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Abstract:

We present new, procedurabpproactior modellingandanimatingthe garmentsvorn by virtual charactersOur method
takesinto accounthe propertiesof fabricto generatehe geometryof local folds thataresocrucialfor visualrealism.

Modelling is performedby approximatingan initial free-form surfaceroughly representinga garmentby a piecavise
developablemeshcalledthe buckling mesh The latter modelsthe speci ¢ buckling featuresof fabric: more precisely
it automaticallyfolds accordingto pre-computegatterns dependingon the 3D positionsof a few control points. The
approximationenhanceshe realismof the garmentsurfacesincethe wrinkles that malke it piecavise developablealso
giveit theappearancef fabric. Moreover, the setof 2D fabricpanelsrequiredto sev the garmentis computedduringthe
processenablingdistortion-freetexture mapping.

During animation the buckling meshprocedurallyfolds andunfoldsaccordingto the positionsof its control points. The
latterareanimatedhroughasimplephysically-basednodelthataccountdor the oating behaiour of cloth. Oursolution
differscompletelyfrom the standardhysically-basedpproachsinceit doesnotrequirethe useof mary masshodesnor
of stiff equationgo generataon-etensiblecloth.

As ourresultsshav, our methodcanbe usedfor thereal-time visually aestheti@nimationof dresseaharactersmaking
it applicableto enhanceherealismof virtual humansn real-timeapplications.
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Vétementsvirtuels baséssur lespropriétésde ambage du tissu
Résumé:

Nousprésentonsine nouelle approcheprocéduralgpour modéliseret animerdesvétementgportéspar desacteursvir-
tuels. Notre méthodesebasesurles propriétésdestissuspour générela géométriedesplis qui apparaisserbcalement
surlesvétementsCesplis sontd'une grandeimportancepourle réalismevisuel.

Lamodélisatiorestobtenueenapproximantinesurfaceinitiale arbitrairereprésentarapproximatvemente vétemenpar
un maillagedéweloppablepar morceauxappeléle maillage de ambage. Ce derniermodéliseles propriétésde ambage
spéci quesautissu: plus précisémentil seplie automatiquemergn fonction de motifs pré-dé nis, qui dépendentle
la positiond'un petit nombrede pointsde contréles.Ceciaugmentde réalismedu vétementcar cesplis qui rendentsa
surfacedéweloppableparmorceauxui conferentaussi'apparenced'un tissu. De plus,lespatron2D detissunécessaires
pourcoudrele vétemensontcalculégpendante processugpermettantinsidele texturersansdistorsion.

Au coursde I'animation, le maillagede ambage seplie et se déplie procéduralemergn fonction despositionsde ses
pointsde contr6le.Ceux-cisontanimésparun modelephysiquesimplequi simulele comportemendesparties ottantes
du vétement.Notre solutiondiffére totalementesapprochephysiquesstandardscar elle ne nécessitgasl'utilisation
debeaucouple massesi deressortsle fortesraideurspourobtenirun vétemennon-etensible.

Commele montrenosrésultatsnotreméthodepeutétreutiliséepourl'animation entemps-réetle personnagebabillés,
la rendantutile pouraméliorere réalismed'’humainsvirtuelsdanslesapplicationgemps-réelles.

Mots-clés: modélisatiorde vétementsmodeéleprocédurauxanimationentemps-réel
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1 Intr oduction

Within the pastfew yearsmucheffort hasbeendevotedto enhancingherealismof virtual humans Thesecharactersre
essentialn bothfeature Ims andreal-time3D applications.In additionto realisticbodies,facesand hair, providing a
way to animatene detailssuchasdynamicwrinkleson garmentds crucialfor realism.

The computergraphicsliteratureclassi es the garmentsworn by virtual charactersnto threecateyories[MTCK * 04]:

stretch cloth suchasunderwearfor which animationthroughstandardskinningtechniquess sufcient; oating cloth
suchaslarge skirts, for which usingafull physically-baseaimulationis mandatory;andintermediate|oosecloth, such
astrousersshirts,sweaterandjackets. Thelatterdynamicallyfold andunfold duringmotion,but withoutshaving avery
strongdynamicbehaiour. As theauthorsnote,theseintermediategarmentshave eitherbeenanimatedhroughskinning
or throughphysically-basednodelling,dependingon the application. However, noneof thesesolutionsare satistctory
in termsof both ef ciency and visual realism. Our work speci cally addresseshe modelling of theseloose, but not
oating garments,whiclundoubtfullyconstitutehe mostgenerallyusedtype of clothes.Whenworn, thesegarmentgold

accordingto speci ¢ patternghat mostly dependon the body posture asthosedepictedin Figure 10. We believe that
theirlimited dynamicbehaiour doesnot justify the useof a costly, full physically-basedimulation.

Creatingvirtual garmentds usuallya quite tedioustask: usingstandardsoftware suchasMayaCloth[May04], computer
artists rst needto designthesetof 2D fabricpaneld necessarjo createthe garment- asif they wereto saw it in thereal

world. Oncethesepanelsareplacedaroundthe characterandsewning constraintspeci ed, they needto run asimulation
to obtainthe garments restshape. During both this rst simulationstepand during subsequen&nimation,generating
realisticcloth that forms nice folds asin Figure 10 requiresthe useof a ne mesh. This involvesstiff equationsdueto

the quasiinextensibility and buckling propertiesof fabric. This in turn leadsto a fair amountof time spentin collision

detectionandresponseAn alternatve, of generalusein real-timeapplicationssuchasvideo-gamesconsistan directly

modellingthe 3D geometryof agarment(aroundor eveninsteadof thecharactes body)andanimatingit throughsimple
methodssuchas skinning. This processis much easierfor the artist, but the resultthen lacks realism: even if some
geometricwrinklesweremodelled,they will remainstaticduring motion, unlessspeci ¢ deformersor blend-shapeare

setup. Moreover, thereis little chancethattheseuserde ned folds meetthe geometricconstraintof makingthe garment
piecavisedevelopableontoa plane,northatthey t thebuckling patternsof fabric.

Now, with arough3D shapeasaninput, canwe turn this arbitrarygeometryinto a corvincing garment?To do so, we

needto automaticallymale it piecavise developable while addingfolds andwrinkles that make the surfacelook like

cloth. Canwe computethe setof 2D fabric panelsneededo sew this garment?Evenif thelatteris notto be savedin the

realworld, gettingthe shapeof thesepanelswould be of greathelp for distortion-freetexture mapping.Canwe provide

areal-timemethodfor animatingthe garmentwhile combiningboth dynamiceffectsandcorvincing local details?This

papersolvesthesethreeproblemsin the speci ¢, but usefulcaseof looseclothessuchastrousers shirtsand sweaters.
Thekey obsenrationis thattheseloosegarmentsare madeof piecesof fabric wrappedaroundroughly cylindrical parts
of the humanbody This leadsus to exploit somea priori knowledgeon the way fabric folds whenwrappedarounda

cylinder. Theresulting,very speci ¢ buckling patternsare modelledandanimatedprocedurally enablingus to account
for the dynamiceffectsat a muchcoarserscale. This approactyields a stable,ef cient, yet realisticway to modeland

animatecommontypesof garments.

1.1 Relatedwork

Geometric modelling of garments:

As alreadyemphasizedthe standardwvay of designingrealistic virtual garments{May04, SyF04 is very closeto the
techniqueonewould useto sew themin therealworld: it startswith the de nition of all the necessargD fabric panels,
thusrequiringspeci ¢ know how, notnecessarilyacquiredby all computerartists. Thetediousproces®of specifyingthese
panelsandtheir sawing constraintds mademorecomplex by the needof settingup adequatevaluesfor a setof physical
parameterandto run a simulation,evenwhenonly a staticgarmentshapes needed The alternatve is to usea solution
thatdirectly outputsa 3D shapdor the garmentsuchasinteractize designor automatiageneratiorfrom sketch[TCHOA4].
Then,the generatedhapehaslittle chanceof beingpiecavise developableandwill not depictthe fold patternghatare
speci ¢ to realgarmentsn ary restposition. Our work enhanceshesealternatve approacheby makingthemusableas
astartingpoint for modellingthe staticshapeof worn garments.

1As in MayaCloth,we usethe term panelsfor the 2D patternsthatform a garment,to avoid confusionwith thefold patternscorrespondingo the
differentbuckling modesof fabric.

RR n°5549



4 Decaudin,Thomasaeski,Cani

Our approacthasbeeninspiredby the very original work of Mitani [MS04] on meshapproximationwith a developable
surface.In this papertheauthorsapproximateary existing 3D meshby a developablesurfacemadeof trianglestrips. The

resulting2D patternenableoneto build papercrafttoysthatroughlyapproximateheinitial geometry Thesestrip-based
patternsareindeedvery differentfrom the onesatailor would useto sewv a garment.Ngerthelesstheideaof loosemesh
approximatiorunderthe geometrichypothesisof a surfacebeinglocally developablewill bere-usedn our case.

Animation:

Improving the physically-basedsimulationof cloth hasattracteda lot of attentionduring the pastfew years. Important
progresshasbeenmadein the robustnessstability and ef ciency of both integration schemesand collision process-
ing algorithms[VMTO01, CK02, BFA02, BMF03, BWKO03, BA04]2. When usedfor modellingloosegarments these
physically-basedpproachesometimesxhibit speci ¢ problems:Choi stressedhat cloth modelsareill-conditionedin
buckling situationsywhenspeci c folds shouldappeafsuchaswhenasleeve bends) He usessomea priori knowledgeon
the shapeof the buckling patterngo solve the numericalproblem.Baraf proposes history-freealgorithmfor resolving
thetanglesthatfrequentlyoccurin cloth self-collisions,in particularwhendifferentbody partsintersect.Bridsonnotes
in 2003thatcollision responsavith the charactes body mayincidentlyremove mostof thedynamicfolds andwrinkles.
A geometricapproachs usedto solve the problem.

At the otherendof the spectrumgeometricmethodshave beenusedto generatevrinkles on virtual garments.Someof
thesetechniqueshave beencombinedwith a physically basedsimulationappliedat a coarserscale. Kunii [KG90] uses
a physically-basedsimulationas a referenceto capturethe geometricparameter®f cloth wrinkles. Theseparameters
arethenusedto re-createwrinkles procedurally TsopelagTso9] relieson the buckling featuresof thin-walled struc-
tures[GS66 Den76 AH86] to generatavrinkles. Themethod althoughlimited to quasi-statidiamondbuckling patterns
illustratedon atrousers'leg, hasbeeninspiringfor us.

[HBVMT99, LC04] take into accountconstantengthconstraintalongcurvesto generatesinusoidalwrinkleson clothes,
without consideringhe speci ¢ buckling featureof cloth wrappedaroundcylindrical limbs. Kimmerle[KWHO04] rather
usesa strainmeasurdo generatesimilar wrinkles.

Our approachs primarily geometric.Lik e Tsopelasye rely onthewell studiedbuckling propertiesof cloth to setup a
solution, sincewe doubtan existing physically-basednodelcanbe a referenceasgoodasa real material. Contraryto
previous approachespur methodis not limited to eithersinusoidalor diamond-shapwrinkle patterns.It rathercreates
generafold shapedy locally combiningthe effectsof the active buckling modeswhich generallyincludesomeamount
of twist andof diamondbuckling.

1.2 Overview

This paperexploits geometricconstraints- namelythe buckling featuresof cloth wrappedaroundbody parts— for the

real-time,yet visually pleasinganimationof the garmentsworn by virtual characters.The userjust needsto input an

arbitrary 3D meshroughly representinghe garments shapeandto specifythe seams.Our constrainednodelfor cloth

meshesgcalled the buckling mesh is usedto approximatethe initial geometry automaticallygeneratingthe wrinkles

that make the garmentpieceavise developableonto a plane. Sincethis processcomputeshe 2D fabric panelsneeded
to form the garment,distortion-freetexture mappingis madepossibleat no extra cost. During animation,the buckling

meshautomaticallyfolds andunfoldsaccordingo the displacemenof its control points,tailoredby the underlyingbody

motion. Detectingcollisionswith the body becomesstraightforvard sincethe animatedmeshis alignedwith the main

fold directions.Lastly, the modelcanbe coupledwith a simplephysically-basedanodelto accountfor dynamiceffectsat

low cost.

Section2 reviews the buckling propertiesof fabric and derives a proceduralcloth model dedicatedo worn garments.
Section3 proposes methodfor approximatingarny given3D meshwith our cloth model. Sectiond addresseanimation,
explaining how dynamiceffects and collision processingcan be combinedwith the proceduralcloth model. We then
discusgesultsanddirectionsfor futureresearch.

2Reviewing thesemethodswhich arecrucialfor the generatiorof realistic oating cloth, is beyond the scopeof this paper Goodoverviens canbe
foundin [HBOO, MTCK™* 04]

INRIA
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2 Cloth Buckling on Cylinders

Our approactor theef cient, yetdetailedmodellingof clothis to rely onthespeci ¢ buckling propertiesof fabric,well
studiedin the physicsliterature[GS66 AH89, KIJL04, AP04. The bestknown type of folds for cloth are probablythe
onesthatappeamwhenit lies on a plane,namelythe sinusoidal parallelfolds modelledby Hadap[HBVMT99] andthe
morecomple “three-folds” (T-shapefolds) that, accordingto Amirbayat[AH89], distinguishcloth from standarahin-
shellmaterial. However, whenworn, the loosegarmentswe areinterestedn (suchassweaterr trousersyaremade,to
a rst approximationpf a setof fabric panelswrappedaroundroughly cylindrical partsof the humanbody Thespeci ¢
buckling propertiesof cylindrical shells[HLPO3J] shouldthusbe consideredinsteadof the featuresexhibited by roughly
planarcloth. More preciselyvery characteristidiamondandtwist fold patternsappeaion acylinder of fabricunderaxial
compressioror twist, respectiely. This sectionstudiesthesephenomenandproposes proceduramodelin the caseof
asingle,idealcylinder. This model,calledthe buckling meshwill beextendedn the next sectionto allow the modelling
of arbitraryloosegarments.

2.1 Axial compression:diamond buckling

Although sinusoidal parallelfolds have beenusedfor modellingcloth compressioralongcylindrical limbs, this repre-
sentatiorfailsto capturehe comple fold patternsonecanobsene with realfabric(seeFigurel). Indeed wrinkling with
sinusoidafolds only clampsthe surfaces Gaussiarcurvaturé to zero(i.e. keepsthe surfacelocally isometricto a plane)
whenthelarge-scaleshapés planar If appliedto a cylinder, sinusoidafolds perpendiculato the compressioraxisyield
two non-zeroprincipal curvatures so the resultingsurfaceis no longerdevelopable. In reallife, the axial compression
of cylindrical panelsof paperor cloth is madepossibleby a very speci ¢ buckling behaiour, which we call diamond
budckling. Thefold patternghatappeaiin this situationhave a very characteristiciamondshape.

Figure 1: Budkling behaviourof real cylindrical panelsof fabric. Diamondshapepatterns(left and middle)appearunderaxial compessionsince
thesurfacemaintainsa zeio Gaussiarcurvatue everywhee during deformation.Twist patterns(right) madeof parallel obliquewrinklesappearwhen

oneendof the panelis twisted.
D
‘ R
‘ 9

FigureZ: Estimationof the parametes of the diamondbudkling patternsfor a cylindrical fabric panel. Left: front view of the patterns;Right: view
fromthetop whenthecylinderis totally compessed.

Let's try to characterizehis featuregeometricallyfor a cylindrical panelof radiusR: Sincethe diamondpatternallows
theaxial compressiomf thefabric,eachdiamondcanbe seenastwo trianglesfolded on eachotherwhile the cylinderis
compressefISAH77, andwhenit is fully compressedhetrianglesaresuperpose@seeFigure?2). Thisimpliesthatits
width a andheightb arelinkedby the following geometricconstraint:

R = (a=2)’+ (R b)? 1)

3De ned astheproductof the principal curvatures See[Kre91]

RR n°5549



6 Decaudin,Thomasaeski,Cani

Secondlyour obsenationsof realfabricshav thatwhatever thefabricthicknessandthe cylinder's radius,the numberof
diamondpatternghatappeararounda cross-sectiomf the cylinder is alwaysaninteger; we let n denotethis value. The
geometricelationshipbetweera, Randnis:

a=2 = Rsin(p=n) 2)

In our experimentswith real fabric, n variesfrom 2 to 8 with a cylinder of a few centimetref radiusand different
thicknes=of cloth; thethicker theclothis, the smalleris n.

Lastly, the heightb of the diamondpatternsis alsorelatedto the radiusR andto the physical propertiesof the fabric
[HLPO3]. Thisrelationshipcanbewrittenin theform:

b=/ R 3)

wherel is aparameterelatedto the physical propertiesof fabric.

Thesehreeequationgnablausto extract,from averysimplemeasur@narealfabricsampleall theparametersecessary
to characterizéhe diamondbuckling geometryfor this speci ¢ fabric. We proceedasfollows:

1. We placearealcylindrical fabricpanelof known radiusRy arounda slightly smallerrigid cylinder. We obsere the
diamondbuckling modeunderaxial compressiomndgetthe associatedalueny, for this speci ¢ radius.

2. We get/ , which only depend®on the fabric, from this measureby expressingo from ain (3) using(1), andthen
replacinga by its valuefrom (2). This givesus:

=P R cos?y 4)
No

3. For ary radiusR, the geometricparametersf the diamondpatternarecomputedoy re-writing equation(4) to get
n:

n=">b p—cC 5
arccogl | = ) ®)

andthenusingeq. (2) and(3) to respectrely geta andb.

2.2 Twist buckling

During theanimationof a characterthe diamondbuckling patternswve just describedypically appeamnearthe elbonv and
kneewhenthey bend. Anothertypical motionis a twist alongthe body, producingobliqueparallelfolds, asdepictedon
Figure10 (right).

If we studythis phenomenoonarealcylinder of fabricwith radiusR (seeFigurel, right), we obsene thatatwist motion
atoneendof thecylinder producegarallelfold patternsalonganobliquedirection. Moreover, if thecylinder hasalready
beencompressedlongits axis, this twist modetakesplacealongthe diagonalcontourlines of thediamondpatterrt. The
diamondpatternsof the last sectionthusgive usthe directionandfrequeng of the twist buckling folds. Whentwisted,
the meanradiusof the cylindrical fabric paneldecreasesandthe heightof the obliquefolds is sothatthe lengthof an
imaginarythreadon the fabricremainsconstanihile twisting.

2.3 Buckling mesh

Thekey featureof our modelis to usea proceduralgeometriomodelto reproducehe buckling modeswe just character
ized, ratherthantrying to simulatethemusingphysically-basednodelling. Thereareseveralgoodreasongo do so; the
buckling patternsarequasi-statichapesthey appeamanddisappeansa seriesof restshapesBucklingis avery intricate
phenomenoto simulate asemphasizetly [CK02]. Lastly, aphysically-basedimulationis still usefulto obtaindynamic
behaiour of cloth suchas oating effects, but our methodwill alleviate the load of the simulationmodule,by giving it

only large scalecontrol pointsto animate.

Ourapproachor modellingbuckling of acylindrical fabricpanelis basedn ameshalignedwith themainfold directions,
calledthe buckling mesh Sincethe panelcanbe compressedndtwistedat the sametime, the amountof compression
andtwist varying from placeto place,we needa modelthat providesa local control of the amountof eachdeformation
ratherthanproviding controlthroughglobal compressiomndtwist parameters.

INRIA
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Figure3: a) Budkling primitive madeof 9 contmol pointsthat guidethe procedual deformation.b) Re ned meshinterpolatingthe contmol points.
¢) Movedtrianglesof a diamondbudkling pattern(point Py). d) Fold acrossthe selecteddiagonal of a twist budkling pattern.

EEGL

Figure4: Diamondandtwist budkling on a cylinderwith our model.

To do so, we de ne the buckling mesh,in the 2D spaceof the unfoldedfabric, asa grid of buckling primitives, i.e.

rectangulapatchesontrolledby 9 controlpoints,depictedn blackandwhite smallsquaresn Figure3a. Eachprimitive

representgl quartersof neighbouringdiamondpatterns.This schemeallows us to usea quite regular grid of pointsto

controlthe setof buckling primitives. This is usefulfor the subsequenphysically-basedanimationof the control points
(seesectiord), andit easeshecreationof asmooth(G?) interpolatingsurfaceover thesepoints,whichis neededo create
thebuckling mesh(asdescribedn the next paragraph).

The speci ¢ re ned meshshavn in Figure 3 provides node points and edgesexactly whereneededor having a good
approximatiorof the necessaryolds with few nodegthe edgesarealignedwith the possiblewrinkles). The 3D shapeof
themesh blendingwrinklesandfolds dueto diamondandtwist buckling modesjs thende ned asfollows:

1. Cardinalsplineinterpolationis usecto createa smoothpatchfrom the positionsof the 9 controlpoints. Thetension
parameters not constant:we allow it to vary accordingto the distanceto neighbouringcontrol points,in orderto
avoid the creationof regionsthataretoo at ortoo curvedwhenthecontrolpointsmove. Let Ps denotetheposition
we geton this smoothsurfacefor a givenmesh-poinP of parametersgu;v) of the buckling primitive.

2. We computethe positionPy the point would have if diamondbuckling wasthe only activatedmode:the diamond
buckling patternis formedof 6 triangularparts(seeFigure3c). Duringcompressiortheserianglesmove according
to the pointsof the control mesh. To assurecorrectfolding of the diamond,only 5 of the control pointsareused

4If the cylinder of fabricis exposedto axial tensionwhile twisted, the directionof twist lines may be differentfrom thoseof the diamondmode,but
we assumehatthis situationdoesnot occurfor garmentamoving dueto standardnotionof a character

RR n°5549



8 Decaudin,Thomasaeski,Cani

(black dotsin Figure 3c) while the remaining4 points (white dotsin Figure 3c) arerecomputedrom the former.
Accordingto (u;v) we know the triangle P belongsto andits relative positioninsideit. From this we obtainits
position Py on the moved triangles. Let Dg = a(Py P;) be the displacementhat moves P; onto the diamond
buckling pattern,wherea is a compressiortoefcient: a variesfrom 1 if the primitive is totally compressedtb 0
if it is notcompressedtall.

3. Assumingtwist buckling only, we computethe displacemenD; that movesthe point Ps onto the twist buckling
pattern:Thedirectionof thefold producecdby twist buckling is oneof thetwo diagonalsof the buckling primitive.
Thediagonalto choosés determinedy the signof theangleq betweerdirectionV andadirectionV °orthogonal
to U, whereU andV arede ned by the control points(seeFigure 3d, left). A sinusoidalfold acrossthe chosen
diagonais createnthepatch(seeseeFigure3d, right) sothatthelengthof athreadremainsunchangedcompared
to its lengthmesuredn the 2D panel). Thus,D; = bNs, whereNs is the normalto theinterpolatingsmoothpatch
atpointPs, andb variessmoothlyto follow thefold (b is equalto the heightof thefold onthechoserdiagonaland
decreaset zeroelsavhere).

4. We combinebothby de ning the nal 3D positionof the pointas:

PO= P+ Dy + Dy (6)

5. Wethensmooththemeshwith astandaragquarelter: discontinuitiesonthe nal surfaceareintroducedhroughPy
duringstep2 becausef the sharpedgeshetweerthetriangularparts.To avoid this andto give thefolds generated
by thediamondbuckling a smoothshapewe applyasquarelter of coefcients (%; %; Tla) to the buckling mesh.

Note thatif the black pointsof a buckling primitive werein the sameplane(i.e. if the local con guration was planar
insteadof cylindrical), the white pointswould stayin this planeaswell, yielding a zerovaluefor D4 andsuppressinghe
diamondpattern.This featureof themodelwill beusedin section4.

3 Garment designusing piecewise approximate unfolding

Our generalapproactor garmentmodellingis inspiredby [MS04]: we approximateanarbitrarysurfaceby a piecavise
developableone. This enablesusto startfrom anarbitrarymeshfor the garment.The latter could comefrom a scan,be
createdrom scratchor througha sketch-basedhterface. We approximatehis surfaceby anothemmesh,which malesit
look like fabricby incorporatingthe necessarjolds andwrinkles.

It is worth noting that Mitani's solution,which generatestrip-shapedgatternsjs far from beingapplicablein our case;
fashiondesignersypically uselargefabricpanelghatlimit thetotallengthof seamsAnotherobsenrationis thatarybody,
evenif notaclothingdesignspecialistknows approximatelywheretheseamsrelocatedon standargyarments.Sorather
thantrying to infer this information,we askthe userto provide it.

This givesusadifferentproblemto solve: knowing theborderlinesandseamsf fabricpaneldn 3D, canwe approximate
eachof themby a developablebuckling mesh,asde ned in the previoussection?

3.1 Approximate unfolding

As in Mitani's work, the user rst sggmentsthe modelinto partsroughly correspondindo the limbs of the model,i.e.

generalizedtylinders, suchasthe partsof the meshthat cover the arms,the legsandthe body A roughaxisandseam
linesarede ned for eachpart. In ourimplementationseamsarejust de ned asthe intersectiorbetweenthe meshand
aplanethatincludesthe cylinder axis. The usercanchoosebetweerhaving a singleseamsuchasundera sleeve or two

seamssuchason the two sidesof the chest.In the latter case two 2D fabric panelsinsteadof onewill be computedo

approximatehis partof thegarment.SeeFigure5.

Approximately unfolding a cloth panelis doneby computinga one to one mappingbetween3D and 2D. [WTYO05,

MHS99 WSY02Z proposegoodmethodso do thisin the generalcase.Here,we ratheruseour hypothesishatthe 3D

cloth panelis wrappedarounda cylinder. It canthenbeunfoldedby startingalonga centralline parallelto the axisof the
associatedimb andprogressiely attening it perpendicularlyto this direction. This is donein the following way (see
Figure6):

* Inthe3D spacede ne asetof regularly spacedlanescalledcross-sectioplanesnormalto theaxisof thecylinder.

INRIA



Virtual garmentsbasedon geometricfeatuesof fabric budkling 9

Figure5: Sepaation of a garmentinto generlizedcylinders.

 Unfold alongthedirectionof theaxisby computinghedistancein thespaceof thefabric,betweerthecross-section
planes:for a setof axial planescontainingthe axis, of differentangleswith the front plane,cut the geometrywith
the axial planeandmeasurehe lengthof theintersectiorcurve betweereachpair of cross-sectioplanes.The 2D
distancejn the spaceof the fabric, betweerntwo successie cross-sectioplanesis setto the averageof thelength
valuescomputedwith the differentaxial planes.Thetotal heightof the cloth panelin 2D, alongits axis, is the sum
of thedistancedetweerthe cross-sectioplanes.

« Unfold perpendicularlyto the axis: for eachcrosssectionplanein 3D, on eachsidewith respecto the centralaxial
plane,measurghelengthof the crosssectionof the cloth panel(intersecthe geometrywith the planeandsumthe
lengthsof the edges).This givesthe width of onesideof the 2D panelfor this speci ¢ cross-sectionyith respect
to its central,axial line.

In practice the resultis storedasa tablegiving the 3D coordinates| andh valuesfor eachvertex of eachcrosssection
of theinitial geometry This tableenablesusto retrieve the 3D coordinate®f a point (h;1) of the 2D fabric panelusing
bi-linearinterpolation.

Figure6: Unfoldinga cylindrical pieceof a garmentto getthe 2D fabric panel.

Of course sincethis procesds an approximationbasedon the hypothesisof a cylindrical panel,it doesnot atten the
geometryevenly asusualmethodsdo, but ratherpusheghe 3D bumpsto the lateralseamlinesof the cloth panel.Seefor

instancetheresultin the extremecaseof the headexamplein Figure8 — anobviously not developableshape.The fabric
panelfor thefaceis at but widerin theregion of the nose,soapproximatinghe headwith it is possible but will create
somefolds.

3.2 Buckling meshgenerationin 2D

Thenext stepof the procesgakesplacein the 2D spacen whichthecloth panelhasbeenunfolded.We now have to mesh
the 2D panelaccordingo the mainfolds orientationanddirection,aswasdonefor ideal cylindersin section2.

We rst choosehefabricby selectingavaluefor theparametet amongthosemeasurean realsamplesasexplainedin
Section2.1. We getthe numbem of buckling patterngor this pieceof garmentfrom equation(5), usinganapproximate,
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global valuefor the radiusR of the pseudo-glinder (evaluatedusinga boundingbox of the geometryalignedwith the
axis).

Figure 7: Left: 2D computationof the control structue of the buckling mesh(positionsof budkling primitives and rest distancesbetweencontrol
points).Right: 3D view of theresultingcontol mesh.

We thencomputethe setof buckling primitivesasfollows: startingat the bottomof the 2D panel,we computethelocal
radiusR; of the pseudo-glinder alonga horizontalline from thelocal width I, of the2D panel(using2pR; = |; if there
is asinglepanelfor thislimb, andpR; = |1 if thereareafront anda backpanel).We seta; = |3=n andcomputeb; from
a; andR; usingequation(1). This givesusthe positionof a secondhorizontalline, atthetop of a rst row of buckling
primitives. We continuethis way, computingdifferentvaluesa; andb; for eachsuccessie line. Finally, agrid of buckling
primitivesis setup from all thea; andb; parametersasdepictedn Figure7, left.

The coarsemeshwe obtainin 2D givesusthe positionanddistancedetweerthe control pointsof the buckling meshin
the at con guration. Thesedistancewill sene for activatingor notthewrinkle patternavhenthere ned buckling mesh
will becomputedn the 3D space We alsousethe 2D panelspaceo de ne texture mappingif needed.

3.3 Final 3D garment

Figure 8: \alidation of our piecavise approximateunfoldingmethodon an arbitrary shape(top), versuson a modelcreatedwith an existing cloth
designsoftwae (bottom).Top: the surfacewe getlooksasa hood,soour appmoac hasachievedgivingit cloth appeaence(thetwo resultscorrespond
to a thick and thena thinner fabric). Bottom: note the quality of the approximationand the corvincing shapeof the 2D panels,althoughwe used
arbitrary seamlines.

For each2D panel,we computethe positionof the control pointsof the buckling meshin 3D usingthe correspondence
tablebetweer2D and3D setupin section3.1. Notethatthis processautomaticallymapstheseanlinesof two neighbour
ing patternpiecesto the sameposition,evenif theseinesdid not have exactly the samedengthin thetwo 2D panels(due
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to theapproximationsn theunfolding). In this casetheseamwill becorrect,but theclothwill wrinkle ononesideof the
seamline. To have agood t of buckling primitivesacrossseamlines, we usethe sameseriesof b; valuesfor the front
andbackpanelsof a pieceof garmentandwe manuallymovedafew controlpointsto t thechestandsleavesmeshesn
thesweatercase(seeFigure?, right). Thisis mandatoryto subsequentlgenerate continuousye ned buckling mesh.

Oncewe have the 3D contmol meshof the buckling primitivesfor thewhole garmentwe applythe procedurageneration
of the re ned buckling mesh,asdetailedin section2, to getthe nal geometry Note thatthe parametershat control
the displacementf meshpoints suchas the rest distancesand anglesbetweencontrol points are now local to each
buckling primitive. The nal resultis similar, but thuslesssymmetricand regular thanthe oneswe obtainedon ideal
cylinders. We nally getanapproximationof the initial, arbitrary surfacewith a developablesurfacethatbehaeslike
cloth, asdemonstratetby the introductionof local folds andwrinklesin Figure8 (top), wherea headmodelis giventhe
appearencef a hoodby our approximatiorprocess A resultfor aninitial surfacethatlooked like a garmentis givenat
thebottomof the same gure, to shav the quality of our approximatiorin this case.

4 Animating Garments

Being ableto animateour loosegarmentss of courseessentiafor mostof the applicationswe have in mind. Our rst
approactwasto animatethe control pointsof the buckling meshthroughskinning,andthenusethe procedurabuckling
methodto addlocal folds. Althoughthis producesacceptableesultsfor still imagesthelack of dynamiceffectsmade
the cloth look unnaturalduring motion. We thusdecidedon usinga physically-basedimulationfor the control meshof
a garment. This canbe doneat low costsincethis meshis coarse(seeFigure 7) andcloth is very soft at sucha large
scale:the (desired)}compressiomf the controlmeshis usedto tailor thewrinkling of the buckling meshata ner scale.
Meanwhile thelatterwill keepthe nal surfacepiecaviseisometricto the at fabricpanels.

After briey presentingthe physically-basednodelwe are using for the control mesh,the remainderof this section
discussesur animationresultsin termsof bothvisual quality andperformance.

4.1 Modelling the dynamicsof looseclothes

The physically-basednodelfor the controlmeshis setup asfollows. After associatingnassvaluesto the control points,
we connectthemby threekinds of springs,which we call tension,shearand e xion springs respectrely (seeFigure9):

the rst onesconnectadjacentontrol pointson the sameline or column;the secondypeis positionedalongdiagonals;
the third onesconnecta point with it's secondneighbouron a line or a column. Sincethe control pointsarerelatively

far away from eachotheron the fabric (seeFigure 7, right), thereis no needto setup very stiff springsbetweenthem
(we arecurrentlyusingstiffnessvaluesof 20 to 30 Newton permeter for massesround0.0025kg each).However, the
elongation shouldnot exceedthe distancebetweerthe pointsin the 2D, unfoldedpanel. We thususea modi ed spring
modelthatcombineghe springforce with a maximalelongation constraintreatedasanimpulse[BFA02]. Integrationis

performedusingthe VerletschemgKANBO3]. It allows the useof alarge time step(0.01seconds)n all the examples
we computed.

Detectingand processing:ollisionswith sucha coarsemeshandlarge time stepsis somavhatintricate: in our running
example (seeFigure 10) the arm of the charactemwould move outsideof the sleeve in a few frameswithout collision
processingand may even passbetweenwo neighbouringines of control points. We thusdetectboth the penetratiorof
control pointsinto the charactess model (by sendinga ray from the point in the directionof its normal)andcollisions
betweenthe edgesof the controlmeshandthe charactes model. This is doneby usingthe library Opcode[Ter01]. In
bothcaseswe useanimpulseto re-positionthe control point (respectiely thetwo control pointsat the extremitiesof the
edge)in orderto avoid the penetration.

In additionto processingollisionswith thecontrolmeshwe have to avoid thatthe procedurabuckling procesgproduces
intersectiondetweerthe nenly generatedolds andwrinklesandthe charactes body This canbe donevery ef ciently
sincethe buckling meshedgesarealignedwith the possiblefolds andsincewe know exactly which of the control points
de ne the bottom of thesefolds. In practice,we just have to keepthe proceduraldisplacemenof a few points per
buckling primitive (the four white pointsin Figure3a.) smallerthantheir currentdistanceso the body Moreover, since
ourgeometrigprocessloesnot creatdocal self-intersectionsf folds (it would only put neighbouringolds into contactf
acylindrical clothpanelwasfully compressed)ye donotneedio processlothself-collisions grantedhatthecharactes
motiondoesnot put cloth coatingdifferentlimbs into contact.
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Thestandaragsimulationmethodwe justdescribeatouldbereplacedoy amoresophisticate@neto improve theaccurag
and/orthe ef ciency of the simulation. As it is, our implementationwas sufcient to validatethe combinationof our
geometridolds andwrinkleswith dynamiceffectscomputedht a coarseiscaleandthe applicationof bothin realtime on

astandard”C.

Figure9: Left: physically-basednodelfor the contol mesh.Red:tensionsprings,blue: shearsprings,green: e xion springs. Right: control mesh
andbudkling meshin wireframefor a sleeve model.Resultingshadedsurfacewithoutandwith texture.

4.2 Qualitative Results

Figure 10: 3D modelsof garments(top-left) approximatedand animatedwith our developablecloth model(middle),to be compaed with the real
garmentssevedfromthe 2D patternswe output(bottom-right).Notethewrinklesdueto the bendingof thearmsandto the twist of the body

Figures10and11 displaysomeof our results.Seealsothe acompaying video. Our rst exampleis arunningcharacter
wearingthick trousersanda medium-thicksweater The secondoneis a walking, femalecharactemwearinga relatively
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thick shirtanda very thin skirt (usinga betterproportionedgeometrionodelfor the charactemwould yet greatlyimprove
thequality of theresultsin thelastcase).

As they are,theseresultsare sufcient for the qualitative validationof our approach:althoughdiamondandtwist fold
patternscanbeidenti ed (for instanceon the sleevesandbody partsof the sweater)they aremostof thetime combined
in acomple andbeautifulway thatmakesthemlook muchmorenaturalthanin the procedurakxamplesof Figures4.

Figure11: Awalkingcharacterwearinga T-shirt anda skirt.

As asideeffect,our methodalsogeneratethe expectedstandardsinusoidafolds ontheroughly at partsof thegarments
(seethe skirt modelat restin the video). Theseextra folds appeamvhenthe controlmeshis compresseavhile beingin
a at con guration: then,the buckling processloesnot generataliamondbuckling patterngseethe endof section2.3);
sincethe ne meshalreadyincorporateserticalandhorizontaledgesthesmoothingstepresultsin the standardexpected
sinusoidalwrinkles, without the needof ary furtherprocessing.

4.3 Performances

Theef ciency of our methodis dueto the very coarsescaleat which the physical simulationis performed:for instance,
in the sweateicase we only animate270 masspoints,insteadof about7000if the ne buckling meshwasused,or even
moreif anarbitrarymeshnotalignedwith thepossiblenrinkleswasanimated.Thanksto the procedurabuckling process,
the ne detailsareaddedatlow cost.

All ouranimationsverecomputedusingatime stepof 0.01secfor the physically-basedimulationof the controlmesh.
Thebucklingmeshwhichincludesl28facesperbuckling primitive, is generatedvery 4 simulationframesjn orderto get
25imagegersecondor display Thebenchmarkn thetablebelov werecomputenaP4-3GHz(+ GeForceFX5900).
Notethateachindividual garmentcanbe computedasterthantherequired25 imagespersecondwhich yieldsrealtime
performance$or afully dressedaharacter

] | c.pts | prim. | faces| simulation | buckling | fps |

Sweater || 270 60 7680 | 52% 48 % 34.1
Trousers|| 134 32 4096 | 51% 49% 70.4
Skirt 168 36 4608 | 50% 50% 56

RR n°5549



14 Decaudin,Thomasaeski,Cani

5 Limitations of the method

We have exploited the buckling propertiesof cloth wrappedaroundcylindrical limbs. We believe that this is a very
commoncaseput all garmentannotbe modelledthisway. In particulay our methodwould fail to capturethe behaiour
of oating clothessuchasvery large skirts. In this case,ary kind of cloth folds, including the "three-folds"we did
not model can occur anywhere on the cloth, so our approachwould not be applicable. In addition, we only handle
worn garments.Of course trousersin a washingmachinecould not be animatedwith our approachanymore,sincethe
cylindrical shapeof thelegswould belost.

Our methodusesa x ed buckling mesh. It thusonly captureghe deformationsof ordinary cloth suchascottonfabric
(e.g.bluejeans)thatkeepsa memoryof its deformationyesultingin folds andwrinklesthattendto re-appeaatthe same
locationeachtime the samemotionis performed.We do not claim that this is true for all fabrics: a polo-shirtmadeof
knit cottonmaterialseemso bucklein a new placefor eachmotion. Modelling this behaiour with our approachs still
anopenproblem.

Lastly, the buckling meshwe generatds developable by constructionjn theinitial position, but our methoddoesnot
insurethatthe 3D garmentwill remainperfectly developablethroughoutthe animation. It would obviously not be the
caseif the control pointswere allowed to move arywhere. With our animationtechnique they are constrainedo stay
at a maximaldistanceto their neighbourswhich insuresthat an isolatedbuckling primitive staysdevelopablewith its
initial sizeandshape.Moreover, the shearspringspreventlarge distortionsin the directionof neighbouringprimitives,
soanimationresultslook correct: for instance the texture of the sweaterdoesnot get visually distortedduring motion.
However, we cannotclaim thatthe garmentswe generatestay piecavise developableat anytime (by the way, this is not
the casewith standarghysically basedmodelseither andmary realcloth areslightly extensible).

6 Conclusion

We have proposeda novel solutionfor the animationof loosegarmentswhich cannotbe animatedboth corvincingly

andef ciently usingcorventionaltechniquesA garmentis modelledby a constrainedneshthatfollows thewell studied
buckling propertiesof cloth. As aresult,adequatdolds that make the surfacepiecavise developableare automatically
addedo theuserde ned initial geometry Sincethis processomputeghe 2D cloth patternmeededo form thegarment,
distortion-freetexture mappingof the cloth patternsbecomesstraight-forvard. Sincethe cloth meshalreadystoresthe

mainfold directions,it usesfewer trianglesthanstandardneshesaisedin cloth simulationandeasesollision detection.
During animation,the constrainedneshautomaticallyfolds and unfoldsto follow the underlyingcharactes motion.

Dynamiceffectssuchas oating motionaresimulatedatalow resolution without requiringthe useof acomple, stiff or

costly physically-basednodel. As aresult,thewhole processs robustandstable andtruely runsin realtime.
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