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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-















