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Abstract. We presenta uni ed framework for separatingspecularand diffuse
re ection components$n imagesandvideosof texturedscenesThis canbe used
for specularityremoval andfor independentlyprocessing,ltering, andrecom-
bining the two componentsBeginning with a partial separatiorprovided by an
illumination-dependentolor spacethe challengeis to completethe separation
usingspatio-temporahformation.Thisis accomplishedby evolving a partialdif-
ferentialequation(PDE) that iteratively erodesthe specularcomponentat each
pixel. A family of PDEsappropriatdor differingimagesourcegstill imagesvs.
videos),differing prior information (e.g., highly vs. lightly texturedscenes)pr
differing prior computationge.g.,optical o w) is introducedIn contrasto mary
othermethodsexplicit sggmentatiorand/ormanualnterventionarenotrequired.
We presentresultson high-qualityimagesandvideo acquiredin the laboratory
in additionto imagestaken from the Internet.Resultson the latter demonstrate
robustnesgo low dynamicrange,JPEGartifacts,and lack of knowledgeof il-
luminantcolor. Empirical comparisorto physical removal of specularitiesising
polarizationis provided.Finally, anapplicationtermeddichromaticeditingis pre-
sentedn which the diffuseandthe specularomponentsireprocesseddepen-
dentlyto producea variety of visualeffects.

1 Intr oduction

The re ectanceof a wide variety of materials(including plastics,plant leaves, cloth,
wood and humanskin) canbe describedas a linear combinationof specularand dif-
fusecomponentswWhenthis descriptionis accuratetherearebene tsto decomposing
animagein thisway. Thediffusere ectancecomponents oftenwell-describedy the
Lambertianmodel,andby isolatingthis componentpowerful Lambertian-basetbols
for tracking,reconstructiorandrecognitioncanbe appliedmore successfullyto real-
world, non-LambertiarscenesThereis also evidencethat speculare ectanceplays
arole in humanperceptionandthereis a setof computervision algorithmsthat rely
solely on this component{e.g.,[2,5,11]). Finally, in additionto image-analysisppli-
cations,specular/difuse separations importantin image-base®-D modeling,where
(speculaifree) diffusetexture mapsare often desired,andin photo-editingwherethe
two componentganbeindependentlyprocesse@ndrecombined.

This paperaddressethe separatiorof re ection componentsn imagesof general,
possiblytextured,scenesWe restrictour attentionto surfaceshatarewell-represented



by Shafersdichromaticre ectancemodel[15], in whichthespectralistribution of the
speculacomponents similar to thatof theilluminant while thatof the diffusecompo-
nentdepend$iearily onthe materialpropertiesof the surface.The dichromaticmodel
suggestshe possibility of decomposingnimageinto its speculaanddiffusecompo-
nentsbasedon color information. Beginning with a singlethree-channeRGB image,
theobjectiveis to recoreranRGB “dif fuseimage”andamonochromatispeculatayer
Thisis anill-posedproblem,evenwhentheilluminant color is knovn, andmostexist-
ing methodoperateby aggreating color informationspatiallyacrosgheimageplane.
We candifferentiatebetweermethodghatareglobal andlocal in naturé.

Klinker et al. [6] shav thatwhenthe diffusecolor is the sameat eachpoint on an
objects surface,the color histogramof its imageforms a T-shapeddistribution, with
thediffuseandspeculapixelsforming linear clusters They usethis informationto es-
timatea single“global” diffusecolor, andin principle, this approactcanbe extended
to casesin which an imageis segmentedinto several regions of homogeneouslif-
fuse color. Resultscanbe improved by exploiting knowledgeof the illuminant color
throughtransformation®f color space[1, 18], but thesemethodsalsorequirean ex-
plicit sgmentationof the sceneinto large regionsof constantiffuse color. In recent
work, R. Tan and Ikeuchi[16] avoid explicit segmentationby representingll of the
diffusecolorsin asceneby aglobal,low-dimensionallinearbasis.

In additionto the globalapproachementionedabove, therehasbeenconsiderable
interestin separatinge ection componentshroughpurely local interactionsThe ad-
vantageof this approachis thatit admitshighly textured sceneghat do not contain
piecavise constantdiffuse colors. In mostlocal methods the illuminant color is as-
sumedto be known a priori, which is not a severe restrictionsinceit can often be
estimatedusing establishedglobal) methods(e.qg.,[7]). R. Tanandlkeuchi[17] iter-
atively reducethe specularcomponenif a pixel by consideringone of its neighbors
thatputatvely hasarelateddiffusecomponentP. Tanetal. [14] allow a userto specify
a closedcune surroundinga specularegion andthenminimize an objective function
basednlocal variationsin diffusechromaticityandspeculaintensity Oneof theear
liestlocal methodss thatof Nayaretal. [10], which usespolarizationasanadditional
cueto enabletherecovery a spatially-\arying sourcecolor.

The goal of this paperis to formalizethe notion of “local interactions”for specu-
lar/diffuse separationandtherebydevelop a generalframenork for achieszing separa-
tion throughlocalinteractiongn bothimagesandvideos.Unlike previousapproaches
themethodis developedin the continuousdomain,with local interactionggovernedby
partial differentialequationdPDES).This processselectvely sharesolor information
betweemearbyimagepointsthroughmulti-scaleerosion[3] with structuringsetsthat
vary overtheimageplane We derive afamily of PDEsthatareappropriatdor differing
conditions,including imagesof both textured and untextured surfaces.We also shav

4 In additionto thecolorbasednethoddliscussethere thereareanumberof othermethodghat
rely on multipleimagesand/oradditionalcues suchasvariablelighting, variablepolarization,
andparametriae ectance.Readersarereferredto [17] for adescriptionof thesemethods.

5 A notableexceptionis thework of P. Tanetal. [14], who usea variational PDE to separate
manually-sgmentedhighlight regions. Our work differsin thatit usesmorphol@ical PDEs
enablingseparatiorwithout the needfor manualsggmentation.



how this framevork extendsnaturallyto videos,wheremotioninformationis available
asanadditionalcue.

Onthepracticalfront, this papempresentsesultson high-qualityimagesacquiredn
thelaboratory(Fig. 3a,3b), andshowns thatthey compareavorablyto ground-truthde-
terminedusingcrosspolarization(Fig. 4). Resultson 8-bitimagesdowvnloadedrom the
Internet(Fig. 3d, 3e)suggestobustnesso artifactscausedy low dynamicrange JPEG
compressionandlack of knowledgeof the illuminant color. The paperalsoprovides
resultson videos(Fig. 5) for which explicit optical o w is not necessarilyavailable.
Finally, anapplication— dichromaticediting— is presentedFig. 6).

2 Background and Notation

The dichromaticmodel of re ectanceis a commonspecialcaseof the bidirectional
re ectancedistribution function (BRDF) model, and it was originally developedby
Shafer{15] for dielectrics Accordingto this model,the BRDF canbedecomposehto
two additive componentstheinterface(specularye ectanceandthebody (diffuse)re-
ectance. The modelassumeshat eachcomponentan be factoredinto a univariate
function of wavelengthanda multivariatefunction of imaginggeometryandthatthe
index of refractionof the surfaceis constanbver thevisible spectrumTheseassump-
tionsleadto thefollowing expressiorfor the BRDF of a dichromaticsurface:

fC )= g )fat fs( ) 1)

where is the wavelengthof light and = ( i; i; r; ) parameterizethe direc-
tions of incomingirradianceand outgoingradiance The function gq is referredto as
the spectal re ectanceandis anintrinsic propertyof the material. The functionsf 4
(constanfor Lambertiansurfaces)andf s arethe diffuseandspeculaBRDFs,respec-
tively. Takinginto accountthe spectralpower distribution of a light sourcel ( ) anda
camerasensitvity functionCy( ), theimageformationequationfor a surfaceelement
with surfacenormalft, illuminatedby alight sourcewith directionf' is written

I« = (Difg+ Sefs( DA T 2)

z z
where D =  Ci( )L( )ga( )d and Sc=  C( )L( )d:

An RGB color vectorl = [l1;12;13]” from a typical cameraconsistsof threesuch
measurementsachwith a different sensitvity function with supportin the visible
spectrumNotethatSy representshe effective sourcestrengthasmeasuredby the k'
sensochannebndis independendf thesurfacebeingobsered.Similarly, D istheef-
fectivealbedain thek™ channelFor notationakimplicity, wede ne S = [S1; Sy; S3]”
(with acorrespondingle nition for D), andsincescalecanbe absorbedy f 4 andf s,
weassume&Dk = kSk = 1.



3 Illuminant-Dependent Color Spaces

In thelastfew yearstherehasbeena burstof actwvity in de ning color spacetransfor
mationsthat exploit knowledgeof the illuminant color to provide moredirectaccess
to the diffuseinformationin animage.While motivatedby differentapplicationsthe
transformationgliscussedhereall sharethe sameideaof linearly combiningthethree
color channelof anRGB imageto obtainoneor two “dif fusechannels”.

R. Tanandlkeuchi[17] obtaina one-channaliiffuseimagethroughthetransforma-
tion

P
_ 3maxy (1 k=) k(|k:SK)_
37 1 ’

lg 3)
wherek 2 f1;2;3g, andthe boundedquantity1=3 < =~ 1 is chosenarbitrarily.

This transformatioryields a positve monochromatidiffuseimage,which canbeseen
by expandingEq. 3 using Eqg. 2 and assuming(for aguments sale) thatl =S, >

1,=S; 13=S3. In thiscase,

_2:=S 1= 15=S _ (201=S; D=, Ds=Sy)fuf T

|
¢ 3~ 1 3~ 1

(4)

Sincethis expressionis independenbf f ¢ andis directly relatedto f T the positive
imagel 4 is speculaifree anddependslirectly on diffuseshadingnformation.

An alternatve transformatioris proposedy Park [12], who isolatestwo predomi-
nantlydiffusechannelsvhile retaininga similarity to HSI color space Thetransforma-
tion is composeaf alineartransformatiorl. , androtationR p, andis written

lp = RpLpl; with R,L,S=[002]: (5)

The matricesR, andL , arechosensuchthatthethird color axisis alignedwith the
illumination color. As aresult,thatchannelcontainsthe majority of the specularcom-
ponentJeaving the othertwo channelgo be predominantlydiffuse.

A third transformationproposedy Mallick etal. [8], de nesacolorspaceeferred
to asSUVcolor space Thetransformatioris written

lsuv = RI; with RS=[100]: (6)

Similar to Park's transformationpneof the transformedaxesin SUV spacds aligned
with theilluminant color. Unlike Park's transformationhowever, this channeincludes
thecompletespeculacomponentleaving the remainingtwo channelgo be purely dif-
fuse To seethis, we expandthe expressiorfor | syv usingEgs.2 and6 to obtain

lsuy = Dfg+Sfs( ) A T (7)

whereD = RD andS = RS = [1; 0; OF . Lettingr; denotethei™ row of R, the
diffuseUV channelsare

ly = r;Dfgn T ly = r;Dfgn T (8)
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Fig. 1. (a)A colorin theSUV colorspaceas parameterizedy (; ; ). and areindependentf

specularityand generalizeshenotionof “hue” for arbitrarily coloredilluminants.Theproblem
of removing specularityis reducedo nding 4, thediffusepartof . (b) A renderedRGBimage
of atexturedsphere(c) Thevalueof ateachpixel of theimage.Noticethat is constanin

regionsof constantdiffusecolor andis independentf specularityaswell asshading(d) Blown-

upview of theiso-contourof in therectangularegionindicatedn (b) and(c). White indicates
regionsof constant . In texturedimages,erosionof the specularcomponenbccursalongiso-

contoursof , which ensureshatdiffusetextureis preseredwhile the specularityis removed.

whichdependnly ondiffuse-shadingindarespeculaifree. The S-channeis givenby
Is=r;Dfgn T+ fs( )a T 9)

It containsall of the speculacomponentn additionto anunknavn diffusecomponent.

Eachof thethreetransformationslescribedn this sectionexploits knowledgeof the
illuminantto provide apartialdichromaticseparationwhichis animportantsteptoward
our statedgoal. Of the three,the SUV color spacede ned in Eq. 6 is the best-suited
for our purpose.Unlike Eq. 3, it is a linear transformatiorthat yields two “diffuse”
channelsand unlike Eg. 5, thesetwo “diffuse” channelsarein fact completelyfree
of specularity As describedn the next section,thesepropertiedeadto a generalized
notionof huethatcanbeusedasaguidefor localinteractionsenablingthecomputation
of acompletespecular/diuseseparatiorevenin casef signi cant diffusetexture.

4 Specularity Removal and Differ ential Mor phology

This sectionderives a family of non-linearPDEsfor completingthe partial specu-
lar/diffuse separatiorprovided by a transformationto SUV color space.Intuitively,
thesePDEsde ne a seriesof local interactionsin which color informationis shared
alongcurves(or surfaces)of constanthue”

We begin by re-parameterizinGUV color spaceusinga combinatiorof cylindrical
andsphericakoordinatesAs depictedn Fig. 1, suppressinghespatialdependencéor
notationalsimplicity, we de ne
1 1o 1 Is

= 13+13; =tan v =tan * = : (10)

This parameterizatiohasthefollowing properties:



1. Sincethey dependonly onthediffuseUV channelspoth and areindependent
of thespeculare ectancecomponent.

2. Sincetheilluminant coloris alignedwith the S-axis,theangle parameterizethe
pencilof dichromaticplanesin animage.Wereferto asgenerlizedhug sinceit
reducedo the standardie nition of huein the specialcaseof a white illuminant.
It dependon thedirectionof thediffusecolor vectorbut not the magnitudeof the
diffusecomponent.

3. representsliffuse shading sinceit is directly relatedto # {, andtherefore the
magnitudeof the diffusecomponent.

4. is alinear combinationof specularand diffuse componentsand we canwrite

= s+ 4,where sand 4 arethespeculaanddiffusecontritutionsto

Accordingto thesepropertiesthe problemof computinga specular/difuse separation
is reducedto one of estimating 4(X;y), the diffuse contritutionto  at eachimage
point. Oncethe scalarfunction 4(x;y) is known, the RGB diffusecomponentollow

directly from invertingthetransformationsn Egs.10and6, with  replacedby 4.

4.1 Multi-scale Erosion

Our goalis to computea specular/diiuse separatiorthroughestimationof the scalar
function 4(x; y) throughpurelylocalinteractionsThis sectiondescribediow this can
beaccomplishedy evolving a PDE thatiteratively “erodes”the specularcontribution
to andcorvergesto an estimateof § at eachpoint. The erosionprocesss guided
locally by the diffusecolor informationprovidedby and , andis formulatedin the
continuousdomainusing one of a family of non-linearPDEsthat de ne multi-scale
erosion[3]. Thetheorypresentedn this sectionis relatedto the formulationof multi-
scaleerosionpresentedby BrockettandMaragoq3].

Themulti-scaleerosion” (x;t) of abivariatefunctionf : R?! R by structuringset
B R?atscalet isde nedas

"(x;t) = (f tB)(x)4:infff(x+ X): x2tBg;

wherethe setB is compact,andtB , ftb: b 2 Bg. Intuitively, "(x;t) evaluated
at a particularvalue of t correspondgso an erosionof the function f (x), wherethe
functionvalueatx = (x;y) is replacedby the minimum of all functionvaluesin the
“neighborhoodtB , whichis ascaledeplicaof structuringsetB . A multi-scaleerosion
is computeddy consideringhe PDE

"t t) o (xg)

t (1)

@, ..\ _ .
@(x,t)— tI|r!nO

Whenthe structuringsetis both compactand corvex, the multi-scaleerosionhasa
semigroupstructure allowing oneto write [3]

(12)

@, .._ . inffr "> x: x21tB g,
@0 = Jimg : ’
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Set 2D Disk 2D Line 2D Ellipse 3D Disk 3D Line
Direction  Isotropic Iso-cont.of Iso-cont.of Iso-surf.of Optic Flow
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Fig.2. Summaryof ve casesfrom left to right: (1) imagewith uniform diffuse color, (2-3)
texturedimage,(4) video, and(5) video with known optical o w. Rows depict: the structuring
setused,the direction/surlceof erosion,andthe matrix M in the multi-scaleerosionequation
(Eq.14.) 1 n istheidentity matrix,andr " A andF areasde nedin SecA4.

wherer " is thetwo-dimensionakpatialgradientof " evaluatedatt. Finally, asshavn
in [3], in thespecialcasewhereB is disk-shapediEq. 12 becomes

"= kr ke (13)

Eq. 13 is an exampleof a PDE that can be usedfor specular/difuse separation,
albeitin the specialcasewhenthe sceneconsistof atexture-lesssurfacewith uniform
diffuse color. To seethis, supposewe are given an input imagewith corresponding
functions (x); (x) and (x), andsupposavede ne "(x;0) = (x). Thesolutionto
Eq. 13 evaluatedat scalet correspondso theerosionof by adisk-shapedtructuring
set,meaningthatthevalueof ateachimagepointis replacedoy the minimumvalue
within a disk-shapedeighborhoof radiust. Since 4(x) (x), it follows that
when the image containsat leastone image point that is purely diffuse (that is, for
which ¢ = 0)then"(x;t) evaluatedatt will corvergeto 4(x) ast is madesufciently
large. In the next threesub-sectionsye develop moresophisticatedDEsfor casef
multiple regionsof uniform diffusecolor, comple diffusetexture,andvideo.In all of
these the basicideais the same:the valueof ¢ ateachimagepointis estimatecby
erodingthe initial function . By changingthe structuringset, however, the process
can be controlledso that region boundariesand diffuse texture are presered during
the processin particular we shawv thatthe PDE governingthe evolution of ~ for three
differentcases- texture-lessmagestexturedimagesandvideo— canall bewrittenas

(= oG ) rUmMe (14)
whereM is a differentmatrix for eachcase.g( ; r ) is calledthe stoppingfunction
andis de ned in thefollowing section Fig. 2 summarizeshe casesve consider

4.2 Texture-lessSurfaces:Isotropic Erosion

Eq.13describesprocessn whichthespeculacomponenodf is erodedequallyin all
directions.Thisis desirablen case®f homogeneoudiffusecolor, but if regionsof dis-
tinct color exist, thereis a possibility that“color bleeding”may occur To preventthis,
we introducea “stoppingfunction” analogougo thatusedin anisotropiadiffusion[13].
A stoppingfunctionis usefulfor attenuatinghe erosionprocessn two differentcases



1. If aregionof thesurfaceis “white” (i.e.,it re ects all wavelengthequally)or if the
surfaceis the samecolor asthelight sourcethe diffusecomponenbdf color cannot
beisolated.Since = 0in this caseno diffusecolorinformationis available,and
erosionshouldbearrested.

2. Informationabout shouldnot be sharedacrossboundariesbetweenregions of
distinct color. Sincetheseboundarieften coincidewith large valuesof kr Kk,
erosionshouldbe attenuatedvhenkr k islarge.

Onepossiblestoppingfunctionthatmeetstheseguideliness

1 e e(kr k )

1+ e 1+ e (kr k ik (15)

ai;r )=

where isathresholdonkr k, aborewhicherosionis heasily attenuatedincorporat-
ing thisinto Eq. 13yields

1=2

"t= g0 ke k= g(;r ) r"7lz or” (16)

Theerosionprocessie ned by this equationcanbe usedfor the specular/diusesepa-
rationof imagescontaininglarge regionsof uniform diffusecolor.

4.3 Textured Surfaces:Anisotropic Erosion

An exampleof a scenethatdoesnot containregionsof uniform diffusecolor is shavn
in Fig. 1 (b). In this case,erodingthe function isotropicallywould blur the diffuse
texture.Insteadwe needto erode anisotropicallyonly sharinginformationbetween
neighboringimage pointsfor which 4 is likely to be equal.Of course,we have no
information aboutthe diffuse color a priori, soit is impossibleto know the correct
neighborhoodif it even exists) with certainty As depictedin Fig. 1 (c, d), since is
independenbf both specularityand shadinginformation, the directionstangentto the
iso-contourof (x) provide a goodchoice.In theabsencef ary additionalinforma-
tion, they provide a goodlocal predictorfor thedirectionin which 4 is constant.
Wede ne
A (r =kr k kr k>0

= 17
0 kr k= 0; (7)

wherer (') refersto the spatialgradientandwe denotethedirectionorthogonato r

by V .6 The multi-scaleerosionof  with the spatially-\arying, linear structuringsets
V (x) is dervedanalogoudo theisotropic(disk-shapedasediscussegbreviously.

. . _inffr "> x: x2t Vg
= lim
t1o t
tjr"?Vj
t

,.
|

tIlr!n0 = jr Vij: (18)

% Since is periodic,a de nition of distanceis necessaryor its gradientto be correctlycom-
puted.Wede ne thedistancebetweertwoangles 1 and ; asmin(j 1 2j;2  j 1 2j).
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Usingthefactthatv = [, "\ (or[y '\ I ), andincluding the stopping
function,we obtain

= ogr )l r o (19)
Using similar algumentdo thatin the isotropiccasejt canbe shovn that"(x;t) eval-
uatedat sufciently larget will be equalto 4(x) (andwill yield a correctspecu-
lar/diffuseseparationjf theiso-contourof passinghrougheachpointx: 1) contains
only pointsfor which 4 is constantand2) containsatleastonepointatwhichapurely
diffuseobsenration( s = 0) is available.Notethatin regionswherethediffusecoloris
constanfi.e.,r = [0 07), thisequatiorreducego Eq. 16, andthe erosionbecomes
isotropicasdesired.

In practice,the transitionfrom linear to disk-shapedtructuringsetsin Eq. 19 is
controlledby a thresholdon kr k. This discontinuoudransitioncan be avoided by
emplgying an elliptical structuringsetwith a minor axis alignedwith the direction of
r andwith aneccentricitythat variessmoothlywith kr k. To derive a PDE for the
correspondingnulti-scaleerosion,we let E denotean elliptical structuringset, and
we describethis setby the lengthsof its major and minor axes( 1; ») andthe an-
gle betweenits major axis andthe x-axis ( ). Pointsx on the boundaryof E satisfy
XQx = 1whereQ = R( ) ?R( ), =diag 1; 2)andR ( )isaclock-
wiserotationof theplane.As before themulti-scaleerosionde ned by this setsatis es

inffr "> x: x2 tE g

t!o t (20)

To simplify theright-handsideof this equationwe de ne thetransformatiorx = Ax ©,
with A = R( ) R ( )% Thespatialgradientof " with respecto x°is thengiven
by the chainrule:r " = A>r ". The transformationA mapsthe setE to the unit
disk (sincex” Qx = x>A”QAx = x%x° = 1), andasa result,we can write
inffr "> x: x 2 tE g=inffr "> x%: x%2 tB g. Substitutingthis into
Eqg.20 andcomparingwith Eq.13,we obtain"y = kr "% = r">AA’r" =

Finally, theadditionof the stoppingfunctionyields

1=2
= g(;r ) r"AATET (21)

4.4 Videos:Anisotropic Erosionin ThreeDimensions

Thusfar, we have dealtexclusively with still imagesbut the framewvork extendsnat-
urally to video, which canbe treatedasa 3D volumel(Xx; y; z) in which time is the
third dimension(z). As in the caseof texturedimagesthedirectionof r  is assumed
to be a goodlocal predictorfor the direction (in 3D space-timepf maximumdiffuse
colorchangeWe wouldlike to presere thecomponenbfr  alongthisdirectiondur-
ing the erosionprocesswhich is accomplishedy restrictingthe erosionof  to the
iso-surbcesof . In the absencef additionalinformation,thereis no preferreddirec-
tion within aniso-surficeof , soa naturalchoiceof structuringsetis a circular disk
containedwithin its tangentplane.



To computethe multi-scaleerosionequation,we notethat the structuringsetde-
scribedabove consistf adisk (denotedC) whosesurfacenormalis alignedwith r
Thus,the maximumprojectionof r ~ ontothe planethatcontainsthis diskis givenby

1=2
kr k¥ kr ™r k? , andtheevolution equationcanbesimply written as
k nk2 k N> nk2 1=2
W _ . inffr "> x: x21tC g _ . tokr r-r
¢t = lim = lim
t!o t t1o t
1=2
— kr nk2 kl’ /\>r nk2 : Wherer "o ["x "y ||Z ]>:

After somealgebraiamanipulationsandincorporatinghe stoppingfunction,we obtain

A N>

e= g(;r ) r" (s s T )

h l1=2
: (22)

Notethatthe erosionequatiorfor texturedandtexture-lessurfacesarespecialcaseof
the erosionequationfor videos.

As mentioneckarlier if somea priori informationis known, betterstructuringsets
canbe designedAn interestingexampleis whenoptical o w estimatesare available
at eachlocationin a video. We let [ u(x;y;z) v(x;y;z) I° representhe estimated
optical ow at location(x; y; z) in the video, so that space-timepoints (x; y; z) and
(X + u;y + v;z+ 1) correspondo projectionsof the samesurfaceelementlt follows
that 4 canbe estimatedby eroding alongthe directionF = [u v 1] . Usingthe
expressiorfor erosionby alinearsetderivedin Eq. 19 we obtain

F> . FF>

= g(;r )kar = 9(;r ) FIC

r" : (23)

5 Results

The methodswere evaluatedusing imagesand videos acquiredin the laboratoryas
well asthosedownloadedfrom the Internet.Using a known (or approximatelyknown)
illuminant color, eachimageis transformednto SUV spaceandthefunctions , and
are computed.Specular/diuse separatioris achiezed by numericallyevolving the
appropriatamulti-scaleerosionPDEwith initial condition”(x;0) = (x). Theprocess
is completewhenthemaximumchangen " is belov aselectedhresholdandthisyields
anestimateof 4(x), whichcompletelyde nesthe speculamanddiffusecomponents.
It is importantto note that the non-linearPDEsgoverning erosionare de ned at
pointswherethe partialderivativesexist. Evenif thisis satis edby theinitial data,how-
ever, at nite scalesa multi-scaleerosiongenerallydevelopsdiscontinuitiegeferredto
asshoks Shockscanbedealtwith (aswe dohere)by replacingstandardierivativesby
morphologicalderivatives[3]. They canalsobe handledusingviscositysolutions[4].
Fig. 3 (a, b) shavstwo 12-bitimage$ acquiredn a controlledsetting(with known
illuminant color) alongwith the recoreredspecularand diffuse componentsBoth re-

" All imagesin this sectionshould be viewed on a monitor or high-quality color print. The
imagescanbeviewedata higherresolutionby zoominginto the PDFdocument.



sultswere obtainedusingthe anisotropicerosionde ned in Eq. 19. The methodcor
rectly handlesboth regions of uniform color (e.g.,the orangepepperfFig. 3 (a)) and
regionswith signi cant texture (e.g.,thepearin Fig. 3 (b)). Looking closelyatthepear
we noticethatdiffusetexturethatis barelyvisible in theinputimageis revealedwhen
thespecularityis removed. Figure3 (c) shavs a 12-bitimageof a humanfacein which
theilluminant color wasunknavn andwasassumedo bewhite. Again, diffusetexture
is presered, while the speculatomponents reducedPixels on the foreheadbetween
the eyebravs aresaturatedandthereforeviolate the dichromaticmodel. The stopping
function (Eqg. 15) ensureghat thesepixels areimplicitly identi ed andtreatedasout-
liers duringthe erosionprocessWhile left herefor illustrative purposestheseartifacts
canbereduceddy inpaintingthe diffuseand/orspeculacomponentsn a post-process.
(Thisis done for example by P. Tanetal. [14].)

Figure4 comparegheresultof our algorithmwith the groundtruth obtainedusing
polarization Iters on the light sourceand camera.The polarizerin front of the light
sourceis x ed while the polarizerin front of the camerais rotatedto an orientation
thatproducesanimagewith minimum specularity Theresultof our algorithmis very
closeto the groundtruth on boththe texturedsurfaces(i.e., the vaseandpear)andthe
untexturedsurfacedi.e.,thesphere).

Additional still-imageresultsareshavn in Fig. 3 (d, €). Theseimagesweredowvn-
loadedfrom theInternet,sothey exhibit low dynamicrange(8-bit) andarecorruptedby
JPEGcompressionSinceilluminant color wasnotknown, it wasassumedo bewhite,
andthe gammawasassumedo be 2.2. Despitethesesourcef noise,the multi-scale
erosionde ned in Eq. 19 still succeeds$n separatinghe diffuseandspecularcompo-
nents.An animationof the erosionprocessaccompaniethis paper

In additionto still imageswe alsoevaluatedthe methodon video sequencesome
framesof which are shawvn in Fig. 5. In both casesgrosionis performedalong iso-
surfacesof usingEq. 22, andin both casestextureis preseredwhile the specularity
is removed. Completevideosaccompan this paper

5.1 Dichromatic Editing

To further demonstratehe ef cacy of our approachwe useit asa meansfor dichro-
maticediting— the simulationof visualeffectsby theindependenprocessingf re ec-
tion componentsSomeexamplesareshavnin Fig. 6, where:1) thespeculaanddiffuse
componentarerecoveredusingEq. 19, 2) eachcomponentis processedndividually,
and3) they arerecombinedSincethediffuseandspeculacomponentsftenform two
distinctcomponent®f visual perceptiondichromaticediting canachieve a variety of
visualeffects,includingthe effectsof make-up,surfacerougheningandwetness.

6 Conclusion

This paperpresentsa framevork for specular/diuse separatiorin imagesandvideo
thatis basedon local spatial(and spatio-temporal)nteractions Separatioris framed
in termsof differentialmorphology which leadsto a family of non-linearPDEs.By
evolving thesePDEs we effectively erodethe speculacomponentt eachimagepoint.



This erosionis guidedby local color andshadingnformation,sothatdiffusetextureis
presered without requiringan explicit sggmentationof theimage.By developingthe
problemin termsof morphologicaPDEs we canbene t from existing robustnumerical
algorithmsto solve them [9], which is an importantadwantageover purely discrete
formulations.In addition,videosarenaturallyconsideredn this formulation,with the
erosionequationfor videosincludingthe still-imageequationsasa specialcase.

Theapproactdescribedn this paperreliespurelyonlocal colorinformation,andis
thereforelimited to dichromaticsurfacesfor which the diffuseandspecularcolorsare
distinct. It requiresthe illuminant color to be known (at leastapproximately) priori.
In thefuture,we planto overcometheselimitations by exploiting additionalcues,such
aslocal shapejn additionto color.
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Fig. 3. Separatiorresultsfor images.Top row: Inputimages.Middle row: Diffuse Component.
Bottomrow: SpeculacomponentEquation19is usedin all casessinceit naturallyhandleshoth
texturedanduntexturedsurfaces The12-bitinputimagesn (a,b) wereacquiredn thelaboratory
underknown illuminantcolor. In (c), theilluminant color wasnot knovn andwasassumedo be
white. 8-bit JPEGimages(d, €) weredownloadedirom the Internet,theilluminantwasassumed
to bewhite, andthe gammawasassumedo be 2.2. Despitethesesourcef noise,diffuseand
specularcomponentsresuccessfullyecosered.



Fig. 4. Comparisonto ground truth.
Left: inputimage.Center:,groundtruth
diffuse componenbbtainedusinglin-
ear polarizers.Right: diffuse compo-
nentrecoveredusinganisotropianulti-
scaleerosion.

Fig. 5. Separatiomesultsfor (12-bit) video.Top row: Framesrom inputsequencedottomrow:
DiffusecomponentecoreredusingEq. 22. (Completevideosaccompan this paper)

e. f. g. h.

Fig. 6. Dichromaticediting examples.In eachcasea visual effect is simulatedby independent
processingf therecoreredspeculaanddiffusecomponentsia) Inputimage.(b) Wetnessffect
by sharpeninghe specularcomponent(c) Skin color changeby varying the intensity of the
diffuse component(d) Effect of make-up by smoothingthe diffuse componentand removing
the specularcomponent(e) Input image. (f) Sharpenedpecularlobe, as would occurif the
surfacewas more smooth.This is achiezed by erodingthe specularcomponentusing a disk-
shapedstructuringelementandamplifyingit. (g) Effect of anadditionallight sourceobtainedby
exploiting the objectsymmetryandre ecting the speculacomponentbouttheverticalaxis. (h)
Avocado-like appearancby modulatingthe speculacomponent.



