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Figure 1: A watercolorizedsideo.Original video(left), andits watercolorization(right).

Abstract

In this paperwe presenta methodfor creatingwatercolorlike ani-
mation,startingfrom videoasinput. Themethodnvolvestwo main
steps:applyingtexturesthatsimulatea watercolorappearanceand
creatinga simpli ed, abstractedrersionof the video to which the
texturing operationsare applied.Both of thesestepsare subjectto
highly visible temporalartifacts,so the primary technicalcontri-
butions of the paperare extensionsof previous methodsfor tex-
turing andabstractiorto provide temporalcoherencevhenapplied
to videosequencedlo maintaincoherencdor textures,we employ
textureadwectionalonglinesof optical o w. We furthermoreextend
previous approachedy incorporatingadwection in both forward
andreversedirectionsthroughthevideo,which allows for minimal
texturedistortion,particularlyin areasof disocclusiorthatareoth-
erwisehighly problematic.To maintaincoherencdor abstraction,
we emplogy mathematicainorphologyextendedo thetemporaldo-
main,using Iters whosetemporalextentsarelocally controlledby
the degreeof distortionsin the optical o w. Togethey thesetech-
niguesprovidethe rst practicalandrobustapproacHor producing
watercoloranimationsfrom video, which we demonstratevith a
numberof examples.

Keywords: Non-photorealisticendering abstracstylization,ani-
matedtextures,temporalcoherence.

1 Introduction

Watercolorshave two essentiatharacteristicshat make themes-
pecially beautifuland evocative. They have distinctive textures—
including thosedueto separatiorand granulationof pigments,as
well as the texture of the paperitself, which shavs throughon
accountof watercolors'transparenc And they have an ability to

suggestdetail through abstractwashesof color. In recentyears,
researcheréin computergraphicshave found ways to reproduce
much of watercolors'characteristicappearancetaking an image
asinput andproducinga watercolorlik e illustration asoutputin a
procesknown as“watercolorization[Curtis etal. 1997;Lum and
Ma 2001;VanLaerhoenetal. 2004;Bousseatet al. 2006]. How-
ever, the samecharacteristicghatgive watercolorgheir distinctive
charmare nonethelesgjuite dif cult to reproducein ary tempo-
rally coherentashion,so the analogougrocessof taking a video
asinput and producinga watercoloflik e animationasaresulthas
remaineda longstandingand elusive goal. In this paper we shav
how this goalcanbeachievedto alarge extent.

We usetwo differentapproacheso achieze temporalcoherence.
To presere coherencef the watercolortextureitself, we advecta
setof pigmentatiortexturesaccordingo anoptical ow eld com-
putedfor thevideo.And to producea temporallycoherentabstrac-
tion of the video, we use3D mathematicamorphologyoperations
to createspatiallyandtemporallysmooth(i.e.,non- ick ering),sim-
pli ed areago renderwith watercolortextures.

The major technicalcontritution of the paperis the combination
and applicationof thesetwo existing algorithmictechniquestex-
ture advectionand mathematicamorpholagy, to a new domain?
Moreover, the successfuhdaptatiorof thesetechniquego this new
domainhasrequiredextendingthemin a numberof ways.For ad-
vection, we proposea nenv schemethat involves simultaneously
adwecting two differenttexture elds, in forward and reversedi-
rectionsthroughthe video, and optimizing their combinationon a
perpixel basisso asto yield minimal texture distortion— evenin
areaf disocclusionwhich arenotoriouslydif cult to handlewith
previousapproacheg:or abstractiorvia mathematicamorphology
we extendtraditionalapproacheby also ltering overtime,andby
takinginto accounterrorsanddistortionsin optical o w to control
thetemporalextentof the 3D lIters. Togetherthesecontritutions
provide the rst practicalandreasonablyobust approachfor pro-
ducingrealisticwatercoloranimationsrom videosequences.

In therestof this paper we will briey suney relatedwork (Sec-
tion 2), describeour approachto texture advectionin detail (Sec-
tion 3), presenbur extensionof mathematicamorphologyfor ab-
straction(Section4), demonstrateur results(Section5), and -
nally discussareador futurework (Section6).

1Advection has previously beenusedfor visualizing uids and ow,
while mathematicaimorphologyhastypically beenusedfor imagedenois-
ing.



2 Related work

A signi cant body of researchhasbeendevotedto creatingwa-
tercolorrenderingfor staticimagegSmall 1991;Curtisetal. 1997;
LumandMa2001;Lei andChang2004;VanLaerhaenetal. 2004;
Johanet al. 2005; Luft and Deusser2006; Bousseatet al. 2006].
Commercialtools, like PhotoshopMand The GIMP, also provide
waysof creatingwatercolotlik e renderinggrom images.

In generalthedif culty with extendingnon-photorealisticender
ing (NPR) techniquedrom staticto moving imagesis that, with-
out carefulconsideratiorto temporalcoherencethe resultingani-
mationsexhibit oneof two problems:eitherthe illustration effects
remain x ed in placeacrossthe image,an unwantedartifact that
hasbecomeknown asthe “shower door” effect; or theillustration
effectsexhibit notemporalcoherencevhatsoger, randomlychang-
ing in positionandappearancéom frameto frame,which canbe
evenmorevisually distracting.

Severaltechniquesave beendevelopedto combattheseproblems
in various NPR styles, althoughmost of this work concernsthe
problemof animated3D scenesjn which geometryinformation
is available. For watercolorizationtheseapproachesely on tex-
ture mappingin 3D [Lum and Ma 2001], or on the distribution
of discrete2D primitives over surfaces[Luft and Deusser?006;
Bousseawtal. 2006]. Similarly, mostof thework onvideostyliza-
tion hasbeenin therealmof primitive-basedenderingwheredis-
cretepaintstrokes|[Litwinowicz 1997;HertzmanrandPerlin2000;
Hays and Essa2004; Collomosseet al. 2005] or other primitives
[Klein et al. 2002] are appliedto createthe stylization. Applying
suchmethodsto watercolorraisesthe dif cult questionof nding
a setof 2D primitives that, once combined,producesa continu-
oustexture (typically pigmentsor paper).In that spirit, Bousseau
et al. [2006] hasproposedo usea Gaussiarkernelasa primitive
for watercoloreffects, but wasrestrictedto Perlin noise.We rather
evolve the texture globally, allowing usto dealwith arny scanned
texture.

A relatedproblemhasbeenaddressethy Cunzietal. [2003], who
usea “dynamic carvas” to presere the appearancef a 2D back-
groundpapertexturewhile renderinganinteractve walkthroughof

astatic3D sceneQurwork takesinspirationfrom theirsto perform
a similar kind of dynamicadaptationof our watercolortextures,
while atthe sameime trackingdynamicobjectmotionsin achang-
ing video scene.Our work also sharessomesimilarity to Fang's
“RotoTexture” [Fang2006],in thatbothattempto provide textures
thattrackdynamicsceneshowever, Fang's work is concernedvith

maintainingthe appearancef 3D texturesratherthan 2D. Other
work in scienti ¢ visualizationfMax andBecker 1995;Jobardetal.

2001], uid simulation[Stam1999;Neyret 2003],andartisticim-

agewarping[Sims 1992]shareghe goal of evolving texture along
a 2D vector eld. Ourwork builds on the advectionapproactthat
theseschemesntroduced.

A signi cant bodyof researcthasbeenconcernedvith theissueof
abstractiorof videoaswell. Winnen®ller etal. [2006] presented
methodto smoothavideousingabilateral Iter , which reduceghe
contrastin low-contrastregionswhile preservingsharpedgesWe
useasimilarapproacho producdargeuniformcolorareasandwe
goastepfurtherin simplifying notjustthecolorinformationbut the
2D scenggeometryaswell. In “video tooning, Wangetal. [2004]
usea mean-shiftoperatoron the 3D video datato clustercolorsin
spaceandtime. To smoothgeometricdetail, they emplog/ a poly-
hedralreconstructiorof the 3D clustersfollowed by meshsmooth-
ing to obtaincoarseishapesCollomosseet al. [2005] usea similar
type of geometricsmoothinginvolving tting continuoussurfaces
to voxel objects.Suchhigh-level operationsare usually computa-
tionally expensve andmaysometimesequireuserinputto produce

convincing results.Our approachby contract,usessimple low-
levelimageprocessindor geometriaswell ascolorsimpli cation.
In essenceye extendthe approachof Bousseawtal. [2006], who
useamorphologicalD lter to abstractheshape®f astill image
andmimic the characteristicoundnes®f watercolor by extending
the morphologicallter to the 3D spatiotemporabolumein away
thatprovidestemporalcoherencaswell.

Finally, mary image Itering operationshave beenextendedto the
spatiotemporaddomain to processvideo: the median Iter [Alp
et al. 1990], average Iter [Ozkanet al. 1993], and Wiener lIter
[Kokaram1998] areall examples. A motion compensatioris usu-
ally appliedbefore Itering to avoid ghostingartifactsin regionsof
high motion. Recently Laveauand Bernard[2005] proposedori-
enting a morphologicalstructuringelementalong an optical ow
pathin orderto applytheseoperatorson videos.However, their |-
tershave beendevelopedin the context of noiseremoval, which
requireslters of smallsupportOurapplicationis moreextremein
thatit targetstheremoval of signi cant imagefeaturedargerthana
singlepixel. To this end,we proposea type of adaptve structuring
elementhatsmootheshe appearancanddisappearancef signif-
icantimagefeatures.

3 Texture advection

The“granulation” of watercolormpigmentsprovidesa large shareof
the richnessof continuoustone techniquesGranulationis caused
by pigmentdepositionon paperor carvas:the more pigmentsare
depositedthe more the color is saturatedThe effect is seenin
both wet techniquedik e watercoloranddry techniquedike char
coal or pastel.In addition, watercolorsare transparentand their
transparencallows thetexture of the paperitself to shawv through.

To achieve these texture effects, we follow the approach of
Boussealtet al. [2006], who shoved that for computergenerated
watercoloy convincing visualresultsareobtainedby consideringa
basecolorimageC (e.g.,a photograph}hatis modi ed according
to agrey-level pigmenttextureP 2 [0;1] ateachpixel to producea
modi ed colorC*accordingto the equation

c’=c1 (1 C)P 05) (1)

However, in orderto createeffective watercoloranimations this
texture P mustsatisfytwo competingconstraintsOntheonehand,

it mustmaintainits appearancé termsof a more or lesshomo-
geneoudlistribution andfrequeng spectrumOn the otherhand, it
mustfollow the motionin the sceneso asnot to createa “shower
door” effect.

To resole this con ict we build on previouswork on adwectedtex-

tures[Max andBecker 1995;Neyret 2003], classicallyusedto de-
pict o w in scienti ¢ visualizationsThegeneraideaof suchmeth-
odsis to initialize the texture mappingon the rst frameof anani-

mation,andthenevolve themappingwith themotion o w. In these
methodsthe texture mappingis reinitializedwheneer the statisti-
cal spatialpropertiesf the currenttexture becomeoo dissimilarto

theoriginal one.

We employ this samebasicideato our situationof applying tex-
ture to video, substitutingoptical ow for uid ow. Onesigni -

cantcomplicationwhich arisesquite frequentlyfor videosbut not
for continuousuid o ws simulations,is the occurrenceof disoc-
clusionboundariesplaceswherenew pixelsof thebackgroundare
revealedasa foregroundobjectmovesacrossa sceneOptical o w
elds at disocclusionsare essentiallyunde ned: thereis no pixel
in the prior framecorrespondingo thesedisoccludedoundaryre-
gions. Classicaladwectedtexturesare designedor handlingonly
continuousspace-timalistortionsIn theabsencef continuity, they
tendto fail quite badlyasshavn Figures3 and4.



In orderto handledisoccludedoundarieeffectively, we introduce
thenotionof bidirectionaladvection simultaneoushadwectingtwo
texture layersin oppositedirectionsin time — from the rst frame
of thevideoto thelast,andfrom thelastframeto the rst. We use
acombinatiornof thesetwo texturelayersweightedateachpixel by
the local quality of the texture from eachdirection.In the restof
this sectionwe describeour algorithmandits properties.

3.1 Advection computation

In thefollowing, we will usex = (x;y) for screencoordinatesand
u = (u;v) for texture coordinatesAn adwectedtexture relieson a
eld of texture coordinatesu(x;t), which is displacedfollowing a
vector eld v(x;t): for ary framet, the vectoru de nes the lo-
cation within the texture image Py to be displayedat positionx,
i.e. the mapping For simplicity we assumethat x and u coordi-
natesare normalizedon the intenval [0;1] and that u(x;0) = x.
Thereforein Equationl the compositedpigmenttexture will be
P(x;t) = Po(u(x;t)). Wewill seein thefollowing thatseveralsuch
layerswill be combinedto obtainthe nal result.Our vector eld

is obtainedfrom an optical ow extractedfrom the video (we
rely on a classicalgradient-basethethodavailablein AdobeAfter
Effects’™). Thevectorv indicatesfor eachframet wherethe pixel
atpositionx camefrom within framet 1. v(x;t) = x; 1 Xt.

The purposeof adwection is to “attach” the texture Py to the
moving pixels of the video, which is theoreticallydone by dis-
placing the texture coordinatesaccordingto the vector eld: 2
u(x;t) = u(x+ v(x;t);t  1). However, this backward mappingis
problematicwherever the optical o w is poor or ill-de ned, asat
disocclusionboundariesWe will discusshow theseproblematic
casesrehandledmomentarily

3.2 Controlling the distor tion

With this basic approach,the distortion of the adwected tex-

ture increaseswith time. To combat this distortion, Max and
Becler's [1995] and Neyret's [2003] approachesblend two

or three phase-shiftedtexture layers, respectiely (See Fig-

ure 2). In both schemesthe distortion is resetperiodically (i.e.,

u(x;t+ t) = u(x;t)), allowing theoriginal textureto be usedagain.

Theregeneratiorperiodt is choservia a userde ned delay[Max

andBecler 1995]or a dynamicestimationof thedistortion[Neyret

2003]. Thefactthattheregeneratioroccursperiodicallyguaranties
thatour systemcanhandlevideosof arbitrarylength.

Like Max andBeclker, we rely on two texture layers,but we com-
bine one “forward” mappingu;, adwectedfrom the beginning to
the endof the video sequencewith one“reverse”’mappingu,, ad-
vectedfrom the endto the beginning. The nal adwectedpigment
texture PPis a combinationof thesetwo elds, calculatecbna per
pixel basisby takinginto accounthelocal distortionsws andw; of
theforwardandreversemappingsus andu,, respectiely, within a
givenframe:

PAx;t) = wi(xt)Po us(x;t) + wr(xt)Py ur(x;t)

We will shaw preciselyhow thedistortionis measured@ndhow wy
andw; arecomputedateron. For now, to understandheintuition
behindthis approachit sufces to notethattexture distortiongrad-
ually increasesn the directionof adwection.Sinceu; is adwected
forward, its distortion increaseswith time. However, sinceu; is

2|n orderto manageboundaryconditionsproperly we assumehat the
texture Py is periodic,andthatu(x;t) u(x;t 1)+ % v(x;t) wheneer
x+ v(x;t) seeksoutside[0; 1]2, in the spirit of [Max andBecker 1995].

Distortion Distortion

€) (b)
Figure 2: Approachesto control the distortion of the adwectedtexture.
(a) MaxandBeder scheme which useswo phase-shiftedyverlappingtex-
ture layers at any giventime (b) Our scheme which also usestwo texture
layers at a time but advectedn oppositetime directions.In the two dia-
grams thegreensolid areasrepresentsyoughly therelativecontribution of
ead advectedayerto the nal texture's appeaance which correspondso
theweightw(t). Notethatin prior work (a), in order to maintaintempoal
coheence the advectedayers do not begin contributing signi cantly until
they are alreadysomevhat distorted.In our method(b), by contrast, tex-
turescontribute maximallywhee they are leastdistorted.Blendingtextures
advectedn oppositetime directionsalso allows for lessdistortion every-
wherg, sincedistortionis deceasingin onetexture justasit is increasingin
the other Finally, bidirectionaladvectionhandlesdisocclusiorboundaries
mud bettersincethe disocclusiorieavesoneof the two layers unafected,
with theunafectedayer contribution mostto thetexture's nal appeaance

adwectedbackwardsthroughthe video sequenceits distortionde-
creaseswith time. The combinationof the two texturescanthere-
fore be usedto createa lessdistortedtexture. Moreover, a disoc-
clusionin the forward sequencéecomesan occlusionin the re-
versewhichis nolongerasourceof distortion;thus,awell-de ned
texture can always be used.(A similar obsenation was noted by
Chuangetal. [2002] in theirwork on videomatting.)

Thetechnicalchallenge®f this approactareto quantifythevisual
distortionsandto choosea clever way of combiningthe two ad-
vected elds. Threecompetinggoalshave to betakeninto account:
(1) minimizingthedistortion;(2) avoidingtemporaliscontinuities;
and(3) limiting visualartifactssuchascontrastvariation.

In therestof this section,we detail our method:how we quantify
the distortion (Section3.3), andhow we adjustthe weightsof the
two adwected elds (Section3.4).

3.3 Distor tion computation

We needa way to estimatethe visual quality of a distortedtexture
at eachpixel. Variousmethodsxist to computethe distortionof a
non-rigidshapeThegeneralprincipleis to computea deformation
tensorandto chooseanappropriatsnormto computethedistortion.

All deformationtensorsarebasedn the deformationgradientten-
sor F, correspondingo the Jacobiarmatrix of the shapecoordi-
nateg(in ourcasethetexturecoordinates)tj (x;t) = fui(x;t)=7x;.
As in previous work, we do not wish to considertranslationsand
rotationsto be distortions becausethey do not alter the visual
propertiesof the texture. Instead,it is typical to rely on a strain
tensor which cancelsantisymmetriccomponentsHowever, unlike
Neyret[2003],we wishto dealwith largedisplacementgsowe can-
notusethein nitesimal straintensorwhichis theclassicabpprox-
imation. We thereforechoosethe Caucly-Greentensor:G = FTF
(onecanverify thatmultiplying F by its transposeancelshe ro-
tations).The eigervectorsof G give the principal directionsof de-
formations,andthe tensors eigervaluesl ; give the squareof the
principaldeformatiorvalues:aneigervaluel ; > 1 correspond$o a
stretchwhereasneigervaluel ; < 1 corresponds acompression.

We wantto derive an estimationof the visual quality of the distor-
tion x asascalarin [0;1] with O representingio distortion,and1
representinglistortionthatis intolerable We assumehatcompres-
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Figure 3: Analysisof our bidirectionaladwectedtexture.(a) Original video
sequence(b) A chederboad texture (for illustration purposes)advected
forward usingoptical ow. (c) The sametexture, advectedn the reverse
time directionusing reverse optical ow. (d) The combined bidirectional

advectedexture. (e) Advectedexture usingthe previousappmoad of Max

andBedcer. Notehowthe bidirectionaladvectedexture in (d) showsmud

lessdistortionin all framesthanthe previousapproad in (e).

sion and stretchingare equally bad from a visual standpointWe
thereforede ne thevisualdeform?}ionin thet\/\@ principal direc-
tionssi ands; as:si(x;t) = max  [i(x;t); 1= [i(x;t) .

We de ne the visual distortion x as the quadraticmeanof both
deformationspormalizedto [0; 1]:

X(X't) X({Xat) Xmin
’ Xmax  Xmin

where xqx;t) = s2(x;t) + s2(x;t) is an unnormalizedscalar

measuref thevisualdistortion; Xmin = 2 is the minimumvalue
of xO (representingio distortion); and xmax is @ maximumbound
over which the distortionis consideredoo high, measureaxperi-
mentally In practicewe usexmax= 5.

3.4 Adjusting weights

Giventhedistortionsx; andx; of eachadwectedmappingu; and
ur, we mustnow nd the appropriatesetof weightsws andw; at
eachpixel in orderto minimizethe nal distortion.

Our weightsmustsatisfya numberof properties:They shouldlie
ontheinterval [0; 1]; sumto 1 atevery pixel; beinverselyrelatedto
thetexturedistortion;graduallydecreaséo O atregeneratiorevents
in orderto maintainoveralltemporalcontinuity;andvary smoothly
bothin spaceandin time.

We choosethe following de nition for the weights,which satisfy
all of theseproperties:

wd(x;t)
w2(x;t) + ud(x;1)

w(x;t)
w2(x;t) + uf(x;1)

w(X;t) = w(x;t) =
with

w(x;t) = gr(x;t) he (1) wlx;t) = gr(x;t) hy (1)

Here,gs andg, aremeasuresf the distortionsof the forward and
reversetexturesrelative to the other:
1 (X x)

2

1 (% Xg)

or(x;t) = >

gr(x;t) =

13 5 7 9 11 13 15 17 19 21 23 25 27 29 13 5 7 9 11 13 15 17 10 21 23 25 27 29

t t

Figure 4: Comparisonof distortionratesfor our method(greensquares)
vs. Max andBecler (red diamonds) Shownare resultingdistortionsfor a
theoetical case in which distortionincreasesat a constantrate (left); and
arealcase measuedat a disoccludedixel (eventoccuisatt = 12) (rigth).
Notehowour methods ableto cancellarge distortionsalmostentirely.

and h; and h, are the temporally decayingweighting functions
shown in Figure2:

t modt
t

t modt
t

wheret is thedelaybetweertwo regenerations.

hi(® = co$ 2 h(® = si?

Figure 3 shaws the resultingadwectedtexture for a testsceneand
Figure4 shavstheresultingdistortionvaluesfor two differentpix-

els.If thedistortionrateis regular, our blendingbehaesmuchlike
thatof Max andBecker [1995]; however, whenthedistortionrateis

high, for exampleat disocclusionboundariespur blendingresults
aremuchbetter

3.5 Limiting contrast oscillation and tuning t

Theblendingof thetwo adwectedlayersproducesa cycle between
frameswith onesingletexture (ws = 1 or wy = 1) andframeswith
two blendedtextures(for all othervaluesof w; andw;). Contrast
is reduced,especiallyas ws and w; approachthe samevalue of
1=2, becausenigh frequenciesare dimmed.To reducethe percep-
tion of theresultingoscillationof contrastwe includea secondair
of adwectedlayerswith a regeneratiorcycle halfway out of phase.
The averageof thesetwo adwectedtexturesgivesa nearlyconstant
amountof contrastAs two out-of-phaseédenticaltexturesmoving
in the samedirection may producespatialcorrelation(i.e., ghost-
ing), we usea visually similar but distinct texture imagefor this
pair. Thus,our completemodelrelieson four layers.

In previousmethodstheregeneratiorperiodt is choserasatrade-
off betweentexture distortion and loss of motion perception(if

texture is regeneratedoo often thereis no longeradwection). As

pointedout by Neyret [2003], theideal valueof t is generallynot
thesamen eachregion of theimage,dependingnthelocal veloc-
ity. Thus,Neyret proposesnadaptve regeneratiorschemewhich

consistof adwectingseveraltexturelayerswith increasingegener

ationperiods,andlocally interpolatingbetweerayersto minimize
the distortion.In this way, fastregeneratioroccursonly in regions
of high distortion. Our methodalreadyhas somespatial adapta-
tion. Still, the sameideais alsoapplicablein our casesinceveloc-
ity variesin theoptical o w. Beingableto choosebetweervarious
periodsalso helpsminimize the distortiondueto disocclusionln

practice,we found thattwo pairsof layersweresufcient in most
casesOnefastlayer(t = 15frames)allows for goodcorrectionof

disocclusionswhile a slowerlayer (t = 30 or 60 frames)provides
goodmotionperceptionn slov-motionareas.

4 Shape abstraction

Oneof thedistinctive characteristicef watercolons themediums
ability to suggestdetail with abstractwashesof color. In this sec-
tion, we examinehow raw video footagecan be abstractednto



shapeghataremorecharacteristiof watercolorrenderingswhile
remainingtemporallycoherent.

To this end,we generalizahework of Bousseawtal. [2006], who
usemathematicamorphology Iters to createmoreregularimage
regions. While relatively little known, such Iters have long been
describedashaving the ability to “simplify imagedata,preserving
their essentiashapecharacteristicand eliminatingirrelevancies”
[Haralicketal. 1987].In thefollowing we brie y presenthegener
alizedversionsof the morphologicaloperatordor continuous-tone
images,before extendingthem to temporally coherentoperators
adaptedo video stylization. For further detailson morphological
Itering, seetheoverview of SerraandVincent[1992] or thework
of Haralicketal. [1987].

4.1 Morphological operator s

Figure5: Mathematicamorphologyoperatorsgeneralizedor continuous-
tone images.(a) Original image. (b) Erosion. (c) Dilation. (d) Opening
(erosion followed by dilation). (e) Closing (dilation followed by erosion).
(f) Closingfollowedby opening:our chosenmorpholaical Iter.

Let | beanimageandB a structuringelementthatis anarraythat
containsthe relative coordinatesof a pixel's neighborhoodThe
morpholaical dilation d of | by B at a pixel x andits dual, the
morpholaical erosione, arede ned by

dg(N(x) = maxi(x b)g es()(x) = minfl(x+ b)g

The dilation spreadshe light featuresof the image whereasthe
erosionspreadshe darkfeatures(SeeFigureb.)

The morpholaical openingis thende ned asa sequencef one
erosionfollowedby onedilation,ds  es(l), andthemorpholaical
closingasonedilation followedby oneerosiones  dg(1). Opening
removeslight featuresof theimage,whereaslosingremoresdark
features.

An effective lter for remaving both dark andlight featuresused
by Bousseatet al. [2006], is the sequencef oneclosingfollowed
by oneopening.In this case the size of the morphologicalstruc-
turing elementde nes the minimum size of the featurespresered
by the Itering, andthe shapeof the structuringelementde nes
theshapeof the Itered objectsin theresultingimage.For simplic-
ity, theoperatorsaareappliedon thethreecolor channelseparately
Althoughthis independenttering of the channelproducescolor
ghostingon dilation anderosion(seeFigure5(b,c)),it becomesin-
noticeablewhenthesedual operatorsaare appliedin sequencésee
Figure5(d,e,f)).

4.2 Spatiotemporal morphological operator s

Applying morphological ltering on eachimage separatelypro-
ducesa greatdeal of ick ering, asmary featuresappearanddis-

Figure 6: A visualizationof the effectsof various Iters on the spatiotem-
poralvolume( lter representech gray). Thesegur esshowa portion of a
singlehorizontalscanlineof videoas a functionof time, which appeas on
thevertical axis. (a) Original video.(b) Theresultsof a 2D morphol@ical
Iter (notethevertical noise which corresponddo ic keringin the Iter ed
sequence)c) Theresultsof a constant-widttspatiotempaal Iter (notethe
sudderonsef featues,correspondindo poppingin the lter edsequence).
(d) Theresultsof our tapeted Iter (notehowfeaturesappearanddisappear
graduallyratherthansuddenly).

appeanat every frame(SeeFigure6.) Moreover, aseachfeatureis
atleastaslargeasthe 2D structuringelementthefeatures'appear
ancesand disappearancesroducenoticeable“popping” artifacts.
To reducetemporalartifacts,we extendthe structuringelementto
thetemporaldomain.The resulting3D structuringelementcanbe
thoughtof asa stackof neighborhood# k successie frames.The
3D elementeducesick eringasit guaranteethateachnew feature
remainsvisible during all k frames.However, caremustbe taken
to correctlyorientthe Iter. Indeed,moving objectscorrespondo
spatiotemporalegionsthatarenot necessarilyperpendiculato the
time axis.As in previouswork [Ozkanetal. 1993;Kokaram1998],
we compensatéor this motion by translatingthe neighborhoodat
eachpixel accordingto the optical ow for eachframe. The re-
sulting Itering producesuniform temporalregions, resultingin a
highertemporalcoherence.

Unlike previous methodsin video denoisingwhich usedsmall |-
terkernels(usually3 3 3 pixels),we would like to usekernels
with muchlarger spatiotemporasupport(generally7 7 9 pix-
els)to abstractway signi cant details.In orderto reducethe pop-
ping producedby the abruptappearancer disappearancef these
details,we designthestructuringelemenin suchaway thatvisibil-
ity eventsoccurgradually As such wetaperthestructuringelement
atits extremities(seeFigure7). Thefeaturedn theresultingvideo
appearand disappeagradually as shavn in Figure 6(d). Indeed,
their shapesn the spatiotemporavolume,visualizedin this gure,
mirror preciselythe shapeof the tapered3D structuringelement
thatwe use.

Figure 7: A visualizationof how our taperedmorphological lters follow
theoptical o w from frameto frame.

Finally, properspatiotemporaltering assumethatevery pixel has
acorrectmotiontrajectorythroughouthetemporalsupportof each
Iter . In practice this assumptiorfails for severalreasonsFirst, a
pixel canbecomeoccludedby anothembjectin thevideo.Second,
optical o w is usuallyjustanapproximateestimationof themotion
o w, especiallyin disocclusiorareasvherenorealcorrespondence



canbefoundbetweertwo successie frames. A commonapproach
to increasaherobustnesdor spatiotemporaltering in suchcases
is to malke the lter adaptve [Ozkanet al. 1993]: the ideaiis to

ignorethe contrikbution of outliersin the Itered value.However, a

directapplicationof this methodto morphologicabperatorsvould

createholesin the structuringelementwhich would have a direct

impact on the shapesn the resultingimage. Instead,we simply

truncatethe structuringelementin thetemporaldomainassoonas
an “outlier” is detectedA pixel is agged asan outlier whenits

estimatedmotion accuray is below a de ned threshold.Similarly

to Chuanget al. [2002], we estimatethe accurag of our optical

0 W assuminga constantintensityalongmotion trajectories.This

is doneby comparingthe meancolorona3 3 neighborhoodf

a pixel betweentwo frames.In practicewe usethe L, normof the

distancein RGB.

5 Results and discussion

Following Bousseatet al. [2006], we producethe nal watercolor
renderingas the compositeof the abstractedvideo with the ad-
vectedpigmentationtexture using Equation(1) (seeFigure8). We
alsoaddasimilar edgedarkeningpassontheabstractedideo.The
spatiotemporalter we have describecdtaneitherbe usedaloneor

after rst applyinga bilateral ltering thatsimpli es colors,asin

Winnemoelleretal. [2006].

We have implementedur methodasan AdobeAfter Effectsplug-
in. Our performancestatisticsare dependenbn the whole system,
andour algorithmshave not beenoptimized.Currently adwection
takes 5 secondser frame and morphological ltering about30.
The adwection computationcould be spedup considerablyusing
graphicshardware,asthecurrentbottlenecksaremainly textureac-
cessand bilinear interpolation.Morphological Itering operations
arenotoriouslyexpensve. However, someof the cleverimplemen-
tation stratgyies devised for 2D processindWeiss2006] may be
generalizableéo 3D, which couldgreatlyimprove the performance.

Ourresultsarebestviewedin theaccompaying videos® The“cac-
tus” sequencshavs how our new adwectionscheménandlesstrong
motion boundariesThe “waves” sequencegives an example of
complex motionsthat are well depictedby the adwection, without
introducingdistortions.

In all of theresults,the quality of the texture adwectionis limited

by the quality of the optical o w. Errorsin the optical o w leadto

“swimming” artifactsin the pigmenttexture. Sucherrorsareespe-
cially visible in relatively unstructurecireasf the sceneandnear
occlusionboundariesOtherkind of motion representationssuch
asmotion layers[WangandAdelson1994] could correctthesear

tifactsin somesituations put we believe thatthevector eld repre-
sentatiorcanhandlemotionsthatotherrepresentationsannot(e.g.,
zoomor large parallaxon the sameobject). We have alsoapplied
our adwection schemeon a computergeneratedsequencewhich

shavs how the adwection can accuratelydepict complex motions
and occlusionsgiving a correctmotion o w, asshawn in the ac-
comparing videomaterial.

As far asabstractioris concernedpur ltering is stableover time

andoffers large color regionsthat appearand disappeagradually
over the animation.All the examplespresentedn our video have

beenabstractedvitha7 7 9 structuringelementincreasinghe
spatialextentof the structuringelementgenerallyrequiresincreas-
ing its temporalextentaswell, in orderto allow time for the width

of the structuringelemento increaseanddecreasgradually

3Videosareavailableon the projectwebpage
http://artis.imag.fr/Publications/2007/BNTS07

Figure 8: Watercolorcompositing.The nal watercolor rendering(d) is
obtainedfromaninputvideo(a) asthecompositef theabstactedvideo(b)
with theadvectedigmentatiortexture (c), usingEquation(1).

Figure9: Finalresults Notetheabsencef distortions,evenin thepresence
of motionboudaries(left) or comple motions(right).

6 Conclusions

We have presentedan approachto video watercolorizationthat
provides good temporal coherencegiven good optical ow. By

combining texture adwection and mathematicalmorphology op-
erations,and by extending them to handle the types of distor

tionscommonlyfoundin video sequencesye areableto produce
computergeneratedvatercoloranimationsthat are corvincing for

mostscenes.

We seea numberof areasfor future work. First, we would like

to investigatewhethermotion estimationmethodsasedon a post-
optimizationof the optical o w, suchasParticle Video [Sandand
Teller 2006], could be usedto obtain a bettervector eld from

which we could perform our texture adwection. It might also be
worthwhileto explore otherdomainsin which high-qualityoptical

ow elds may be morereadily available, suchaswatercoloriza-
tionsof 3D pansandzoomsacrosgeal-world sceneslerivedusing
structure-from-motiorestimationgHorn 1986].

We would alsolike to look at speedingup our computationsper
hapsthrougha GPU implementatiorof our texture adwection ap-
proachor adaptingeechniquedor optimizingmorphologicallter -
ing to 3D [Weiss2006].

In addition, we would like to extend this work to other stylesof
illustration beyond watercolor suchas charcoalor pastel.In our
experimentsso far, we have found that the more “structured”the
appearancef the mediums effects, the more objectionableary
distortionsdueto incorrectoptical o w appearHowever, thesear
tifactsmight be amelioratedby decreasinghe framerate,and/or
alternatingbetweendifferentversionsof texture, asin, for exam-
ple, muchof Bill Plymptons animation?

Finally, we areinterestedn seeinghow our extensionscould now
bere-adaptedo improve otherdomainsOurnew adwectionmethod
is applicableto scienti ¢ o w visualizationthusovercomingsome

4http://www.plymptoons.com/



limitations of previous methods.Similarly, our nev abstraction
methodcanbe usedasa pre-processingtepfor ary type of video
stylization,improving existing stroke-basedenderingechniques.

Acknowledgments

All thevideosusedin this work arefrom the ArtbeatsDigital Film
Library. Thanksto LaurenceBoissieuxfor the computergenerated
sequenceto Mira Dontcheva for herhelpon the submissiorvideo,
andto David Simons,DanWilk, andBruceBullis for their helpon
Adobe After Effects™. Thanksalsoto the anorymousreviewers
for their constructve comments.

References

ALP, B., HaAavisTO, P, JARSKE, T., OISTAMO, K., AND
NEuvO, Y. A. 1990. Median-basedlgorithmsfor imagese-
guenceprocessing.In SPIEVol. 1360, Visual Communications
andImage Processing122-134.

Bousseau, A., KAPLAN, M., THOLLOT, J., AND SILLION, F. X.
2006. Interactve watercolorrenderingwith temporalcoher
ence and abstraction. In International Symposiumon Non-
PhotoealisticAnimationand RenderingNPAR), 141—149.

CHUANG, Y.-Y., AGARWALA, A., CURLESS, B., SALESIN,
D. H., AND SzELISKI, R. 2002. Video matting of com-
plex scenesACM Transactionon Graphics(Proc. SIGGRAPH
2005)21, 3 (July),243-248.

COLLOMOSSE, J. P, ROWNTREE, D., AND HALL, P. M. 2005.
Stroke surfaces:Temporally coherentartistic animationsfrom
video. |EEE Transactionson Visualization and Computer
Graphicsll, 5 (Sept.),540-549.

CuNzl, M., THoLLOT, J., PARIS, S., DEBUNNE, G., GASCUEL,
J.-D., AND DURAND, F. 2003. Dynamiccarvasfor immersive
non-photorealistiavalkthroughs. In Graphicsinterface 121—
130.

CuURTIS, C. J., ANDERSON, S. E., SEIMS, J. E., FLEISCHER,
K. W., AND SALESIN, D. H. 1997.Computergeneratedvater
color. In SIGGRAPH7, 421-430.

FANG, H. 2006. Rototeture: Automatedtools for texturing
raw video. |IEEE Transactionson Visualizationand Computer
Graphics12, 6,1580-1589.

HARALICK, R. M., STERNBERG, S. R., AND ZHUANG, X. 1987.
Image analysisusing mathematicamorphology IEEE Trans.
Pattern Anal. Mach. Intell. 9, 4, 532-550.

HAYS, J., AND Essa, I. 2004. Imageandvideo basedpainterly
animation. In International Symposiunon Non-Photoealistic
Animationand Rendering NPAR), 113-120.

HERTZMANN, A., AND PERLIN, K. 2000. Painterly rendering
for video andinteraction. In International Symposiunon Non-
PhotoealisticAnimationand Rendering NPAR), 7—12.

HORN, B. K. P. 1986. RobotVision. MIT Press.|SBN 0-262-
08159-8.

JOBARD, B., ERLEBACHER, G., AND HUSSAINI, M. Y. 2001.
Lagrangian-euleriamdwection for unsteadyo w visualization.
In VIS'01: Confeenceon Visualization'01, 53-60.

JOHAN, H., HASHIMOTA, R., AND NISHITA, T. 2005. Creating
watercolorstyleimagestakinginto accounfaintingtechniques.
Journal of the Societyfor Art and Sciences, 4, 207-215.

KLEIN, A. W., SLOAN, P.-P. J., FINKELSTEIN, A., AND COHEN,
M. F. 2002. Stylizedvideo cubes. In ACM-SIGGRAPH/EG
Symposiunon ComputerAnimation(SCA) 15-22.

KokARAM, A. C. 1998. Motion Picture Restoation: Digital Al-
gorithmsfor Artefact Suppessionin DegradedMotion Picture
Film andMidea SpringefVerlag. ISBN 3-540-76040-7.

LAVEAU, N., AND BERNARD, C. 2005. Structuringelementgol-
lowing theoptical o w. In MathematicaMorpholagy: 40 Years
On, Proc. of the 7th International Symposiunon Mathematical
Morpholagy, SpringerVerlag,Ed.,43-52.

LEl, E., AND CHANG, C.-F. 2004. Real-timerenderingof water
coloreffectsfor virtual ervironments.In IEEE 2004Paci c-Rim
Confeenceon Multimedia 474-481.

LiTtwiNowicz, P. C. 1997. Processingmagesandvideo for an
impressioniseffect. In SIGGRAPHY7, 407-414.

LUFT, T., AND DEUSSEN, O. 2006. Real-timewatercolorillustra-
tionsof plantsusingablurreddepthtest.In InternationalSympo-
siumon Non-Photoealistic Animationand Rendering(NPAR),
11-20.

Lum, E. B., AND MA, K.-L. 2001. Non-photorealisticendering
using watercolorinspiredtexturesandillumination. In Paci c
Graphics 322—-331.

MAX, N., AND BECKER, B. 1995. Flow visualizationusingmov-
ing textures. In Proc. of the ICASW/LaRCSymposiunon Visu-
alizing Time-\arying Data, 77-87.

NEYRET, F. 2003. Advectedtextures. In ACM-SIGGRAPH/EG
Symposiunon ComputerAnimation(SCA) 147—153.

OzKAN, M. K., SEZAN, M. |., AND TEKALP, A. M. 1993.Adap-
tive motion-compensatedtering of noisy image sequences.
IEEE transactionon circuits and systemdor videotecnolagy
3,4,277-290.

SAND, P, AND TELLER, S. 2006. Particlevideo:Long-rangemo-
tion estimationusingpointtrajectories.In CVPR 2195-2202.

SERRA, J., AND VINCENT, L. 1992. An overview of morphologi-
cal ltering. CircuitsSyst.SignalProcess11, 1,47-108.

Sims, K. 1992. Choreographe@mage o w. TheJournal of Visu-
alizationand ComputerAnimation3, 1, 31-43.

SMALL, D. 1991. Modeling watercolorby simulatingdiffusion,
pigment,andpaper bers. In SPIE vol. 1460,140-146.

STAM, J. 1999. Stable uids. In SIGGRAPH9, 121-128.

VAN LAERHOVEN, T., LIESENBORGS, J., AND VAN REETH, F.
2004. Real-time watercolor painting on a distributed paper
model. In ComputerGraphicsinternational 640-643.

WANG, J. Y. A., AND ADELSON, E. H. 1994.Representin/lov-
ing Imageswith Layers. ThelEEE Transactionon Image Pro-
cessingSpeciallssue:Image Sequenc€ompession3, 5, 625—
638.

WANG, J., XU, Y., SHUM, H.-Y., AND COHEN, M. 2004. Video
tooning. ACM Transactionson Graphics(proc. of SIGGRAPH
2004)23, 3,574-583.

WEISsS, B. 2006. Fastmedianandbilateral Itering. ACM Trans-
actionson Graphics(proc. of SIGGRAPH006)25, 3,519-526.

WINNEMOLLER, H., OLSEN, S. C., AND GOOCH, B. 2006.Real-
time videoabstraction ACM Transaction®n Graphics(proc. of
SIGGRAPH2006)25, 3,1221-1226.



