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Abstract

In this paperwe presenta novel appoad for capturingthe ervironmentmatteof a scene\We imposeno restric-
tions on material propertiesof the objectsin the captued sceneand exploit scenecharacteristics(e.g. material
propertiesandself-shadowing)o minimizerecoding timeandto boundthe error. Usinga CRTmonitor wavelet
patternsare emittedonto the scenein order of importanceto efciently constructthe ervironmentmatte This
order of importanceis obtainedby meansf a feedbak loop that takesadvantaye of the knowledg learnedfrom
previouslyrecodedphotgraphs.Oncetherecoding processs nished, new badkdropscanbeefciently placed

behindthescene

Catagoriesand SubjectDescriptors(accordingto ACM CCS} G.1.2[Numerical Analysis]: Approximation;|.3.7
[ComputerGraphics]:Threedimensionalgraphicsandrealism;l.4.1 [Image Processingand ComputerVision]:

Digitization andimageCapture;

1. Intr oduction

Environmentmattingand compositing,an extensionof the

conventional matting proces# 14, was rst presentecby

Zongler et al.17 andlater extendedby Chuanget al.t. Un-

like corventional matting, an ervironmentmatte doesnot

only representhe opacity of a pixel, but it alsoincludes
there ection andrefractioneffectsof the backdropthrough
the scene.To createan ervironmentmatte,a sceneis pho-

tographedfrom a single vantagepoint against a seriesof

known backgroundatternslsingtheinformationfrom the

recordedphotographsan approximationof the light trans-
portfrom the backgroundhroughthe scenento thecamera
is computed With this approximationa new imageof the

capturedscenecanbe generatedi.e. compositedwith ary

backdropmage( gure 1).

1.1. Environmentmatting

In the approachof Zongler et al.1” horizontaland vertical
stripepatternsareemittedontoasceneFor eachemittedpat-
ternaphotograplof thescends recordedroma x edview-
point. The ervironmentmatte,which encodeghere ection
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Figure 1: A dinner scenecaptured with our techniqueand
compositedvith two novel badkdrops.

andrefractionpropertief thesceneis representetbr each
pixel by asinglere ection coefcient anda normalizedbox
Iter onarectangulasupportareaon the backdrop A least
squaresoptimization procedureis usedto extract the sup-
port areaandre ection coefcient from the recordedpho-
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tographsCompositing—i.e. applyinganovel backdrop—is
performedby Itering, for eachpixel, the novel background
over the supportareaand scalingthe result by the re ec-
tion coefcient. Environmentmatting allows for backdrop
replacemenin presencef speculaandtransparenpbjects.
Themethoditself is elegantandrequiresfew photographso
berecorded.

Thisapproachhowever, aspointedoutby Chuangetal.l,
hasa few limitations. A singlerectangulasupportareaand
a singlere ection coefcient per pixel arenot sufcient to
capturethe comple re ection andrefractioneffects of di-
electricsor roughmaterialsin addition,thechoiceof arect-
angularsupportareacan causeexcessve blurring in the -
nal image.To addresgheseproblems,Chuanget al. sweep
differentorientedGaussiarstripesacrosshebackgroundo
capturethe ervironmentmatte. This resembleghe space-
time analysisusedin 3D rangescanning’. The environ-
mentmatteis approximatedy alimited numberof oriented
elliptical Gaussianlters, eachwith asinglere ection coef-
cient. Compositingis performedsimilar to Zongker et al.
exceptthat contributionsfrom multiple supportsfor a pixel
onthebackdropareaddedogether

Chuanget al.l also presentedan ervironment matting
methodfor real time acquisition,that usesa single color
gradientasbackdroppattern.This method however, is lim-
ited to perfectspeculammaterialsthat do not modulatethe
emittedcolor. In this casetheernvironmentmatteis reduced
to animagewarpingfunction. Wexler et al.16 presentedn
ervironmentmatting extensionthatis ableto work without
knowledgeof theexactform of thebackdropmagesused It
relieson having enoughbackgroundsampleor sufciently
rich backdropimages(e.g.by moving abackdropmagebe-
hindthescene}o successfullyextractanenvironmentmatte.

1.2. Image-basedrelighting

Environmentmattingtechniquesan also be interpretedas
image-basedelighting methodsandthey arevery practical
methodswhich areableto capturethere ectance eld (i.e.
thedescriptiorof thetransferof light throughascene)f ob-
jectscontainingspeculamaterials Thisis typically dif cult
for otherimage-basetklightingmethodghatuseguiteadif-
ferentapproactthanervironmentmatting.Of interestis the
approachfollowed by Nimeroff et al.11 who representshe
incomingillumination by steerabldunctionsandcombines
weightedbasisimageslit by thesefunctions.Basedon this
approachof combiningweightedbasisimagesis the Light
Stagé 6 98 which samplesa limited numberof light source
positionsaroundthe object. For eachlight sourceposition
a basisimageis recorded.Thesemethodscan relight ob-
jectswith materialpropertiegangingfrom diffuseto glossy
thelimiting factorbeingthe relatively sparsesamplingfre-
queng of light sourcepositionsUsingadensesamplingn-
creaseshe amountof dataandthe requiredtime to capture
thesephotographsaipto a point that thesemethodsbecome

impractical.To overcomethis problem,Matusiket al.10 pre-
sentedhcleverhybrid solutionthatcombineghelLight Stage
with ervironmentmatting. There ectance eld is splitinto

two distinctparts.The partwheretheilluminationis coming
from behindthe objectis handledby anenvironmentmatte,
whereagheillumination comingfrom the remainderof the
hemispherés handledby a coarsd.ight Stageapproach.

Theideaof linearly combiningweightedbasisimagesis
a cleanand elegant solution. In this paperwe will transfer
this ideainto an ervironmentmatting context. We explore
the dif culties and their solutionsthat are associatedvith
thistransfer

1.3. Objectives

Capturingall lighting effectsdueto differentmaterialds still

impracticalwith existing relighting methods pecauset re-
quiresanenormousamountof datato be capturedEnviron-

mentmatting presentsa way to reducethis amountof data
in caseof speculamandrefractive materials put sufersfrom

somelimitations beforeit canbe usedasa generalimage-
basedelightingmethod:

1. Theerrorof the environmentmatteapproximations un-
known, asis theerrorin thecompositedmages This er-
ror depend®n scenepropertiesthe Iter onthe support
areaqe.g.abox lter vs.anelliptical Gaussianlter), the
illumination patternsusedduring the recordingprocess
andthe backgroundmageitself usedduring composit-
ing.

2. Diffusesurfacesarestill problematic becausen ellipti-
cal Gaussianlter is not sufcient to capturethe effects
of diffusere ections. Diffusematerialshave alarge area
of supportwhich can be irregularly shapedbecauseof
occlusionand self-shadwing. Theseirregularly shaped
supportareasaredif cult to approximateaccuratelywith
alimited numberof elliptical Gaussianlters.

3. Finally, previous ervironmentmatting methodsrely on
non-linearoptimizationprocedureswhich requirea sig-
ni cant amountof post-processingime, to computethe

nal ernvironment matte approximation.Such methods
usually dependon a numberof parameterge.qg. error

thresholds)which greatly affect the quality of acquired
results.Non-linearoptimizationprocedureslsorequire
a signi cant amountof processingime. Increasingac-
curagy usingbetter lters or moreapproximationterms,
would increasepost-processingme evenmore.

We presenta novel methodto acquirethe environment
matteof a scenethatdoesnot suffer from thesdimitations.
Our methodis basedon linearly combiningbasisimagesto
createanervironmentmatte insteadof non-linearoptimiza-
tion proceduresisedby previous ervironmentmattingtech-
nigues.Eachbasisimageis a photograplof the scendit by
anillumination pattern,a 2D basisfunctionof theincoming
illumination. Key to our methodis the useof waveletsasil-
luminationpatternsA novel backdropmageis decomposed
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usingthe samewavelet basisfunctionsusedfor generating
the basisimages.The coefcient of eachwaveletin this de-
compositionis usedto weightthe basisimagelit by the cor
respondingvavelet pattern.The nal compositedmageis
obtainedby summingall weightedbasisimagesA potential
problemis thelargenumberof basismageseededo create
anaccuratesrvironmentmatte.However, the numberof ba-
sisimagescanbe limited by emitting only the patternghat
areimportantfor constructingthe ervironmentmatte. The
order of importanceis estimatedand this estimateis pro-
gressvely re ned during the recordingprocessitself. Our
methodbegins by emitting a few coarsewavelet patterns
rst. Basedon the recordedphotographsa feedbackloop
determinesvhichis thenext mostimportantpatternto emit.

More speci cally our methodaddressethefollowing ob-
jectives:

1. No limitations on materialpropertiesareimposedin the
scene.

2. Characteristicof a sceneare exploited to reduceboth
therecordingandcompositingefforts anderrors.For ex-
ample,the usershouldbe ableto choosea stopcriterion
dependingntheamountof dataor thetime spendduring
recordingandstill have the bestsolutionpossiblefor the
performedwork.

3. Relying on userinput to specify scenecharacteristicss
errorproneanda dauntingtask;we wantto automatehe
recordingprocessasmuchaspossible.

4. The ervironmentmatteshouldhave a boundederror, or
at leasta reasonablestimateaboutthe error shouldbe
available.

5. Finally, post-processintme (e.g.time neededo process
thecaptureddata)shouldbe minimal andrelatively inde-
pendenwith respecto thechoseraccurag.

In the next sectionwe discussthe outline of our new
methodandthe practicalsetup(section2). Next, we develop
anovel mathematicaframeavork for ervironmentmattingin
section3. In section4 we introducethe errortreeandshav
how it canbe usedto directtherecordingprocessPractical
considerationarediscussedh section5. Finally we discuss
theresultsin section6 andconcludethe paperin section?.

2. Outline of the techniqueand practical setup

We usea similar setupaswasusedin previousenvironment
mattingpapersAn objectis placedn front of anemitterthat
is capableof displayingstructurechatternga plasmascreen
or a CRT monitor).In our setupwe usea CRT monitor( g-
ure 2). A seriesof illumination patternsis emittedandthe
resultingillumination of eachpatternon the objectis cap-
turedby meansof adigital camera.

In our setupwe opt for emitting waveletsasillumination
patterngsection4.1). Whenemittingthesewavelet patterns
we obsene that not all causean equallevel of illumination
onthesceneThisis dueto thepropertief thesceneandthe
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Figure2: Thescends highlightedin red,thecamesin blue
andtheemitterin green.

locality of the waveletsin both the time andthe frequeng
domain.Patternsthat causea greatlevel of illumination are
consideredo be moreimportantfor the environmentmatte
constructionprocessDuring acquisitionwe captureimpor
tantpatternsrst. Thisenablesisto stoptheacquisitionpro-
cessprematurelywhenthe contrikution of the patterndo the
illumination is belov somethresholdor whenthe acquisi-
tion time hasexceededa time-limit. We useafeedbacKoop
to determinethe next waveletpatternwhich is importantfor
theillumination of thescene.

We usean errortree (section4.4) asa tool to determine
which wavelet patternis important. During the feedback
loop this errortree is constructedand re ned with infor-
mation obtainedfrom newly recordedphotographsEach
nodein the errortreecontainsnformationon how muchan
emittedwaveletpatterncontritutesto therecevedillumina-
tion from the scene Using a tree-like structureto organize
waveletpatternss anaturalchoicesincewaveletsform a hi-
erarchicalbasis.An overview of the recordingprocesscan
beseenn gure 3.

Compositinganimageusinga novel backdropis doneby
simply decomposinghe backdropimage into wavelet co-
ef cients and summingthe recordedphotographsveighted
with the correspondingvaveletcoefcients.

3. Mathematical framework

The ervironmentmattingequationpresentedy Zonglker et
all7 is well suitedto represenspecularand glossyre ec-
tions:

z

C=F+ RL (B;A); (1)

1" QYo

i=1

whereC isthecompositedmageandF representtheam-
bientillumination. There ection coefcient R, denoteghe
amountof light re ectedfrom anareaof supportA;. L isa
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Figure 3: An overviewn of the waveletervironmentmatting
algorithm.

normalizedlter de nedoverA; onthebackdrogmageB. In
theimplementatiorof Zonglkeretal.L waschoserasabox
lter overarectangulasupport;. Theirimplementatiorin-
cludedasinglere ection coefcient andsupport(n = 1) for
the backdrop(n is setto 3 in casethe side-dropsareused).
Chuanget al.! improved uponthis by usingmultiple Gaus-
sian lters for L andanelliptical supportareaA;. Choosing
morecomple Iters will notsolvetheproblemof represent-
ing diffusematerialssincethe large areaof supportof these
materialsis irregularly shapedand more dependenbn the
scenepropertieg(e.g. self-shadwing). Thereforewe usea
more generalmathematicablescriptionof the environment
matte.

Theresultingcompositdmagecanbeseenasa collection
of N pixels,stacledin aN 1vectorC. TheM pixelsin the

backdropmagecanalsobestacledinaM 1vectorB. The
mattingprocesstself cannow bewritten as:

C=LB+F )

whereL isa(N M) transfermatrix thatrepresentshe
light transporfrom thebackground throughthescenednto
the cameral is solely dependenbn the characteristicof
the scene. We assumethat the effects on the illumination
from theremaindeiof theernvironmentis aninvariableN 1
vectorF. F is calledthe ambientillumination or foreground
illumination. We assumé- to beknown andthereforewill
actasif this termis zerofor the remainderof this exposi-
tion. Wewill denoteC(y ) astheobseredphotograpliof the
scendlluminatedby a patterny .

Formula2 is amoregeneraimathematicahotationof the
ervironmentmatte whichenclosepreviousrepresentations.
Looking back at the classicmatting equatioi4, C = [,B,
onecanseethatit approximated. by a diagonalmatrix of
a-valuesor transparengvalues.Thuseachpixel of thecam-
eraimageis affectedby only one backdroppixel. The en-
vironmentmatting equationas presentedy Zongler et al.
(equationl) expressed. in aclever andcompactway. The
matrix L is sparsefor speculamaterialsand eachpixel is
only affectedby a localizedareaon B. This can be suf-
ciently approximatedy a Iter operationL with alimited
numberof parametersn B.

We now obserethatthebackgroundmageB canbewrit-
tenasalinearcombinationof M basisimagesB;:

wherea; arethe weightsor coefcients associatedvith
eachB;. Usingformula2 we canwrite C as:

1
-
_/‘\
11
[ Qo=
o
@
N

It
Q
o
=
o

The vectorsC; arethereforea setof M basisimagesof
the compositémageC (notethatthis basisis not necessary
compact)A directresultof formula2 is thateachC, canbe

F canbeeasilyfoundby settingB = 0 in formula?2.
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measuredy emitting B, onto the scenesinceC, = L B;.
This is aninterestingresult,sinceit implies thatwe do not
needto know the exactform of thetransfermatrix L.

To illustrate, assumewe have a novel backdrop BO to
composite We candecomposé&?into the basisimagesB,

by projectingB®ontoeachdualbasis imageéi resultingin
the coefcients a®

al= hBYj B, i:
The nal compositémageCQis then:

M
c’= g at;:
i=1

The numberof basisimagesB; requiredto represenB

andconsequentlyhenumberof C, to obsere, is enormous.

Backdropimagestypically have resolutionsof 210 210
which resultsin a spaceof dimension22°. If eachphoto-
graphC, would take onesecondhentherecordingthecom-
pletesetof basisvectorswould lastapproximatelyl 2 days.
Also, assuming@nequalresolutionfor thecameramageand
thebackdrogmagewould requireto store2(10+ 10+ 10+ 10) =

240 pixels!

In the next sectionwe investicate wavelet patternsas a
setof basisvectorsfor B andtry to exploit their hierarchical
natureto ef ciently handlethis large dimensionality

4. Waveletsand the error-tree

Waveletsarea classof multilevel basisvectors bestknovn
for their applicationsin imagecompressionA very useful
propertyis the local supportin bath the time domain—in
this casethe primal imagedimension—andthe frequeng
domain.For moreinformationon waveletswe referthein-
terestedreaderto the extensve literature available on this
subject(e.g.Stollnitz etal .15).

In this sectionwe will motivate the use of waveletsfor
B; (section4.1). In section4.2 we arguethatthe principles
usedin imagecompressiortanalsobe usedin our wavelet
ernvironmentmattingframework (sectiord.3). Finally in sec-
tion 4.4 we introducethe errortree,which is usedto decide
which subsequenivavelet patternis mostimportantfor the
constructiorof theenvironmentmatte.

B, andB; areadualbasisiff 8i; ] :hB, | B;i=d.If Bjisan
orthogonaketof basisvectorsthenBj = Bj.

¢ TheEurographic#ssociation2003.

4.1. Effects of scenecharacteristicson the environment
matte

It is importantto considerthe propertiesof the scenewhen
choosinga speci ¢ setof basisvectorsasB,. Ramamoorthi
andHanrahat® shavedthat (unoccludedyiffusematerials
actasalow passlter for incomingillumination. Thismakes
it possibleto representhe effectsof the incidentillumina-
tion on diffuse materialswith a limited numberof coef-
cientsin the frequeng domain.For capturingunoccluded
diffuse re ections, this implies that a good choice for B;
shouldbe local in the frequeng domainin orderto mini-
mizethe numberof requiredbasisvectors.

On the other hand, previous ervironmentmatting meth-
odsshaved that speculare ections canbe compactlyrep-
resentedby asmallsupportareaonthebackdropA compact
supportareaon thebackdropmplieslocality in thetime do-
main (and hencea non-compacfootprint in the frequeng
domain). Thusfor speculamaterialsa good choicefor B;
shouldbelocalin thetime domain.

Representindpoth caseswith equaleaserequiresa setof
basisvectorsthatis localin bothdomainswhichleadsusto
wavelets.

For clarity we will usethe Haarwaveletto demonstrate
ourmethod but it canbeusedwith ary typeof wavelet. The
effectsof usingotherwaveletsarediscussedn section6. In
this papemwewill assuméhatall waveletsarenormalizedo
aDC (low frequeng) andNyquist (high frequeng) gain of
one.

4.2. Waveletsfor image compression

Capturingall possiblebasisimagesC; is not feasible when
the resolutionof B is large. To overcomethis problemwe
turn to techniquespresentedn (lossy)imagecompression
literature.In generalanimagel is decomposethto a setof
basisvectorsl; (e.g.usingFourierseriesDCT or wavelets),
resultingin asetof correspondingoefcients w;:

= qwl;:
i

Not all weightsw; areequallylarge. Large weightsindi-
catethat the associatedasisvector|; contritutesmoreto
theimagel . An approximatiori %of the originalimagel can
becreatedoy:

1%= 3wl
1

where:

W= w

0 othemwise

ifw>t
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Thethreshold determinesvhich weightsareconsidered
importantenoughfor the imagereconstructionOf course
leaving out weightedbasisvectorsintroducesanerror.

Waveletshave interestingpropertieghatmake themvery
well suited for image compressionFirst of all, wavelets
form a hierarchicalbasis,which meanshatthe coefcients
canbeeasilysortedinto atree-structurg¢wherethe depthof
a nodein the tree equalsthe level of the wavelet). De\bre
etal s notedthatfor naturalimageg(i.e. photograph®f real
scenesthesecoefcients decay andthat this decayis de-
pendenbnthelevel j or resolutionof thewavelet,thelocal
orderof continuity | of theimage,andthe numberof dual
vanishingmoments d of thewaveletused:

decay 2 1max(id). (3)

In thesectiond.3, we will explorehow we canusethisde-
cayof waveletcoefcients in ourervironmentmattingsetup.

DeVbreetal. alsonotedthatif theroot of a branchin the
coefcient-tree hasa low value,thenthe probabilityis high
thatall othercoefcients in thatbrancharealsolow. In sec-
tion 4.4we investigatea similar propertyin our ervironment
mattingmethod.

4.3. Waveletsfor ervironmentmatting

We apply the knowledgeof the previous sectionto the en-
vironmentmatting setupin orderto reducethe numberof
photograph<; to berecorded.

To begin, de ne theLp-normonanimagel as:

Lo()) = (& pixel, () P)7; 4)
Xy

wherepis usuallysetto 1 or 2. We canstatethatthenorm
Lp(C;) is anindicationof theimportanceof the emittedillu-
minationpatternB;, andwe canusethis normto sortC, in
orderof importanceandrecordonly theimportantones.

A major differencebetweenimagecompressiorand our
ervironmentmattingsettingis thatthe backdropimagesB,
thatwill be usedduringcompositingareunknovn. Theco-
efcients a of the waveletdecompositiorof B in basisim-
agesB; arethusalsounknavn.

Formula3 givesthe rate of decayfor coefcients a;, as-
sumingB;'s to be waveletpatternsandif B is a naturalim-
age.Supposey, is acoefcient of awaveletatlevel j;, then
we canuse:

Dual vanishingmomentsthe order of polynomialsthatcanbe
approximatedy thedual scalingfunctionsof thewavelet.

weight(j;) = 2 I % ()

asanupperboundfor thecoefcients a;, wheresis acon-
stantindicatingthe generalsmoothnessf the wavelet pat-
ternsandthebackdropsised We uses= 1in ourexamples,
but if it is a priori known thatthe backdropimagesandthe
waveletsaresmooththenalargers couldbechosenSelect-
ing alargerconstans favorswaveletpatternsvith low level
(low frequeny wavelet patterns)over patternswith a high
level (highfrequeny waveletpatterns).

Combiningequation2, 4 and5 givesus:

Lp(C)

Lp(LB)
= Lp(@ &(LBy))

= Lp(@aC)
& Lp(aCy)
a Lp(weigh(j) C))

& weight(j;) Lp(C))

a W(c):
|
We denoteweight(j;) Lp(C;) asW(C,). Thuswe can
boundthe normof C by thesumof W,(C;) (beingtheresult
of emittinga waveletpatternss;).

To apply the sameprinciple asin imagecompressionwe
needto sortW (C;) andonly emittheimportantB; (i.e. with
largevaluefor W,(C;)). The problemis thatwe do notknow
the normsL(C;) in adwanceand hencedo not know the
orderof importance.

4.4. The error-tree

As mentionedn section4.3, large waveletcoefcients tend
to clustertogetheiin atree-like mannerLow coefcient val-
uesin theroot of a branchusuallyindicateslow coefcient
valuesthroughoutthe entire branch.A similar obsenation
canbe madein our ervironmentmattingsetupwith respect
to theweightednormsW,(C;).

In thispapemwe optfor aprogressiere ning algorithmto
nd the orderof importanceof W, (C,) for the construction
of theernvironmentmatte.

In orderto do this we de ne an errortree.Eachnodein
the errortree containsa W (C,), in which j; (formula5) is
equalto the depthof the node.The errortreeis constructed
in atop-dovn manner Supposeve alreadyhave the n most
importantweightednormsmeasure@ndstoredin the error
tree.All of theleafnodesn this errortreearecandidatesor
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startinganew branchin theerrortree.We cannow statethat
the leaf nodewith the largestnode-walue will probablybe
therootof anew (notyetmeasuredpranchof theerrortree
which is importantfor the constructionof the environment
matte.

W,
ol |
1/ C(md )
C(®
W, W, W,
c(H C(d) C(H)
C(=) C(2)| 4{C(=2)
c(= c(= c(2

Figure 4: An exampleof an error-tree First the red en-

circled photagraphsC(B;) are recodedand their weighted
norm is computedand stored in the error-tree Next, the

error-treeis seachedfor the largestweightednorm,in this

casebeing(1) andits waveletdilations (blue encircled) are

emittedandrecoded.Againtheweightechormis computed
andstored. Theleaf nodesare seached(blue nodes)or the

largestweightednorm. Supposehis is (2), thenthe green
encircledC(B;) are recodedandtheir weightednormcom-
puted.Now all the leaf-nodes(within the dark-red dotted
line) are seachedfor the largestweightednorm. If this is

(3), thenits waveletdilations are emitted.Note that if the

largestweightednormwere (4) thenthe depth- rst orderis

broken.

We startup theerrortreeby emittingthe coarsestvavelet
patternsrst, the root of the whole errortree, and storing
theirweightednormW,(C.). It will beolviousthatthedila-
tions of thesewavelet patternswill be selectechext aspat-
ternsto emit. After emitting thesewavelet dilations of the
coarsestvavelet patterns the errortreeis searchedor the
largestleaf-nodeand the dilations of the waveletsin this
nodeareselectedasthe next waveletpatternso emit.

This procedureis repeateduntil some stop-criterionis
met. Note that sincewe work with 2D wavelet patternswe
have 3 differentwaveletsperlocationandlevel (y xj y; j xYy
andy xy y, wherej is thescalingfunctionandy thewavelet
function andthe index denoteghe axis on which the func-
tion is de ned). Thereforewe store the weighted norm
W(C(y xd y)) + W(C(i xy)) + W(C(yxyy)) in eachnode
in the errortree. An exampleof an errortreeis depictedin
gure 4.
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Theerrortreeitselfis limited in depthby de ning amax-
imal resolutionpossiblefor a backdrop becausehis limits
themaximumlevel of thewaveletpattersused.

The use of the errortree enablesthe feedbackloop to
estimatewhich subsequentvavelet patternswill contritute
most to the illumination on the scene.The feedbackloop
will ensurehattheerrortreeis constantlyre ned by adding
newly acquiredinformation,increasingthe accurag of the
estimate.

5. Practical considerations

Somepracticalconsiderationdave to be accountedor, be-
fore we canimplementthe methoddiscussedh the previous
section.Our setupconsistsof a sceneplacedin front of a
CRT monitor. (Note thatary emitter capableof displaying
structuredpatternscan be used.)A digital camerais used
to capturethe effects of emitting wavelet patternsonto the
scene.

5.1. Emitting and capturing wavelet patterns

High dynamicrangephotographs&re neededo capturethe
ervironmentmatte,becauseof the differencesin dynamic
rangebetweenthe re ectanceof specularand diffuse ma-
terials. The cameraresponseurve for the digital cameras
obtainedby the methodintroducedby Deberec and Malik#4
and eachrecordedphotographis corvertedto a high dy-
namicrangeimageusingthis cameraesponseurve. Multi-
ple photographswith differentshuttertimesarerecordedf
the dynamicrangeof the sceneis too large to be captured
with only onephotograph.

The dynamicrangeof a wavelet patternusuallydoesnot
t within the rangeof the emitter nor is the rangeof the
emitter linear in radiancespace.Scaling the wavelet pat-
ternssolvesthe rst problemwhereagalibratingtheemitter
solvesthesecond.

Weneedo inverselyapplythegammacurve of theemitter
to transformthe non-linearrangeof the emitterto a linear
rangein radiancespace Measuringthe gammacurwve of the
emitteris donesimularto Chuangetal.l, wherethe average
radianceemittedby solid patternswith differentintensitieds
measurecdnda gammacune is tted throughthe acquired
data.

Also, waveletshave positive and negative values.There-
fore we needto map eachwavelet patternto a completely
positive range,since emitting negative light is not possi-
ble. Lets assumethat the scaledwavelety hasa rangeof
[ 1;+ 1] andtherangeof the calibratedemitteris linearin
radiancespacg0; 1]. Two mappingsarepossible:

1. translatinghewaveletandscalingit: y = Y3,
2. splitting it into two patternsy , andy , which contain
respectiely the positive andnegative partof y .
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We obtainthe resultingphotographC(y) from the cap-
tureddataasfollows:

1. C(y) = 2C(y9 C(W), whereW = 1 is a solid white
pattern.
2. orrespectiely C(y) = C(yp) C(yn).

We have chosenfor the latter approachbecauseof the
fact that exposinga CRT monitor a long period with the
samecolor introducessigni cant extra noisecausedoy the
aftelglow from thesepixels. An advantageof the seconcap-
proachis that the dynamicrangeof an emittedwavelet is
doubledatthe costof anextra photograptor eachpattern.

5.2. The feedbackloop

ThefeedbacKoop consistout of taking photographsf the

scendit by differentwaveletpatternsThe normof thehigh

dynamicrangephotographgW.(C,)) is usedto re ne the

errortree.In ourimplementatiorwe choosdor the squared
norm L,, sinceit weightslow radiancevalues(which are
moresusceptibldo noise)lessthenthel ,-norm.

5.3. Directly visible pixels

Directly visible backdroppixelsfrom the emittershouldnot
beincludedin thecomputatiorof W (C,). An alpha-mattés
computedn orderto excludethesedirectvisible elements.
This alpha-mattas constructedisingthe methodproposed
by Zongleretal. Theoverheadf recordingtheseextrapho-
tographsof progressiely ner stripe patternsis minimal.
Uncoveredpixelsin the matteshouldbe replacedn the -
nal imageby the correctpixels from the backdrop.An im-
agewarp of the backdropimageshouldbe computedsince
we do not requirethatthe camerais perpendiculawith re-
spectto theemitter Theimagewarpcanbeeasilycomputed
usingthe informationin the recordedreferencestripe pat-
terns(i.e. without the scenein front of the emitter) usedto
computethealpha-mattelt is possibleto constructawarped
grid representingheimagewarpby usinganedgedetection
algorithm on the highestresolutionhorizontaland vertical
referencephotographsEachgrid line hasa known relative
position on the backdrop.Using the lowestresolutionhor-
izontal andvertical stripereferencamage, it is possibleto
absolutelydeterminewhich of thegrid linesis in themiddle
andthusidentifying eachgrid line absolutely

6. Discussionand results

Our ervironment matting method can handle diffuse sur
facesascanbeseenin gure 5wherefour differentcolored
cubesare placedupon a diffuse surface. We usedapproxi-
mately400waveletpatterndor the depictedsceneNotethe
shadavs whichform high-frequentedgesn theervironment
matte. Theseedgesarehardto representisingsmooth lters
like elliptical Gaussianlters.

In section4.1 we notedthat otherwaveletsthenthe Haar

wavelet could be used.Of specialinterestare biorthogonal
wavelets (e.g. Daubechieq9,7) wavelet). Thesewavelets
resultin asmoothempproximationascanbeseenin gure
6, becausehey aresmoothelin shape Usingthesesmooth
waveletsgivespleasingresultsif thenumberof photographs
is very limited with respecto theresolutionof thebackdrop,
opposedo theHaarwaveletwhich givesblocky results The
adwantage®f thesesmoothemwaveletshecomesessobvious
whenthe numberof recordedvavelet patternss increased.
The reasonis that smoothernwaveletsrequire more coef-
cientsto represenhigh frequeng details,andthusrequire
more photographof high resolutionwaveletsto represent
these ne details.This numberof (high resolution)wavelet
patterngguadruplesvith every increasen level.

In gure 7, aglasscandyjar lled with little candybears
is depicted.The ervironmentmatteis capturedusing 2400
photographgor 1200waveletpatternsplitin anegative and
positive part). Differentbackdropsare appliedto the scene.
The smallerpictureson theright how the resultwould look
like afterrespectrely 100,300,600and900emittedwavelet
patternsTo give a betterideaaboutthe processve did not
replacedirectly visible pixels by the correctpixelsfrom the
backdropimage,nor did we shav theambientillumination.

Thereexists aninterestingrelationbetweerthe L ,-norm
of C; andB;:

Lp(C;)  Lp(B):

This formulais a directresultof the fact that a material
cannote ect morelight thenit receizes.Thisis animportant
obsenationsinceit meanghattheerroron C is boundedoy
theerroron B from approximatingt usingalimited number
of B;. Thisis an upperboundaryfor the erroron C andis,
in generalanoverestimatiorof therealerror. It alsoimplies
thatincreasinghe numberof emittedB; will have apositive
effectontheerrorof C, andin thelimit thiserrorwill vanish.

Our methodis signi cantly differentfrom previous en-
vironmentmatting methods It doesnot rely on non-linear
optimizationprocedure$o minimize error, insteadit usesa
feedbackloop to instantaneouslyprocesshe recordedim-
agesA theoreticalcomparisorbetweenChuanget al.t and
the presentedmethodresultsin someinterestingconclu-
sions:

1. Previous ervironmentmatting methods”1 resultin vi-
sually pleasingimagesfor specularand glossy materi-
als,with a x ednumberof photographsTherelationbe-
tweenthe numberof photographsand the error on the
compositamageis not clear Our methodcancontrolthe

Biorthogonalwavelets:the waveletandscalingfunctionsof the
compositionare crosswiseorthogonalwith the (dual) wavelet and
scalingfunctionsof thedecomposition.

¢ TheEurographic#ssociation2003.
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errorandnumberof photographsnoreclosely Thenum-
berof photographsanbeadjustedo boundtheerrorand
visaversa.

2. Previous ernvironment matting methodsutilize a clever
brute force attack with respectto the numberof pho-
tographsto be recorded,which doesnot take into ac-
countthe characteristicef the scene gxceptfor the as-
sumptionthat materialpropertiesangefrom specularto
glossy It cannotrepresendiffuse materials.The feed-
backloop in the presentednethoddirectsthe recording
processThemethoddecidesn previouslyrecordegho-
tographavhich subsequenwaveletpatternis to be emit-
ted andthusimplicitly usesthe scenecharacteristicslt
is possibleto capturesceneswith all kinds of material
propertieswith the presenteanethod.

3. Previous ernvironment matting methods,however, have
lessstoragerequirementsincethey do not requireeach
recordedphotograptto be stored whereashe presented
methodsrequiresthateachC; is stored.

The time to corverge to a visual pleasingsolutionis in
generakhort.Large speculaiobjects however, canslow the
corvergencesincea largeamountof high resolutionwavelet
patternshave to be emitted and recordedto fully capture
theseeffects.

We useda time limit (12 hoursfor eachscene)as the
stopcriterionin thefeedbacKoop. Thetotal recordingtime
could be improved by using an optimizedwavelet genera-
tor (currently the bottleneckin our implementationjand a
better synchronizatiorbetweenthe digital camera(Canon
EOS D30) andthe feedbackloop. A digital video camera
couldreducethetime to capturean ervironmentmatteeven
more.Eachervironmentmatterequiresanaverageof 2.5GB
to storeall photograph¢RLE compressed)Jsingmoread-
vancedcompressioralgorithms(e.g. JPEG2000)xould re-
ducetherequiredstoragesvenmore.

7. Conclusionand futur e work

In thispapeme presented novel environmentmattingtech-
nigue. The methoduseswaveletsasillumination patterns.
An errortree is constructedduring the recordingprocess
by meansof a feedbacKoop. Using this feedbackoop the
contritution of eachwavelet patternon the illumination of
the scends recordedandstoredin the errortree. The feed-
backloop adaptghe recordingprocessautomaticallyto the
characteristic®f the sceneby optimally choosingthe next
waveletpatternto emit. Our methodcanhandlescenesom-
posedof ary materialandrequiresminimal userinteraction.
Looking backat the objectvesstatedin sectionl1.3we can
seethat:

1. The developedmethodcan handleary kind of material
properties.Large areasof highly speculammaterialsare
problematicdueto theslow corvergencerate,but arestill
possibleto capture.In naturalsceneghis situationusu-
ally doesnot occuroften.

¢ TheEurographic#ssociation2003.

2. ThefeedbacKoop directstherecordingprocessKnowl-
edgeof the sceneis accumulatediuring the recording
processtself andis usedto minimizework or error.

3. UsingafeedbacKoop impliesminimal userintervention
which is limited to choosingwhich kind of wavelet pat-
ternandstatinga stopcriterion.

4. In section6 we shavedthatthe approximatiorerrorcan
bebounded.

5. Original ervironment matting papersrequiredan opti-
mization procedureper pixel. The presentedapproach
usesthe idea of linearly weighting and combining ba-
sisimageswhichrequiresminimal post-processingince
the recordedimagesfrom the feedbackioop canbe di-
rectly used.Theideaof linearly combiningbasisimages
is moreelegantandeasierto implementthannon-linear
optimizationprocedures.

Futurework includessolvingtheproblemof theslow con-
vergencefor large speculaobjects.This could be solved by
using a hybrid solution of the developedmethodin which
upperwavelet resolutionis boundedat a fairly low resolu-
tion andfollowedby a classicakernvironmentmattingstepto
capturethe effect from speculammaterials.This would en-
surethe correctcaptureof diffuseandglossymaterialsand
fastercapturingof speculamaterials.

Otherfuturework includesinvestigatingthe effectsof dif-
ferentwavelet patternson the corvergencerate and on the
approximatiorerror Waveletscould alsobe usedasa lIter
in aclassicakrnvironmentmattingsetup paving theway for
amoreeleganthybrid solution.

Betterheuristicsneedto be developedto createamorein-
telligentstop-criterion Sucha stop-criterioncoulddecideto
stopthe recordingprocessf the remainingW,(C;) falls be-
low somethreshold A headto headcomparisorwith other
ervironmentmattingmethodqe.g.Chuangetal.) cangive a
betterideawhenthepresentednethods preferredandwhen
perhapsa lessaccurateput possiblyfasternon-linearenvi-
ronmentmattingmethodis required.

Finally, thepresenteanethodcouldbeextendedo afully
edged relighting methodby placingthe objectin a closed
cubeof emittersandreplacingthe conceptof backdropim-
ageshy ervironmentmaps.
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Figure 5: A scenecontainingcolored cubesplacedon a diffusesurface The scene compositedvith a low frequencyplasmabaddrop,
is shownin gure b. A refelenceimage is shownin gurea. In gurec, d and f the samesceneis compositedwith different
baddropscontaininga white squae at differentlocations(respectivelyocatedon theleft, middleandright).

Figure 6: A dinnerscenecompositedvith two differentbaddrops.Figure a andd showtherefelenceimages.Figure b ande are captued
(andcompositedysing1000Haar waveletpatterns Figure c and f are captuedusing1000Daubedties(9,7) waveletpatterns.

Detailsof a part of the plateandtheglassare shownfor each gur e. Notethatthe colors do not completelymatd dueto a slight
calibration error during color correction.

Figure 7: A scenecontaininga glasscandyjar lled with little candybears, compositedvith two different bacdrops. Figure a and g
showthe refeenceimages,whereas guresb and h were captured (and compositedith 1200Haar waveletpatterns.On the
right is the samesceneshownwithoutforegroundillumination or withoutdirectvisible pixelsreplaced Onecan seethe effects
of compositingwith 100 (c and i), 300 (d and j), 600 (e and k) and 900 (f andl) basisimages. Note that the colors do not
completelymatd dueto a slight calibration error during color correction.
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