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Abstract

In this paperwepresenta novel approach for capturingtheenvironmentmatteof a scene. We imposeno restric-
tionson material propertiesof theobjectsin thecapturedsceneandexploit scenecharacteristics(e.g. material
propertiesandself-shadowing)to minimizerecording timeandto boundtheerror. Usinga CRTmonitor, wavelet
patternsare emittedonto the scenein order of importanceto ef�ciently constructthe environmentmatte. This
order of importanceis obtainedby meansof a feedback loop that takesadvantage of theknowledge learnedfrom
previouslyrecordedphotographs.Oncetherecordingprocessis �nished,new backdropscanbeef�ciently placed
behindthescene.

CategoriesandSubjectDescriptors(accordingto ACM CCS): G.1.2[NumericalAnalysis]: Approximation;I.3.7
[ComputerGraphics]:Threedimensionalgraphicsandrealism;I.4.1 [ImageProcessingandComputerVision]:
DigitizationandImageCapture;

1. Intr oduction

Environmentmattingandcompositing,an extensionof the
conventional matting process12; 14, was �rst presentedby
Zongker et al.17 andlater extendedby Chuanget al.1. Un-
like conventionalmatting, an environmentmattedoesnot
only representthe opacity of a pixel, but it also includes
there�ection andrefractioneffectsof thebackdropthrough
the scene.To createan environmentmatte,a sceneis pho-
tographedfrom a single vantagepoint against a seriesof
known backgroundpatterns.Usingtheinformationfrom the
recordedphotographs,an approximationof the light trans-
port from thebackgroundthroughthesceneinto thecamera
is computed.With this approximation,a new imageof the
capturedscenecanbegenerated(i.e. composited)with any
backdropimage(�gure 1).

1.1. Envir onmentmatting

In the approachof Zongker et al.17 horizontalandvertical
stripepatternsareemittedontoascene.Foreachemittedpat-
ternaphotographof thesceneis recordedfrom a�x edview-
point. Theenvironmentmatte,which encodesthere�ection
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Figure 1: A dinner scenecaptured with our techniqueand
compositedwith twonovelbackdrops.

andrefractionpropertiesof thescene,is representedfor each
pixel by a singlere�ection coef�cient anda normalizedbox
�lter on a rectangularsupportareaon thebackdrop.A least
squaresoptimizationprocedureis usedto extract the sup-
port areaandre�ection coef�cient from the recordedpho-
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tographs.Compositing—i.e.applyinganovel backdrop—is
performedby �ltering, for eachpixel, thenovel background
over the supportareaand scalingthe result by the re�ec-
tion coef�cient. Environmentmatting allows for backdrop
replacementin presenceof specularandtransparentobjects.
Themethoditself is elegantandrequiresfew photographsto
berecorded.

Thisapproach,however, aspointedoutby Chuangetal.1,
hasa few limitations.A singlerectangularsupportareaand
a singlere�ection coef�cient per pixel arenot suf�cient to
capturethe complex re�ection andrefractioneffectsof di-
electricsor roughmaterials.In addition,thechoiceof arect-
angularsupportareacancauseexcessive blurring in the �-
nal image.To addresstheseproblems,Chuanget al. sweep
differentorientedGaussianstripesacrossthebackgroundto
capturethe environmentmatte.This resemblesthe space-
time analysisusedin 3D rangescanning2; 7. The environ-
mentmatteis approximatedby a limited numberof oriented
elliptical Gaussian�lters, eachwith a singlere�ection coef-
�cient. Compositingis performedsimilar to Zongker et al.
exceptthatcontributionsfrom multiple supportsfor a pixel
on thebackdropareaddedtogether.

Chuanget al.1 also presentedan environment matting
methodfor real time acquisition,that usesa single color
gradientasbackdroppattern.This method,however, is lim-
ited to perfectspecularmaterialsthat do not modulatethe
emittedcolor. In thiscase,theenvironmentmatteis reduced
to an imagewarpingfunction.Wexler et al.16 presentedan
environmentmattingextensionthat is ableto work without
knowledgeof theexactform of thebackdropimagesused.It
relieson having enoughbackgroundsamplesor suf�ciently
rich backdropimages(e.g.by moving abackdropimagebe-
hindthescene)to successfullyextractanenvironmentmatte.

1.2. Image-basedrelighting

Environmentmattingtechniquescanalsobe interpretedas
image-basedrelightingmethodsandthey arevery practical
methodswhich areableto capturethe re�ectance�eld (i.e.
thedescriptionof thetransferof light throughascene)of ob-
jectscontainingspecularmaterials.This is typically dif�cult
for otherimage-basedrelightingmethodsthatusequiteadif-
ferentapproachthanenvironmentmatting.Of interestis the
approachfollowed by Nimeroff et al.11 who representsthe
incomingillumination by steerablefunctionsandcombines
weightedbasisimageslit by thesefunctions.Basedon this
approachof combiningweightedbasisimagesis the Light
Stage3; 6; 9; 8 which samplesa limited numberof light source
positionsaroundthe object.For eachlight sourceposition
a basisimageis recorded.Thesemethodscan relight ob-
jectswith materialpropertiesrangingfrom diffuseto glossy,
the limiting factorbeingthe relatively sparsesamplingfre-
quency of light sourcepositions.Usingadensersamplingin-
creasestheamountof dataandtherequiredtime to capture
thesephotographsupto a point that thesemethodsbecome

impractical.To overcomethisproblem,Matusiketal.10 pre-
sentedacleverhybrid solutionthatcombinestheLight Stage
with environmentmatting.There�ectance�eld is split into
two distinctparts.Thepartwheretheillumination is coming
from behindtheobjectis handledby anenvironmentmatte,
whereasthe illumination comingfrom theremainderof the
hemisphereis handledby acoarseLight Stageapproach.

The ideaof linearly combiningweightedbasisimagesis
a cleanandelegant solution.In this paperwe will transfer
this idea into an environmentmattingcontext. We explore
the dif�culties and their solutionsthat are associatedwith
this transfer.

1.3. Objectives

Capturingall lightingeffectsdueto differentmaterialsis still
impracticalwith existing relighting methods,becauseit re-
quiresanenormousamountof datato becaptured.Environ-
mentmattingpresentsa way to reducethis amountof data
in caseof specularandrefractive materials,but suffersfrom
somelimitations beforeit canbe usedasa generalimage-
basedrelightingmethod:

1. Theerrorof theenvironmentmatteapproximationis un-
known, asis theerrorin thecompositedimages.This er-
ror dependson sceneproperties,the�lter on thesupport
areas(e.g.abox�lter vs.anelliptical Gaussian�lter), the
illumination patternsusedduring the recordingprocess
and the backgroundimageitself usedduring composit-
ing.

2. Diffusesurfacesarestill problematic,becauseanellipti-
cal Gaussian�lter is not suf�cient to capturethe effects
of diffusere�ections.Diffusematerialshave a largearea
of supportwhich can be irregularly shapedbecauseof
occlusionandself-shadowing. Theseirregularly shaped
supportareasaredif�cult to approximateaccuratelywith
a limited numberof elliptical Gaussian�lters.

3. Finally, previous environmentmatting methodsrely on
non-linearoptimizationprocedures,which requirea sig-
ni�cant amountof post-processingtime, to computethe
�nal environment matte approximation.Such methods
usually dependon a numberof parameters(e.g. error-
thresholds)which greatlyaffect the quality of acquired
results.Non-linearoptimizationproceduresalsorequire
a signi�cant amountof processingtime. Increasingac-
curacy usingbetter�lters or moreapproximationterms,
would increasepost-processingtimeevenmore.

We presenta novel methodto acquirethe environment
matteof a scene,thatdoesnot suffer from theselimitations.
Our methodis basedon linearly combiningbasisimagesto
createanenvironmentmatte,insteadof non-linearoptimiza-
tion proceduresusedby previousenvironmentmattingtech-
niques.Eachbasisimageis a photographof thescenelit by
anillumination pattern,a 2D basisfunctionof theincoming
illumination.Key to our methodis theuseof waveletsasil-
luminationpatterns.A novel backdropimageis decomposed
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usingthe samewavelet basisfunctionsusedfor generating
thebasisimages.Thecoef�cient of eachwavelet in this de-
compositionis usedto weightthebasisimagelit by thecor-
respondingwavelet pattern.The �nal compositedimageis
obtainedby summingall weightedbasisimages.A potential
problemis thelargenumberof basisimagesneededto create
anaccurateenvironmentmatte.However, thenumberof ba-
sis imagescanbe limited by emittingonly thepatternsthat
are importantfor constructingthe environmentmatte.The
order of importanceis estimatedand this estimateis pro-
gressively re�ned during the recordingprocessitself. Our
methodbegins by emitting a few coarsewavelet patterns
�rst. Basedon the recordedphotographs,a feedbackloop
determineswhich is thenext mostimportantpatternto emit.

Morespeci�cally ourmethodaddressesthefollowing ob-
jectives:

1. No limitationson materialpropertiesareimposedin the
scene.

2. Characteristicsof a sceneare exploited to reduceboth
therecordingandcompositingefforts anderrors.For ex-
ample,theusershouldbeableto choosea stopcriterion
dependingontheamountof dataor thetimespendduring
recordingandstill have thebestsolutionpossiblefor the
performedwork.

3. Relying on userinput to specifyscenecharacteristicsis
errorproneandadauntingtask;wewantto automatethe
recordingprocessasmuchaspossible.

4. The environmentmatteshouldhave a boundederror, or
at leasta reasonableestimateaboutthe error shouldbe
available.

5. Finally, post-processingtime(e.g.timeneededto process
thecaptureddata)shouldbeminimalandrelatively inde-
pendentwith respectto thechosenaccuracy.

In the next sectionwe discussthe outline of our new
methodandthepracticalsetup(section2). Next, wedevelop
anovel mathematicalframework for environmentmattingin
section3. In section4 we introducetheerror-treeandshow
how it canbeusedto direct therecordingprocess.Practical
considerationsarediscussedin section5. Finally wediscuss
theresultsin section6 andconcludethepaperin section7.

2. Outline of the techniqueand practical setup

We usea similar setupaswasusedin previousenvironment
mattingpapers.An objectis placedin front of anemitterthat
is capableof displayingstructuredpatterns(aplasmascreen
or a CRT monitor).In our setupwe usea CRT monitor(�g-
ure 2). A seriesof illumination patternsis emittedandthe
resultingillumination of eachpatternon the object is cap-
turedby meansof adigital camera.

In our setupwe opt for emittingwaveletsasillumination
patterns(section4.1). Whenemittingthesewaveletpatterns
we observe thatnot all causeanequallevel of illumination
onthescene.Thisisdueto thepropertiesof thesceneandthe

Figure2: Thesceneis highlightedin red,thecamera in blue
andtheemitterin green.

locality of the waveletsin both the time andthe frequency
domain.Patternsthatcausea greatlevel of illumination are
consideredto bemoreimportantfor theenvironmentmatte
constructionprocess.During acquisitionwe captureimpor-
tantpatterns�rst. Thisenablesusto stoptheacquisitionpro-
cessprematurelywhenthecontributionof thepatternsto the
illumination is below somethresholdor whenthe acquisi-
tion timehasexceededa time-limit. Weusea feedbackloop
to determinethenext waveletpatternwhich is importantfor
theilluminationof thescene.

We usean error-tree(section4.4) asa tool to determine
which wavelet pattern is important. During the feedback
loop this error-tree is constructedand re�ned with infor-
mation obtainedfrom newly recordedphotographs.Each
nodein theerror-treecontainsinformationon how muchan
emittedwaveletpatterncontributesto thereceivedillumina-
tion from the scene.Using a tree-like structureto organize
waveletpatternsis anaturalchoicesincewaveletsform ahi-
erarchicalbasis.An overview of the recordingprocesscan
beseenin �gure 3.

Compositinganimageusinga novel backdropis doneby
simply decomposingthe backdropimageinto wavelet co-
ef�cients andsummingthe recordedphotographsweighted
with thecorrespondingwaveletcoef�cients.

3. Mathematical framework

Theenvironmentmattingequationpresentedby Zongker et
al.17 is well suitedto representspecularandglossyre�ec-
tions:

C = F+
n

å
i= 1

Z
RiL (B;Ai); (1)

whereC is thecompositedimageandF representstheam-
bient illumination. The re�ection coef�cient Ri denotesthe
amountof light re�ected from anareaof supportAi . L is a
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initialize error-tree

choose wavelet with

lowest level

generate wavelet

pattern and emit

record photograph

compute contribution 

to scene illumination

store in error-tree

exit feedback loop

if stop condition is met

search error-tree for

next wavelet to emit

Figure 3: An overview of the waveletenvironmentmatting
algorithm.

normalized�lter de�nedoverAi onthebackdropimageB. In
theimplementationof Zongkeretal. L waschosenasabox
�lter overarectangularsupportAi . Their implementationin-
cludeda singlere�ection coef�cient andsupport(n = 1) for
thebackdrop(n is setto 3 in casetheside-dropsareused).
Chuanget al.1 improveduponthis by usingmultiple Gaus-
sian�lters for L andanelliptical supportareaAi . Choosing
morecomplex �lters will notsolvetheproblemof represent-
ing diffusematerialssincethelargeareaof supportof these
materialsis irregularly shapedandmoredependenton the
sceneproperties(e.g.self-shadowing). Therefore,we usea
moregeneralmathematicaldescriptionof the environment
matte.

Theresultingcompositeimagecanbeseenasacollection
of N pixels,stackedin aN � 1 vectorC. TheM pixelsin the

backdropimagecanalsobestackedin aM � 1 vectorB. The
mattingprocessitself cannow bewrittenas:

C = L B+ F; (2)

whereL is a (N � M) transfermatrix that representsthe
light transportfrom thebackgroundB throughthesceneinto
the camera.L is solely dependenton the characteristicsof
the scene.We assumethat the effects on the illumination
from theremainderof theenvironmentis aninvariableN� 1
vectorF. F is calledtheambientillumination or foreground
illumination.We assumeF to beknown� andthereforewill
act as if this term is zerofor the remainderof this exposi-
tion.Wewill denoteC(y ) astheobservedphotographof the
sceneilluminatedby apatterny .

Formula2 is a moregeneralmathematicalnotationof the
environmentmatte,whichenclosespreviousrepresentations.
Looking back at the classicmatting equation14, C = IaB,
onecanseethat it approximatesL by a diagonalmatrix of
a-valuesor transparency values.Thuseachpixel of thecam-
era imageis affectedby only onebackdroppixel. The en-
vironmentmattingequationaspresentedby Zongker et al.
(equation1) expressesL in a clever andcompactway. The
matrix L is sparsefor specularmaterialsandeachpixel is
only affectedby a localizedareaon B. This can be suf�-
ciently approximatedby a �lter operationL with a limited
numberof parametersonB.

Wenow observethatthebackgroundimageB canbewrit-
tenasa linearcombinationof M basisimagesBi :

B =
M

å
i= 1

aiBi ;

whereai are the weightsor coef�cients associatedwith
eachBi . Usingformula2 wecanwrite C as:

C = L B

= L(
M

å
i= 1

aiBi)

=
M

å
i= 1

ai(L Bi)

=
M

å
i= 1

aiCi :

The vectorsCi are thereforea setof M basisimagesof
thecompositeimageC (notethatthis basisis not necessary
compact).A directresultof formula2 is thateachCi canbe

� F canbeeasilyfoundby settingB = 0 in formula2.
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measuredby emitting Bi onto the scene,sinceCi = L Bi .
This is an interestingresult,sinceit implies that we do not
needto know theexactform of thetransfermatrixL.

To illustrate, assumewe have a novel backdrop B0 to
composite.We candecomposeB0 into the basisimagesBi
by projectingB0ontoeachdualbasis� imageB̂i resultingin
thecoef�cients a0

i :

a0
i = hB0 j B̂i i :

The�nal compositeimageC0 is then:

C0=
M

å
i= 1

a0
iCi :

The numberof basisimagesBi requiredto representB
andconsequentlythenumberof Ci to observe, is enormous.
Backdrop imagestypically have resolutionsof 210 � 210

which resultsin a spaceof dimension220. If eachphoto-
graphCi would takeonesecondthentherecordingthecom-
pletesetof basisvectorswould lastapproximately12 days.
Also,assuminganequalresolutionfor thecameraimageand
thebackdropimagewouldrequireto store2(10+ 10+ 10+ 10) =
240 pixels!

In the next sectionwe investigate wavelet patternsas a
setof basisvectorsfor B andtry to exploit theirhierarchical
natureto ef�ciently handlethis largedimensionality.

4. Waveletsand the error-tr ee

Waveletsarea classof multilevel basisvectors,bestknown
for their applicationsin imagecompression.A very useful
propertyis the local supportin both the time domain—in
this casethe primal imagedimension—andthe frequency
domain.For moreinformationon waveletswe refer the in-
terestedreaderto the extensive literatureavailable on this
subject(e.g.Stollnitzetal.15).

In this sectionwe will motivate the useof waveletsfor
Bi (section4.1). In section4.2 we arguethat the principles
usedin imagecompressioncanalsobeusedin our wavelet
environmentmattingframework (section4.3). Finally in sec-
tion 4.4we introducetheerror-tree,which is usedto decide
which subsequentwaveletpatternis mostimportantfor the
constructionof theenvironmentmatte.

� B̂i andBj area dualbasisiff 8i; j : h B̂i j Bj i = di; j . If Bj is an

orthogonalsetof basisvectorsthenB̂j = Bj .

4.1. Effectsof scenecharacteristicson the envir onment
matte

It is importantto considerthepropertiesof thescenewhen
choosinga speci�c setof basisvectorsasBi . Ramamoorthi
andHanrahan13 showedthat (unoccluded)diffusematerials
actasalow pass�lter for incomingillumination.Thismakes
it possibleto representthe effectsof the incident illumina-
tion on diffuse materialswith a limited numberof coef�-
cients in the frequency domain.For capturingunoccluded
diffuse re�ections, this implies that a good choice for Bi
shouldbe local in the frequency domainin order to mini-
mizethenumberof requiredbasisvectors.

On the otherhand,previous environmentmattingmeth-
odsshowed that specularre�ections canbe compactlyrep-
resentedby asmallsupportareaonthebackdrop.A compact
supportareaonthebackdropimplieslocality in thetimedo-
main (andhencea non-compactfootprint in the frequency
domain).Thusfor specularmaterialsa goodchoicefor Bi
shouldbelocal in thetimedomain.

Representingbothcaseswith equaleaserequiresa setof
basisvectorsthatis local in bothdomains,which leadsusto
wavelets.

For clarity we will usethe Haarwavelet to demonstrate
ourmethod,but it canbeusedwith any typeof wavelet.The
effectsof usingotherwaveletsarediscussedin section6. In
thispaperwewill assumethatall waveletsarenormalizedto
a DC (low frequency) andNyquist(high frequency) gain of
one.

4.2. Waveletsfor imagecompression

Capturingall possiblebasisimagesCi is not feasible,when
the resolutionof B is large. To overcomethis problemwe
turn to techniquespresentedin (lossy) imagecompression
literature.In general,animageI is decomposedinto asetof
basisvectorsI i (e.g.usingFourierseries,DCT or wavelets),
resultingin asetof correspondingcoef�cients wi :

I = å
i

wi I i :

Not all weightswi areequallylarge.Largeweightsindi-
catethat the associatedbasisvector I i contributesmore to
theimageI . An approximationI 0of theoriginal imageI can
becreatedby:

I � I0= å
i

w0
i I i ;

where:

w0
i = wi i f wi > t

= 0 otherwise:
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Thethresholdt determineswhich weightsareconsidered
importantenoughfor the imagereconstruction.Of course
leaving outweightedbasisvectorsintroducesanerror.

Waveletshave interestingpropertiesthatmake themvery
well suited for image compression.First of all, wavelets
form a hierarchicalbasis,which meansthat thecoef�cients
canbeeasilysortedinto a tree-structure(wherethedepthof
a nodein the treeequalsthe level of the wavelet).DeVore
et al.5 notedthatfor naturalimages(i.e. photographsof real
scenes)thesecoef�cients decay, and that this decayis de-
pendenton thelevel j or resolutionof thewavelet,thelocal
orderof continuity l of the image,andthe numberof dual
vanishingmoments� d of thewaveletused:

decay� 2� j max(l ;d) : (3)

In thesection4.3, wewill explorehow wecanusethisde-
cayof waveletcoef�cients in ourenvironmentmattingsetup.

DeVoreet al. alsonotedthat if theroot of a branchin the
coef�cient-tree hasa low value,thentheprobability is high
thatall othercoef�cients in thatbrancharealsolow. In sec-
tion 4.4weinvestigateasimilarpropertyin ourenvironment
mattingmethod.

4.3. Waveletsfor envir onmentmatting

We apply the knowledgeof the previous sectionto the en-
vironmentmattingsetupin order to reducethe numberof
photographsCi to berecorded.

To begin, de�ne theLp-normonanimageI as:

Lp(I ) = (å
x;y

j pixelI (x;y) jp)
1
p ; (4)

wherep is usuallysetto 1 or 2.Wecanstatethatthenorm
Lp(Ci) is anindicationof theimportanceof theemittedillu-
minationpatternBi , andwe canusethis normto sortCi in
orderof importanceandrecordonly theimportantones.

A major differencebetweenimagecompressionandour
environmentmattingsettingis that thebackdropimagesB,
thatwill beusedduringcompositing,areunknown. Theco-
ef�cients ai of thewaveletdecompositionof B in basisim-
agesBi arethusalsounknown.

Formula3 givesthe rateof decayfor coef�cients ai , as-
sumingBi 's to bewaveletpatternsandif B is a naturalim-
age.Supposeai is a coef�cient of a waveletat level j i , then
wecanuse:

� Dual vanishingmoments:the orderof polynomialsthat canbe
approximatedby thedual scalingfunctionsof thewavelet.

weight( j i) = 2� j i � s; (5)

asanupperboundfor thecoef�cients ai , wheres is acon-
stantindicatingthe generalsmoothnessof the wavelet pat-
ternsandthebackdropsused.Weuses= 1 in ourexamples,
but if it is a priori known that thebackdropimagesandthe
waveletsaresmooth,thena largerscouldbechosen.Select-
ing a largerconstants favorswaveletpatternswith low level
(low frequency wavelet patterns)over patternswith a high
level (high frequency waveletpatterns).

Combiningequations2, 4 and5 givesus:

Lp(C) = Lp(LB)

= Lp(å
i

ai(LB i))

= Lp(å
i

aiCi)

� å
i

Lp(aiCi)

� å
i

Lp(weight( j i) � Ci)

� å
i

weight( j i) � Lp(Ci)

� å
i

Wi(Ci):

We denoteweight( j i) � Lp(Ci) asWi(Ci). Thuswe can
boundthenormof C by thesumof Wi(Ci) (beingtheresult
of emittingawaveletpatternsBi).

To apply thesameprincipleasin imagecompressionwe
needto sortWi(Ci) andonly emit theimportantBi (i.e.with
largevaluefor Wi(Ci)). Theproblemis thatwedonotknow
the normsLp(Ci) in advanceand hencedo not know the
orderof importance.

4.4. The error-tr ee

As mentionedin section4.3, largewaveletcoef�cients tend
to clustertogetherin atree-likemanner. Low coef�cient val-
uesin theroot of a branchusuallyindicateslow coef�cient
valuesthroughoutthe entirebranch.A similar observation
canbemadein our environmentmattingsetupwith respect
to theweightednormsWi(Ci).

In thispaperweoptfor aprogressivere�ning algorithmto
�nd the orderof importanceof Wi(Ci) for the construction
of theenvironmentmatte.

In orderto do this we de�ne an error-tree.Eachnodein
the error-treecontainsa Wi(Ci), in which j i (formula 5) is
equalto thedepthof thenode.Theerror-treeis constructed
in a top-down manner. Supposewe alreadyhave then most
importantweightednormsmeasuredandstoredin theerror-
tree.All of theleafnodesin thiserror-treearecandidatesfor
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startinganew branchin theerror-tree.Wecannow statethat
the leaf nodewith the largestnode-valuewill probablybe
therootof anew (notyetmeasured)branchof theerror-tree
which is importantfor the constructionof the environment
matte.

C(     )
C(     )
C(     )

C(     )
C(     )
C(     )

C(     )
C(     )
C(     )

C(     )
C(     )
C(     )

C(     )
C(     )
C(     )

C(     )
C(     )
C(     )

C(     )
C(     )
C(     )

C(     )
C(     )
C(     )

C(     )
C(     )
C(     )

iW

WiWi Wi Wi

Wi Wi Wi Wi

1

2

3

4

Figure 4: An exampleof an error-tree. First the red en-
circledphotographsC(Bi) are recordedandtheir weighted
norm is computedand stored in the error-tree. Next, the
error-treeis searchedfor the largestweightednorm,in this
casebeing(1) andits waveletdilations(blueencircled)are
emittedandrecorded.Againtheweightednormis computed
andstored.Theleafnodesaresearched(bluenodes)for the
largestweightednorm. Supposethis is (2), then the green
encircledC(Bi) are recordedandtheir weightednormcom-
puted.Now all the leaf-nodes(within the dark-red dotted
line) are searched for the largestweightednorm. If this is
(3), then its waveletdilations are emitted.Note that if the
largestweightednormwere (4) thenthedepth-�rst order is
broken.

Westartup theerror-treeby emittingthecoarsestwavelet
patterns�rst, the root of the whole error-tree,and storing
their weightednormWi(Ci). It will beobviousthatthedila-
tions of thesewavelet patternswill be selectednext aspat-
ternsto emit. After emitting thesewavelet dilationsof the
coarsestwavelet patterns,the error-tree is searchedfor the
largest leaf-nodeand the dilations of the wavelets in this
nodeareselectedasthenext waveletpatternsto emit.

This procedureis repeateduntil somestop-criterionis
met.Note thatsincewe work with 2D waveletpatterns,we
have3 differentwaveletsperlocationandlevel (y xj y; j xy y
andy xy y, wherej is thescalingfunctionandy thewavelet
function andthe index denotesthe axis on which the func-
tion is de�ned). Thereforewe store the weighted norm
Wi(C(y xj y)) + Wi(C(j xy y)) + Wi(C(y xy y)) in eachnode
in theerror-tree.An exampleof anerror-treeis depictedin
�gure 4.

Theerror-treeitself is limited in depthby de�ning amax-
imal resolutionpossiblefor a backdrop,becausethis limits
themaximumlevel of thewaveletpattersused.

The use of the error-tree enablesthe feedbackloop to
estimatewhich subsequentwavelet patternswill contribute
most to the illumination on the scene.The feedbackloop
will ensurethattheerror-treeis constantlyre�ned by adding
newly acquiredinformation,increasingthe accuracy of the
estimate.

5. Practical considerations

Somepracticalconsiderationshave to beaccountedfor, be-
forewecanimplementthemethoddiscussedin theprevious
section.Our setupconsistsof a sceneplacedin front of a
CRT monitor. (Note that any emittercapableof displaying
structuredpatternscan be used.)A digital camerais used
to capturethe effectsof emitting wavelet patternsonto the
scene.

5.1. Emitting and capturing waveletpatterns

High dynamicrangephotographsareneededto capturethe
environmentmatte,becauseof the differencesin dynamic
rangebetweenthe re�ectanceof specularand diffuse ma-
terials.Thecameraresponsecurve for thedigital camerais
obtainedby themethodintroducedby DebevecandMalik4

and eachrecordedphotographis converted to a high dy-
namicrangeimageusingthiscameraresponsecurve.Multi-
ple photographswith differentshuttertimesarerecordedif
the dynamicrangeof the sceneis too large to be captured
with only onephotograph.

Thedynamicrangeof a waveletpatternusuallydoesnot
�t within the rangeof the emitter, nor is the rangeof the
emitter linear in radiancespace.Scaling the wavelet pat-
ternssolvesthe�rst problem,whereascalibratingtheemitter
solvesthesecond.

Weneedto inverselyapplythegammacurveof theemitter
to transformthe non-linearrangeof the emitter to a linear
rangein radiancespace.Measuringthegammacurve of the
emitteris donesimularto Chuanget al.1, wheretheaverage
radianceemittedby solidpatternswith differentintensitiesis
measuredanda gammacurve is �tted throughtheacquired
data.

Also, waveletshave positive andnegative values.There-
fore we needto mapeachwavelet patternto a completely
positive range,since emitting negative light is not possi-
ble. Lets assumethat the scaledwavelet y hasa rangeof
[� 1;+ 1] andthe rangeof thecalibratedemitteris linear in
radiancespace[0;1]. Two mappingsarepossible:

1. translatingthewaveletandscalingit: y 0= y + 1
2 ,

2. splitting it into two patternsy p and y n which contain
respectively thepositiveandnegativepartof y .
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We obtain the resultingphotographC(y ) from the cap-
tureddataasfollows:

1. C(y ) = 2C(y 0) � C(W), whereW = 1 is a solid white
pattern.

2. or respectively C(y ) = C(y p) � C(y n).

We have chosenfor the latter approach,becauseof the
fact that exposinga CRT monitor a long period with the
samecolor introducessigni�cant extra noisecausedby the
afterglow from thesepixels.An advantageof thesecondap-
proachis that the dynamicrangeof an emittedwavelet is
doubledat thecostof anextraphotographfor eachpattern.

5.2. The feedbackloop

Thefeedbackloopconsistsout of takingphotographsof the
scenelit by differentwaveletpatterns.Thenormof thehigh
dynamicrangephotographs(Wi(Ci)) is usedto re�ne the
error-tree.In our implementationwe choosefor thesquared
norm L2, sinceit weights low radiancevalues(which are
moresusceptibleto noise)lessthentheL1-norm.

5.3. Dir ectly visible pixels

Directly visiblebackdroppixelsfrom theemittershouldnot
beincludedin thecomputationof Wi(Ci). An alpha-matteis
computedin orderto excludethesedirect visible elements.
This alpha-matteis constructedusingthe methodproposed
by Zongkeretal.Theoverheadof recordingtheseextrapho-
tographsof progressively �ner stripe patternsis minimal.
Uncoveredpixels in the matteshouldbe replacedin the �-
nal imageby the correctpixels from the backdrop.An im-
agewarp of the backdropimageshouldbe computedsince
we do not requirethat thecamerais perpendicularwith re-
spectto theemitter. Theimagewarpcanbeeasilycomputed
using the information in the recordedreferencestripepat-
terns(i.e. without the scenein front of the emitter)usedto
computethealpha-matte.It is possibleto constructawarped
grid representingtheimagewarpby usinganedgedetection
algorithmon the highestresolutionhorizontalandvertical
referencephotographs.Eachgrid line hasa known relative
positionon the backdrop.Using the lowest resolutionhor-
izontal andvertical stripereferenceimage,it is possibleto
absolutelydeterminewhichof thegrid linesis in themiddle
andthusidentifyingeachgrid line absolutely.

6. Discussionand results

Our environment matting methodcan handlediffuse sur-
faces,ascanbeseenin �gure 5 wherefour differentcolored
cubesareplacedupona diffusesurface.We usedapproxi-
mately400waveletpatternsfor thedepictedscene.Notethe
shadowswhichform high-frequentedgesin theenvironment
matte.Theseedgesarehardto representusingsmooth�lters
likeelliptical Gaussian�lters.

In section4.1we notedthatotherwaveletsthentheHaar

wavelet could be used.Of specialinterestarebiorthogonal
wavelets� (e.g. Daubechies(9,7) wavelet). Thesewavelets
resultin a smootherapproximation,ascanbeseenin �gure
6, becausethey aresmootherin shape.Using thesesmooth
waveletsgivespleasingresultsif thenumberof photographs
is verylimited with respectto theresolutionof thebackdrop,
opposedto theHaarwaveletwhichgivesblocky results.The
advantagesof thesesmootherwaveletsbecomeslessobvious
whenthenumberof recordedwaveletpatternsis increased.
The reasonis that smootherwaveletsrequiremore coef�-
cientsto representhigh frequency details,andthusrequire
morephotographsof high resolutionwaveletsto represent
these�ne details.This numberof (high resolution)wavelet
patternsquadrupleswith every increasein level.

In �gure 7, a glasscandyjar �lled with little candybears
is depicted.The environmentmatteis capturedusing2400
photographs(or 1200waveletpatternssplit in anegativeand
positive part).Differentbackdropsareappliedto thescene.
Thesmallerpictureson theright how theresultwould look
likeafterrespectively 100,300,600and900emittedwavelet
patterns.To give a betterideaabouttheprocesswe did not
replacedirectly visible pixelsby thecorrectpixels from the
backdropimage,nordid weshow theambientillumination.

Thereexistsan interestingrelationbetweentheLp-norm
of Ci andBi :

Lp(Ci) � Lp(Bi):

This formula is a direct resultof the fact that a material
cannotre�ect morelight thenit receives.Thisisanimportant
observationsinceit meansthattheerroronC is boundedby
theerroronB from approximatingit usinga limited number
of Bi . This is an upper-boundaryfor the error on C andis,
in general,anoverestimationof therealerror. It alsoimplies
thatincreasingthenumberof emittedBi will haveapositive
effectontheerrorof C, andin thelimit thiserrorwill vanish.

Our methodis signi�cantly different from previous en-
vironmentmattingmethods.It doesnot rely on non-linear
optimizationproceduresto minimizeerror, insteadit usesa
feedbackloop to instantaneouslyprocessthe recordedim-
ages.A theoreticalcomparisonbetweenChuanget al.1 and
the presentedmethodresults in someinterestingconclu-
sions:

1. Previous environmentmatting methods17; 1 result in vi-
sually pleasingimagesfor specularand glossymateri-
als,with a �x ednumberof photographs.Therelationbe-
tweenthe numberof photographsand the error on the
compositeimageis notclear. Ourmethodcancontrolthe

� Biorthogonalwavelets:thewaveletandscalingfunctionsof the
compositionarecrosswiseorthogonalwith the (dual) wavelet and
scalingfunctionsof thedecomposition.
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errorandnumberof photographsmoreclosely. Thenum-
berof photographscanbeadjustedto boundtheerrorand
visaversa.

2. Previous environmentmatting methodsutilize a clever
brute force attack with respectto the numberof pho-
tographsto be recorded,which doesnot take into ac-
countthe characteristicsof the scene,exceptfor the as-
sumptionthatmaterialpropertiesrangefrom specularto
glossy. It cannotrepresentdiffuse materials.The feed-
backloop in the presentedmethoddirectsthe recording
process.Themethoddecidesonpreviouslyrecordedpho-
tographswhich subsequentwaveletpatternis to beemit-
ted andthus implicitly usesthe scenecharacteristics.It
is possibleto capturesceneswith all kinds of material
propertieswith thepresentedmethod.

3. Previous environmentmatting methods,however, have
lessstoragerequirementssincethey do not requireeach
recordedphotographto bestored,whereasthepresented
methodsrequiresthateachCi is stored.

The time to converge to a visual pleasingsolution is in
generalshort.Largespecularobjects,however, canslow the
convergencesincea largeamountof highresolutionwavelet
patternshave to be emittedand recordedto fully capture
theseeffects.

We useda time limit (12 hours for eachscene)as the
stopcriterionin thefeedbackloop.Thetotal recordingtime
could be improved by usingan optimizedwavelet genera-
tor (currently the bottleneckin our implementation)and a
bettersynchronizationbetweenthe digital camera(Canon
EOS D30) and the feedbackloop. A digital video camera
couldreducethetime to captureanenvironmentmatteeven
more.Eachenvironmentmatterequiresanaverageof 2.5GB
to storeall photographs(RLE compressed).Usingmoread-
vancedcompressionalgorithms(e.g.JPEG2000)could re-
ducetherequiredstorageevenmore.

7. Conclusionand futur ework

In thispaperwepresentedanovel environmentmattingtech-
nique.The methoduseswaveletsas illumination patterns.
An error-tree is constructedduring the recordingprocess
by meansof a feedbackloop. Using this feedbackloop the
contribution of eachwavelet patternon the illumination of
thesceneis recordedandstoredin theerror-tree.Thefeed-
backloop adaptstherecordingprocessautomaticallyto the
characteristicsof the sceneby optimally choosingthe next
waveletpatternto emit.Ourmethodcanhandlescenescom-
posedof any materialandrequiresminimaluserinteraction.
Looking backat theobjectivesstatedin section1.3 we can
seethat:

1. The developedmethodcanhandleany kind of material
properties.Large areasof highly specularmaterialsare
problematicdueto theslow convergencerate,but arestill
possibleto capture.In naturalscenesthis situationusu-
ally doesnotoccuroften.

2. Thefeedbackloop directstherecordingprocess.Knowl-
edgeof the sceneis accumulatedduring the recording
processitself andis usedto minimizework or error.

3. Usinga feedbackloop impliesminimaluserintervention
which is limited to choosingwhich kind of waveletpat-
ternandstatingastopcriterion.

4. In section6 we showedthat theapproximationerrorcan
bebounded.

5. Original environment matting papersrequiredan opti-
mization procedureper pixel. The presentedapproach
usesthe idea of linearly weighting and combiningba-
sisimages,whichrequiresminimalpost-processingsince
the recordedimagesfrom the feedbackloop canbe di-
rectly used.Theideaof linearly combiningbasisimages
is moreelegant andeasierto implementthannon-linear
optimizationprocedures.

Futurework includessolvingtheproblemof theslow con-
vergencefor largespecularobjects.This couldbesolvedby
usinga hybrid solutionof the developedmethodin which
upperwavelet resolutionis boundedat a fairly low resolu-
tion andfollowedby aclassicalenvironmentmattingstepto
capturethe effect from specularmaterials.This would en-
surethecorrectcaptureof diffuseandglossymaterialsand
fastercapturingof specularmaterials.

Otherfuturework includesinvestigatingtheeffectsof dif-
ferentwavelet patternson the convergencerateandon the
approximationerror. Waveletscouldalsobeusedasa �lter
in aclassicalenvironmentmattingsetup,paving theway for
amoreeleganthybrid solution.

Betterheuristicsneedto bedevelopedto createamorein-
telligentstop-criterion.Suchastop-criterioncoulddecideto
stoptherecordingprocessif theremainingWi(Ci) falls be-
low somethreshold.A headto headcomparisonwith other
environmentmattingmethods(e.g.Chuangetal.) cangivea
betterideawhenthepresentedmethodis preferredandwhen
perhapsa lessaccurate,but possiblyfasternon-linearenvi-
ronmentmattingmethodis required.

Finally, thepresentedmethodcouldbeextendedto afully
�edged relightingmethodby placingthe objectin a closed
cubeof emittersandreplacingtheconceptof backdropim-
agesby environmentmaps.
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a b

c d e

Figure5: A scenecontainingcolored cubesplacedon a diffusesurface. Thescene, compositedwith a low frequencyplasmabackdrop,
is shownin �gur e b. A referenceimage is shownin �gur e a. In �gur e c, d and f the samesceneis compositedwith different
backdropscontaininga whitesquareat differentlocations(respectivelylocatedon theleft, middleandright).

ed fa b c

Figure6: A dinnerscenecompositedwith two differentbackdrops.Figure a andd showthereferenceimages.Figure b ande are captured
(andcomposited)using1000Haar waveletpatterns.Figurec and f arecapturedusing1000Daubechies(9,7)waveletpatterns.
Detailsof a part of theplateandtheglassareshownfor each �gur e. Notethat thecolorsdonotcompletelymatch dueto a slight
calibrationerror duringcolor correction.
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c d

e f g h
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k l

Figure7: A scenecontaininga glasscandyjar �lled with little candybears, compositedwith two different backdrops.Figure a and g
showthe referenceimages,whereas�gur esb andh were captured (andcomposited)with 1200Haar waveletpatterns.On the
right is thesamesceneshownwithout foregroundillumination or withoutdirectvisiblepixelsreplaced.Onecanseetheeffects
of compositingwith 100 (c and i), 300 (d and j), 600 (e and k) and 900 ( f and l) basisimages.Notethat the colors do not
completelymatch dueto a slight calibrationerror duringcolor correction.
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