepointsmarkedin Figure4(a)whichinclude
diffuseinterre ectionson the white board(A), specularinterre ec-
tionsdueto the nutshell(B), subsurlcescatteringn the marbleob-
ject (C), subsuracescatteringin the candlewax (D), transluceng
of the frostedglass(E), volumetric scatteringby dilute milk in the
plasticcup (F) andglobalilluminationin a castshada (G).

In the rst experiment,we studiedthe sensitvity of the globalcom-

ponento thesizeof theillumination patchusedto constructhehigh

frequeng pattern. For this the scenewasfully lit exceptfor square
patchesof sizep p (p is in projectorpixels) centeredaroundthe

above 7 points. Eachpoint thereforerecevesonly globalillumina-

tion®. In Figure4(b), the global componen{measuredn the green
channeland normalizedby the value for a 3 3 patch)is plotted
asa function of the unlit patchsize p®. Note thatbetweenp = 3

and p = 11 the global estimatevariesby lessthan 10% for all the

samplesexceptfor the marblepoint. This demonstratethatif the

illumination is sufciently high in frequeng a goodseparatiorcan
be obtainedfor awide rangeof physicalphenomenaln the caseof

the marble,we seea quick fall in the global componenwith p be-

causeheglobalcomponentnainly arisesfrom subsurdcescattering
whichis very local dueto the high densityof the marble.Therefore,
the marblerepresents good exampleof a phenomenorthat needs
to be sampledwith a higherillumination frequeng thanwhat our

currentsystemcanproduceor measure.For this reasonwe do not

includethe marblepoint (C) in the subsequergxperiments.

In thesecondexperimentwe lit thescenewith 100illumination pat-
terns. Eachof thesepatternswas madeof non-overlappingé 6
patcheswhereexactly half the patchesvereactivatedbut the place-
mentof theactivatedpatchesvasrandom.Theaborve pointsof inter-
estwerekeptunlit with 6 6 patchedor all theillumination patterns

5The projectorwas calibratedto accountfor the effect of the inactive
brightnesdactorb in Equation8.

5We did notusea patchsizeof 1 1 asthevalueof b cannotbeprecisely
measuredhn this casedueto thelimitationsof the projectors optics.



J’ A: Diffuse Interreflection (Board)

B: Specular Interreflection (Nut)
C: Subsurface Scattering (Marble)
D: Subsurface Scattering (Wax)

E: Translucency (Frosted Glass)

F: Volumetric Scattering (Dil. Milk)

G: Shadow (Fruit on Board)
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Figure4: (a) Sceneusedfor the veri cation experiments. Results
arepresentedor the pointsA G, which representlifferentglobal
illumination phenomena(b) In this experiment the scenewasfully

lit exceptfor squarepatchesof size p (in pixels) centeredaround
thepointsA  G. The estimatedglobal component g is plottedas
afunctionof p. (c) The meanandstandarddeviation of Lq for the
pointsA G (excluding C), computedusing 100 illumination pat-
ternswith 6 6 checlers. In eachof the patternshalf the checlers
werelit andtheirlocationswereselectedandomly (d) In thisexper
iment,thescenewaslit with patternswith 6 6 checlerswhereonly
afractiona of thecheclerswerelit. Themeasurec Lq variesmore
or lesslinearly with a. (e) Here,the scenewaslit with a checler

boardpatternwith half the checlerslit. Lg is plottedfor different
checler sizesq (in pixels). In experiments(c)-(e)a6 6 square
patchwaskeptunlit aroundeachof thepointsA G (excludingC).

andtheir globalcomponentsverecomputedor eachof the 100 pat-
terns.Themeanandstandardleviation of the estimatedjlobalcom-
ponentareshavn in Figure4(c). We seethatthe globalcomponent
estimatesrerobustto therandomnessf theillumination pattern.

Next, we exploredthe sensitvity of the computedylobal estimateto
thefractiona of lit patchesn theillumination pattern.Again, each
patternwasmadeof 6 6 patcheshut in this caseonly a fraction
a of the patcheswere activated and thesepatcheswere randomly
distributedover the pattern.As before,the6 6 patcharoundeach
of the interestpointswaskeptunlit. The resultsareshavn in Fig-
ure 4(d). As expected,the estimatedglobal componentaly varies
linearlywith a indicatingthatevensmalla valuescanproducerea-
sonableestimate®f theglobalcomponent.

In the nal veri cation experiment,we usedcheclerboardillumi-

nationpatternsof differentfrequencies.For eachpattern,the6 6
patcharoundeachof theinterestpointswaskeptunlit andits global
componentwas measured. Sincethe size of this unlit region was
keptthe samefor all checlerboardfrequenciesthe computedylobal
estimateslo notincludehighly local contrikbutions. This is relevant
mainly in the caseof the candlepoint (D), which hasstrongsubsus
facescattering.In Figure4(e), the globalcomponents plottedasa
function of thechecler sizeq (in projectorpixels), which is half the
periodof the checlerboard.The estimatedylobal componentsf all

pointsstaymoreor lessconstanwhenq is variedfrom 4 to 16 pix-

els. Also, they arevery closeto the meanglobal estimatesn Figure
4(c), which wereobtainedusingrandomizecd:heclerboards.

4 Sepaation Metho ds and Novel Images

We now presentseveral methodsthat usehigh frequeng illumina-
tion patternsto performthe separation.In addition, we shav how
the computeddirect and global imagescanbe usedto createnovel
imagesof the scene.Note thatthe focusof our work is on the sepa-
rationandthatthe novel imageswe shav areonly simpleexamples
of whatis possiblé. Moreover, while thenovel imageswe shaw are
physicallymotivated,they arenot claimedto be physicallyprecise.

4.1 Checkerboard lllumination Shifts

As we have seenin Section3.5, a high frequeng checlerboardil-
lumination patternand its complementarypatternare sufcient to
obtainthedirectandglobalcomponent®f ascene Unfortunatelyit
is dif cult to obtainsuchideal patternsusingan off-the-shelfdigital
projector Dueto light leakageswithin the projectoropticsandcus-
tom imageprocessingncorporatedy the manufcturey thelit and
unlit checlershave brightnessvariationswithin them. Furthermore,
dueto the limited depthof eld of the projector the checlerscan
be defocusedn somesceneregions. To overcometheseproblems
we take a larger numberof imagesthanthe theoryrequires.In our
experimentswe useda patternwith checlersthatare8 8 pixelsin
sizeandshiftedthe pattern5 times(by 3 pixelseachtime) in eachof
the two dimensiongo capturea total of 25 images. The separation
stepsareillustratedin Figure5(a),wheretheimagescorrespondo a
smallpartof thescenen Figurel. At eachpixel, themaximumand
minimummeasuredrightnesse$l max L ,,;,) wereusedto compute
thedirectandglobalestimategL ;; Lg) usingEquation9.

Figures6(a)-(e) shav separationresultsfor several sceneswhere
eachscenehasa dominantphenomenorthat producesthe global
illumination. In Figure 6(a) the global imageincludesthe strong
diffuseinterre ectionsbetweenthe eggs and within the creasef
the orangepaper In Figure 6(b) thewoodenblockshave a specular
componentswell andhencethe globalimagehasregionsof strong

“Someof the novel imagegenerationsve shov herecanbe doneusinga
singleimageof anormallyilluminatedobjectusingrecentlydevelopedalgo-
rithmsfor specularityremoval (see[Mallick etal. 2006]).

8In all our experiments,the cameralens was usedwith an F-number
greaterthan8. Hence defocuseffectsdueto the cameraverenggligible.



color bleedingbetweenthe blocks. In Figure 6(c), the appearance

of the pepperds dominatedby subsuracescatteringas seenfrom

the global image. The direct componentmainly includesspecular
re ections, exceptin the caseof thegreenstalksthatarerathermore
diffusere ectors. Similar effectsareseenin Figure6(d), wherethe

colorsof thecheeseandthegreenandpurplegrapesaremostlydue
to globalillumination by subsuraice scattering. The direct compo-
nentfor bothsetsof grapesaresimilarandincludebothspeculaand
diffusere ectionsfrom thesurface.

Figure 6(e) shavs resultsfor a kitchensink with strongvolumetric
scatteringeffects. The sink includessomeobjectsandis lled with

very dilute milk which actslike a participatingmedium. Note that
the direct componentappeardike an imageof the scenein a clear
medium(air), while the global componentncludesthe scatteringof

light by the dilute milk aswell asthe secondaryllumination of the
objectsby the dilute milk. Comparingthe directandglobalimages,
we seethat the secondanyillumination by the milk is signi cantly

strongetthanthedirectillumination by the source.

Figure 6(f) shavs examplesof hawv novel imagesof a scenecan
be computedfrom the direct and globalimages. In the caseof the
woodenblocks, the novel imageis just a differently weightedsum
of thetwo componentmages- theglobalcomponents giventhrice
theweightof thedirectcomponentAlthoughsuchanimageappears
unrealisticandis impossiblefrom a physicalstandpointjt is inter-
estingasit emphasizeshe optical interactionsbetweenobjectsin
the scene.In the novel imageof the peppersthe peppershave been
givendifferentcolorsby changingheirhuesin theglobalimageand
recombiningwith thedirectimage whichincludesthespeculahigh-
lights thathave the color of the source.The sameprocesss usedto
generatehe novel imageof thegrapes.In comparisorwith the pep-
pers,the directcomponenbf the grapesncludesboth specularand
diffusere ectionsfrom the skin.

In the caseof the kitchensink, the dark regionsof the globalimage
wereusedto estimatehebrightnesd 1, of themilk. L, wasassumed
to beconstanbverthesceneandwasremovedfrom theglobalimage
to obtainthe radiancel gm of the objectsdueto illumination by the
milk. Theratiosof brightnesse# thedirectimageL ; andthe milk
illumination imagelLgm weretatulated. Then, the directimagesof
two otherobjects(greenfruit andyellow pot) were separatelycap-
tured and their milk illumination imageswere computedusing the
takulatedratios. The Ly, Lm andLgm componentf thesenew ob-
jectswerethenaddedandthe objectswereinsertedinto the scene
image. Notice how theinsertedobjectsinclude not only the effects
of scatterindpy themilk but alsosecondaryllumination by the milk.

Figure8 shavs a casewhereour separatiomethodfails. This scene
includesa mirror spherewhich violatesthe high frequeng illumi-
nationassumptiorwe have made.Theglobalillumination functions
for pointson the mirror sphereaswell aspointson the diffusewalls
areno longersmoothcomparedo theillumination frequenyg dueto
the speculaBBRDF of the sphere.As a result,we seecheclerlike
artifactsin the measuredlirectandglobalimages.

4.2 Source Occluders

Thusfar, we have useda projectorto generatethe high frequeng
illumination patterns.In the caseof a simpleuncontrollablesource,
suchasthe sun,occludersof variouskinds canbe usedto casthigh
frequeng shadavs on the scene For example,aline occluder such
asthestick in Figure5(b), canbe sweptacrosshe scenewhile it is
capturedby avideocamerd. If theoccluderis thin, its shadev will
occupy a small partof the sceneand hencewe canassumea = 1
in Equation(8)!°. Furthermorejf the scenepoint lies within the

9The scanningof a sceneusinga line occluderhasalsobeenusedto re-
cover the geometryof the scengBouguetandPeronal999].
100nly thedirectcomponentsf othershadeved scengointswill notcon-
tribute to the globalcomponenbf eachshadaved scenepoint.

Maximum Direct

Captured

- —  Minimum — Global

@

(b) © (d) (e

Figure5: (a) The stepsinvolved in the computationof direct and
globalimagesusinga setof shifted checlerboardillumination pat-
terns.(b) Theline occluder(stick) usedto scanscenedit by asimple
sourcesuchasthe sun. (c) The meshoccluderusedto expeditethe
scanningprocess.(d) Threeshifted versionsof this sinusoid-based
illumination patternare sufcient to performthe separation.(e) A
magni ed partof thefaceimagein Figure7(d) revealsthe stripepat-
ternusedto do the separatiorfrom asingleimage.

umbraof the shadev therewill be no directcontritution dueto the
sourceand henceb = 0 in Equation8. Let Lmax andL;, be the
maximumandminimumbrightnessesbseredatascengointin the
video capturedwhile sweepinghe occluder Then,Lmax= Ly + Lg,
Limin = Lg andthe two componentsan be computed. Figure 7(a)
shaws resultsobtainedfor an outdoorscenewith red leaves. One
of the framesof the capturedvideo is shavn on the left (seethe
shadav castby thestick). Theleaveshave astrongglobalcomponent
becausehey aresomavhat translucent.The global componentlso
includestheambientillumination of theleaveshby the sky.

In thecaseof aline occluderthecapturedriideomustbelongenough
to ensurethatall the scenepointshave beensubjectedo the umbra
of theshadw. Thecaptureprocessanbemademuchmoreef cient
by usinga morecomplex meshoccludey suchasthe 2D grid of cir-
cularholesshavn in Figure5(c). In this caseonly a smallcircular
motionof theoccluderis neededo ensureghatall the pointsarecap-
turedin andout of shadwv. If afractionb of thegrid is occupiedby
holes thenwe have Lmax= Ly+ bLg andL,;,= bLg. Thescenen
Figure 7(b) includesa mannequirbehinda translucenshaver cur
tain with anopaquedesignonit. Thedirectimageincludesspecular
re ectionsfrom thecurtainaswell asdiffusere ectionsfrom thede-
sign. The globalcomponenincludesthe mannequiresit is only lit
indirectly by diffuselight from the curtain.

The measurementf the directcomponenhasimplicationsfor sev-
eral shapefrom brightnessmethodsusedin computervision. As
shavn in [Nayaret al. 1991], interre ectionscancauseshapefrom
brightnesamethodgso produceincorrectresults.In the caseof con-
cave Lambertiarsurfacestheshapecomputedoy photometricstereo
canbere ned by usinganiterative algorithm. If the directcompo-
nentcanbe measuredor eachof the light sourcesusedto perform
photometricstereo,onedoesnot needto rely on suchan algorithm.
Figure 7(c) shavs photometricstereoresultsfor a diffuse painted
bowl, obtainedusingthreesourcesaindaline occluderto do the sep-
aration. The original imageandthe correspondinglirectandglobal
imagesfor one of the sourcesare shavn on the left. In the mid-
dle areshawvn thealbedoimagescomputedusingtheoriginalimages
(uncorrectedandthe directimages.On theright arethe depthpro-
les computedusingthe originalimagesandthe directimages.As
expectedtheoriginalimagesproduceanincorrectandshallov shape



[Nayaretal. 1991]. Thedirectimagesresultin a shapethatis very
closeto the groundtruth shapewhich wasmanuallymeasured.

4.3 Other High Frequency Patterns

Although we have discussedwo-valued illumination patterns(or
shadavs) thusfar, our separatiommethodis applicableto otherhigh
frequeng illuminationsaswell. For instancejt canbe easilyincor
poratedinto standardstructured-lightrange nders that use coded
illumination patterns.In the caseof binary codedpatterns someof
thepatternswill have high frequeng stripes.The correspondingm-
agescanbeusedto estimatethedirectandglobalcomponents.

In the caseof a projector ary positive illumination function canbe
generatedA corvenientclassof functionsis basedn the sinusoidal
function. By usinga high frequeng patternthat variesover space
and/ortime asa sinusoidat eachprojectorpixel, the separatiorcan
bedoneusingjustthreepatternsin the rst patternthebrightnesses
of all the projectorpixels are randomlygeneratedising a uniform
distribution between0 and 1 so that the sceneis lit with half the
paower of theprojectorto produceaglobalcomponenof Lg=2 ateach
scengooint. Letthebrightnesof agivenprojectorpixel bea= 0.5+
0:5sinf, where0 f  2p. Two moreillumination patternsare
generatedby changinghephase®f thesinusoidf all thepixelshby;,
say 2p=3 and4p=3. Then,thecamerérightnessesorrespondingo
thescenegpointthatis directly lit by the above projectorpixel canbe
writtenaslL, = L(0:5+ 0:5sinf )+ Lg=2,L, = L4(0:5+ 0:5sin(f +
2p=3)) + Lg=2 andL; = L4(0:5+ 0:5sin(f + 4p=3)) + Lg=2. From
theseequations|. ;, Ly andf canbefound. Notethatf givesusthe
correspondendeetweercameraandprojectorpixels. Hence the3D
structureof scenecanbe computedaswell [WustandCapsorl991].

In the above example,we useda random rst patternandvariedits
brightnessover time as a sinusoid. Alternatively, a patterncanbe
generatedhatis sinusoidalwith a high frequeng in onedirection
andthe phaseof the sinusoidcanbe variedwith a high frequeng in
the otherdirection. An exampleof sucha functionis sin(x+ siny),
which is shawvn in Figure5(d). The phasevariationalongthey di-
mensions only usedto ensurehattheillumination hashighfrequen-
ciesalongboth spatialdimensions.If threeimagesof the sceneare
capturedusingthis patternandtwo shiftedversionsof it, wherethe
shiftsarein the x dimensionandareknown, we getthreeequations
asin thepreviouscaseandL 4, Lg andf canbefound.

4.4 Sepaation using a Single Image

Thus far, we have presentednethodsthat can produceseparation
imagesat the full resolutionof the capturedmages.The directand
globalimagescanbe computedat a lower resolutionusinga single
capturedmage. Considera scenelluminatedby a high frequeng
binarypattern.We Iter eachcolor channelbf the capturedmageto
nd localpeaksandvalleys. Thisis doneby assigningapixel amaxi-
mumor minimumlabelif its brightnesss themaximumor minimum
within ann mwindow aroundit. The brightnessesat thesepeaks
andvalleys areinterpolatedto obtainfull resolutionLmax andL ;,
images.Let usassumehatthe separatiomesultsareto be computed
at 1=k of the resolutionof the capturedimage. Then,we compute
Lmax andL,;, imagesat this lower resolutionby simply averaging
theirvalueswithin k  k blocksin the high resolutionimages.Once
thisis done L, andLg arecomputedusingEquations.

An exampleof separatiorusing a singleimageis shavn in Figure
7(d). Here,the Saryo projectorusedbefore(with 1024 768 pixels)
wasusedto projecta patternwith bright anddark stripesof 2-pixel
width onaface.A CanonEOS20D camerawith 3503 2336pixels
wasusedto capturetheimage. A magni ed region of the captured
imageis shaw in Figure5(e). The separatiorwasdoneasdescribed
abore usingn= 11, m= 1 andk = 4. We seethatthe globalimage
captureghe color of the facewhich is primarily dueto subsuréce
scatteringwhile the directimagehasanalmostmetallicappearance
asit mainly includesthe surfacere ections dueto oils andlipids.

Figure7(e)shavs how the oilinessof thefacecanbe modi ed using
the direct and global images. For this, we tone-mappedhe direct
imageto accentuat¢he effectsof the oils andlipids. Then,thisim-
agewasscaleddifferently andrecombinedvith the globalimageto
obtainthe four novel images. The color of a facehasseveral con-
tributing factors[Tsumuraet al. 2003]. Even so, reasonableontrol
over skin tone can be achiered by changingthe hue of the global
imageandaddingbackthedirectimage,asshavn in the Figure7(f).

5 Discussion

We have developedefcient methodsfor separatinghe direct and
globalcomponent®f a scendit by a singlelight source.Our sepa-
rationapproachis applicableto complex scenesvith a wide variety
of globalillumination effects. To ourknowledge thisis the rst time
thedirectandglobalimagesof arbitrarily complec real-world scenes
have beenmeasuredTheseimagesreveal a variety of non-intuitive
effectsandprovide new insightsinto theopticalinteractiondbetween
objectsin a scene.In addition,we have shavn simple examplesof
how the separatiorresultscanbe usedto createnovel imagesof a
sceneln futurework, we hopeto shawv how directandglobalimages
canbeusedto performmoresophisticatedmagemanipulations.

We arecurrentlyexploring waysto incorporateour separatiortech-
nigueinto digital cameravy modifying the cameraash to sene as
a high frequeng source.For our approachto be a practicalcamera
featurejt mustbeableto handledynamicscenesThis requiresusto
do the separatiorwith a minimal numberof images,deally asingle
image.To this end,our currentapproacho single-imageseparation
needgo beimprovedsothatthe computedccomponentmagesareof
aresolutionthatis closeto the native resolutionof thecameralf this
canbeachieved, a userwould be ableto editthe appearancesf ob-
jectsin the sceneusingthe measuredlirectandglobalcomponents.

Our separatiortechniqueonly produceshe total global component
at eachscenepoint and not the photometriccoupling betweenall
pairsof scenepoints. We arelooking into ways of using high fre-
queng illuminationsto estimatethe completetransportmatrix as-
sociatedwith a scene. This would leadto deeperinsightsinto the
photometrigpropertiesof realscenesndperhapsvenmorepower-
ful methodsfor creatingnovel images. We have alsoassumedhat
the direct componengrisesfrom a singledominantsourceandthat
all other sourcescontritute to the global component. It would be
usefulto extend our resultsto the caseof multiple sourceswithout
having to activatethe sourcesn a sequentiafashion.

An interestingdirectionfor future investigationis the interplay be-
tweenthe resolutionsof the camerathe sourceandthe scenevaria-
tions. Like BRDFsandBSSRDFspur directandglobalimagesare
dependentn the scaleof illumination andobseration. It would be
interestingo studyhow thedirectandglobalimagesvary with scale
andwhethertheresultsobtainedat onescalecanbe usedat another

A The Minimum lllumination Frequency

For ary realisticsceneijt is dif cult to derive a closed-formexpres-
sionfor the minimum frequeng of theillumination neededo per
form the separation.This is becausehe termsA[i; j] andL [i; j] in
Equation(3) arecomplicatedunctionsof surfaceBRDF andgeome-
try. However, someinsightscanbegainedby viewing thesetermsas
continuousfunctionsandanalyzingtheir samplingby theillumina-
tion in frequeny domain. Without lossof generality let usassume
the scends 1D. Let x andy be the continuousversions(de ned on
the scenesurface) of the discreteparameters and j, respectiely.
Sincewe are consideringa single surfacepoint x, we candrop this
parameterThen,from Equation(3), we have:

z

L= AYLg(y)dy: (10)



Scene Direct Component Global Component

(a) Eggs: Diffu se Interrefl ections

(b) Wooden Blocks: Diffuse and Specular Interrefl ections

(c) Peppers: Subsurface Scattering

(d) Grapes and Cheese: Subsurface Scattering

(e) Kitchen Sink with Milky Water: Volumetric Scattering

(f) Novel Images
Figure6: Separatiorresultsfor differentscenesgachwith a dominantphysicalphenomenorhat produceshe global component.(a) A
scenewith eggson a papernapkinthatincludesdiffuseinterre ections. (b) A scenewith woodenblocksin a cornerthatincludesspecular
interre ections.(c) A scenewith peppershatproducesubsuraicescattering(d) A scenawith cheeseandgrapeghatalsoproducesubsuréce
scattering(e) A kitchensink with objectsimmersedn dilute milk which produces/olumetricscatteringeffects. (f) Novel imagescomputed

from the separatiomesults.



Scene Direct Component Global Component

Stick Shadow (a) Leaves using Stick Occluder: Translucency and Subsurface Scattering

Mesh Shadow (b) Mannequin and Shower Curtain using Mesh Occluder: Translucency

— Shape from Original Images
— Shape from Direct Images
— Ground Truth Shape

Original Image

Computed Albedo (Original) Computed Albedo (Direct) Computed Shape

Directimage  Global Image ) potometric Stereo Results for Bow! using Stick Occluder

/

\

(d) Separation Results for Face using Single Image

(e) Novel Images: Increasing Oiliness from Left to Right (f) Novel Images: Change in Skin Tone
Figure7: (a) Separatiorresultsfor leavesthat are transluceniand producesubsuréce scatteringeffects. The left imageis from a video
capturedwhile the scenewas scannedwith a stick occluderundersunlight. (b) Separatiorresultsfor a mannequinbehinda translucent
shaver curtain. Theleft imageis from a video capturedvhile the scenevasscannedisinga meshoccluderwhile lit by a halogerlamp. (c)
Photometricstereaesultsfor acoloredbowl computedrom regular(original)imagesandfrom directimagesobtainedusingastick occluder
(d) The separatiorof a faceinto its global and direct componentsisinga singleimagecapturedwith a high frequeng stripeillumination
pattern.Thedirectandglobalcomponentsareusedto generatanovel imagesof thefacethathave (e) differentoilinessand(f) differentskin

tone.



Scene

Direct Component

Global Component

Figure8: Separatiomesultsusingcheclerboardllumination shiftsfor ascenehatincludesa mirror sphereandthreediffusewalls aroundit.
Theseparatiomethodfails in this caseasthe sceneviolatesour assumptiorthatthe globalfunctionat eachpointis smoothcomparedo the
illumination frequeng. As aresult,we seecheclerlik e artifactsin the measuredlirectandglobalimages.

LetA(y) andL,(y) have maximumfrequenciesf w, andw , respec-
tively. Sincethe productA(y)L,(y) in spatialdomaincorresponds

to a convolution in frequeng domain,it will have a maximumfre-
queng of w, + w . If our goalwereto completelyreconstructhe
function A(y)L4(y), we would needto sampleit with a minimum
(Nyquist) frequeny of 2(w, + w ). However, we areinterestedn
Lgd, which is anintegral over A(y)L4(y) andhenceequalsits zero-
frequeng (DC) component. To ensurethis DC componentis not
aliased,the signal mustbe sampledwith at leasthalf the Nyquist
frequeng. Thereforewe needto sampleA(y) andL 4(y) with amin-
imumi illumination frequeng of (w, + w, ) to obtainanaccuratees-
timateof L 4. Globalillumination guaranteeshatthe termLgg in
Equation(3) will besmoothethanL . Thereforetheabove illumi-

nationfrequeng will alsobeadequat¢o obtainanaccurateestimate
of Lgg.
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