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Abstract

This paper presents a simple method for creating and animating defosoédbes using
physically-based modeling. We represemteformable surface gsarticle systems.Simple
methods, such agnalyticalsolutions ofthe motionequations discretization and time-step
method, are used to solve the simulation equat®asthe surfaceshave better stability and
much faster speed of calculation. This method can be combined wirfaees ofrbitrary
topology andthe resultsare as realistic as that obntinuous systemd.he surfacescan be
elastic, elastoplastic gulastic. Thismethod can be widely and easiiged inall kinds of
deformable surfaces with good results.
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1. Introduction

The use of physically-based models for animating deformable surfaces is an important field
in computer graphics. There are two successful approaches pdabiem: particlesystems
and continuous systems.
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Particle systems consist ofamge number of single particlall of which move under the
influence of the forces, such as gravity axternalforces, etc..The particlesystems [1, 2]
were originally used to modéte, fireworks, waterfall, ocean, spray trees, grasd other
nature phenomenaMore recently, particle systemshave beenused tomodel deformable
surfaces. An interesting work in thesea is the description of clotitaping behavior by D.
E. Breen[3, 4]. Inthis field, the interacting-particle methods have bemed todevelop a
theoretical model of woven cloth and predicate the drape of woven cloth, such asvoatton
andetc.. T. L.Hilton and P. K. Egber}8] also proposdhe use ofvector fieldsfor 3D
particle systems. R. Szeliski and D. Tonnesen {lHijhe a model ofurfaces withoriented
particle systems which are a function of direction. The surface modeling azsebddo split,
join, or extend deformablsurfaces without needingpanual intervention anknowing the
topology ofthe surfaces.The mass-spring systemae essentially particlsystems with a
fixed topology, each particle ofwhich is connected with &nite number of neighboring
particles by spring forces. The method is easy to be used, but the major problem of traditional
particle systems is that the reswdte not as realistic @hat of continuous systemg\nother
problem of particle-systems surface is that it is harder to achie@aet controbver the shape
of the surfaces[10Witkin and Heckber{11] also proposethe use ofparticlessystems to
sample and control implicit surfaces.

The typical continuous systems of physically-based modelitige islastically deformable
models developed by Terzopoulosaét This method has been successfullysed in the
animation of cloth [5] and other kinds of elastic surfaces [9]. The basic equation of this model
can be written irLagrange's form. Fathe convenience aliscussion, wextract a part as
following [6]:
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where r(a,t) is the position of the partickeat timet. m is the mass density of the bodyaat

y is the dampinglensity,and f(r,t) representshe net externally applietbrces.<(r) is a
functional which measures the net instantaneous potential energy of the elastic deformation of
the body.

In order to solve thesequations,discretization and the numericablution of the
equations, such dmite difference discretizatiotechniquesare used. The discretization
seems to changle continuous system intthhe mass-spring systems. In fact, by choosing
certaintypes of non-linearsprings, a mass-springystemcan be made equivalent to a
continuous model. Buthe stability is one of the majgroblems of continuousystems,



although adaptive time-step control can improve the stability [6]. The increased complexity is
another problem, especially duritige design and development systems. As a result, the
speed ofthe calculation is limitedAll of these problemdimit the application of this
approach. For example, it is difficult to create and animate a complex character. On the other
hand, there arealso some problems to splipin or extend the deformablsurfaces of
continuous systems.

The present paper proposes the use of particle systems and a sangseomethods for
creating and animating a deformalslerface which hasimilar result as theontinuous
systems put with abetter stability and much fastspeed of calculationThe shape of the
surfaces is easily controlled.

2. The Equations and Solutions of the Deformable
Surface

We assumdhat the deformablsurface consists ahany particles. Wherthe particles
move away from their regiositions in anydirection underthe externafforces,the elastic
forces will exert on the particles to pull thetowardstheir original position. Atthe same
time, the damping forces which are functions of the velocity also exdhegparticles of the
deformable surfaces.

We can obtain the motion equations of the particles osuttiace from a general form of
Lagrange's equation for a system of particles.
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where,n is the degree of freedom for a systegy,...,q, are the generalizecbordinatesT
is the kinetic energy of the syste, is the generalized forces correspondingto

Because a particle has three degrees of freeateB), (ve can obtain three equations of
motion for each particle.
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Where, 6(W.D.) is the virtual work. W.D means WorkDone. 6qi is the virtual

displacement which is an assumed infinitesimal displacement of a pantisléhemass of a
particle,c is the damping parametéq,is the stiffness parameter.

The result is:
mdi +qu + K(qi - in) = Fi + Pi 1=1,2,3 )
or mdi +cc'|i +Kg =F +P + inO 1=1,2,3 4)

The first term on the left of equation (3) is the inertial force of the particle. The seoond
is the dampindorce. The third is the elastic foradue to theparticle moving away from its
original position Y which is importanfor the integrity of thesurface.When the external

forcesexert onit, the surface will be deformed untthe elasticforces balance the external
forces. The first ternF; on the right of equation (3) is the sumentternalforces whichexert

on the particle. Thesecondterm P is thesum ofinternal forces amonghe particles. Of
course, the equations (3) and (4) are also expressed by the vectors.

We also can obtain the equation (3) from (1) if suitdislg) and discretization are used.

If m, candK are supposed to ®nstant and are not equalzero,the equatior(4) is a
linear and non-homogeneous difference equation of second order with constant coefficients.
If forces onthe right of equation areonstant, whichmeans the direction and magnitude of
the forcesare constantthe analyticakolutionsmay beobtained. We shalfliscussthe case
with variableforces andvariable coefficientsater. Forthe timebeing,the problem become
easy. Usingthe rootsr, andr, of the auxiliaryequation, wemay find two independent
solutions of corresponding homogeneous equations. The general solutions of it are:

Loy #rn, g =Ce" +Ce? i=1,2,3
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2. = =T, g = (C +C2t)er i=1,2,3

3. np=a+bi, r,=a-hi; ! = e®(C, cosbt + C,sin bt) i=1,2,3

It is easy to findhe particularsolution ofthe givennon-homogeneous equation(®hile
the general solution of the non-homogeneous equation(4) is the shenprticular solution
and the general solution of corresponding homogeneous equatitnessufface is isotropic



all of the particles have sammassm, same damping parameterand samestiffness
parameter K. The problem is to find the initial value and the particular solution for.forces

How abouthe features ofhis motion equation®ig. 1 showsthe features of the motion
equation under differertonditions. Fronthe figures wecan know several features of the
particles onsurfaces. Firstlyall thefunctions of positionyelocity andacceleration of the
particle havecontinuous seconderivative on(0, +%). Secondly, ifthe externaforces do
not exert on the particle, the particle has high ability to go back to its rest pagjt(onginal
position). Then, if the external forces exert on the partieée particle carsmoothly move to
the position which depend otie forces and at whickhe elastidorcesbalance the external
forces. Finally,the timeand behavior of movement depend on the damping parameter
stiffnessparametelK and themassm of the particle. On othewords, the features of
movement depend on the properties of $hefaces. As a resulthe particlesystems with
such features are suitable to create and animate deformable surfaces.
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Fig. 1. The features of the motion equation

3. Using Discretization and Time-step Method

Because of usinthe analyticalsolution, discretization and time-stemethod, our
approach is flexibldéor creating and animating trsairface. In this section, wahall discuss
several problems we often meet when the method is applied.

3.1 The external and internal forces

In our method, the important forces are the forces which control the shape evolution of the
surfaces. The fordeé in the equation (3) is the external force which exerthenparticle. For
the surfacesthe force fieldshould bedefined or calculatedsuch asgravity field, external
force field etc.. External forces are directly controlled by the user.

The forceP is the sum of the internalforces whichexert among theparticles. The
interparticle force® can be determined by tipeoperty ofthe surface.They may have a lot
of forms depending othe application. Insome situations, we donfteed to consider the
forces amonghe particles aall, namelyP = 0. For examplethe application of thekin in
section 4. In the example of deformable head in section 4, wecalalylate the radidbrces
approximately according to the change of the volume and do not cotisderces between
the particles. In this situatiorthe elastidorcesbalance the extern&brces, and theelastic
forces of the particles guarantee the integrity ofstiiéace. In somether situationsuch as
the membrane shrinking around a jack, the forces between the pasticldd be considered
in order to obtain more realisttesults. For this exampl#)e forces amondhe particles are
supposed to be the elastic forces. In fact, we have a lot of methods to define the forces among
the particles. Usingliscretization, theslasticforces withvariablestiffnesscan beobtained.
Forces can be also defined to be pull or push forces proportiothed thstance between two



particles. Also,the forces with verylarge stiffnesscan be defined so that the distance
between the particles is almost fixed, and so on.

We can get all kinds of effect of woveloth by defining the interndbrces between the
particles andusing the suitabletopology of the surfaces. For example, we use the
guadrilateralpolygons andlefine thatone direction isvarp andthe other direction isveft,
and theforces onthe warp andthe forces onthe weft are defined to balifferent. For
instance, the forces on the warp aiétla larger than those ote weft becausé¢he warp is
usually wider tharthe weft. We can get the effect of the plaimeave. If wechange the
topology of surface and the internal forces betwiberparticles, wecan get anothekind of
woven cloth.

The externalorcesF and the internaforces P control the movement arghape of the
surface. The forces only haveinfluence on the particulasolution of the given non-
homogeneous equation(4) and do not have influencthemenerakolution of it. So, the
shape of surfaces can be easily controlled by controlling the forces.

3.2 The variable forces and variable coefficients

In the lastsection, the forces were supposedonstant on the right oéquation(3).
Generally, the forces are not constant, but functions of the position and time. If the forces are
not constant, we alsoan find the analyticalsolution in some situations. In fact, this is
difficult and oftenuselessbecause discretization and time-step method have upssh to
solve the problems. Consider, for example, the variable forEggin2, discretization can be
used as shown in Fig. 3. In this caes force is constarturing each interval of théime.
And, the discretization guarantees thealytical solutions ofthe motion equation§4) and
thus changes the problem from a variable force to finding particular solutions.
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Fig. 2. Variable force Fig. 3. Variable force (discretization)




Similarly, wecanalso usethe discretization to extend the motion equat{Bjp to an
equation with variablecoefficients. First, the discretization of variable coefficients is
performed with the coefficients constant during time interval. Then, motion equations may be
solved as equations with constant coefficieRts. a newtime interval, the coefficients are
changed using new discrete values, tredanalyticakolutionscan be determinedgain. By
repeating the process step by stép, problemwith variable coefficients is transforméato
the problem with constant coefficients.

3.3 The elastoplastic model in graphics

Becausdhe method idlexible, we can make the deformabkurface to beelastic or
elastoplastic, even plastic as required.

For the sake of clearness, we briefly discuss the idea of elastoplastic by meatresd-a
strain diagram. A stress-stragiagram correspond tahe relationship between load and
deformation, which usually depends the material[7]. Different materials have different
stress-strain diagrams. Fig. 4 showstygical engineeringtress-strairdiagram intension.
The diagranshown in Fig. 4defines two ranges ahaterialbehavior,the elasticand the
plastic (or inelastic) ranges. In general, the elastic range is the part of a linear relation between
the stressand thestrain, which isrepresented by segment OB kig. 4. If the load is
removed within therange,the material will regaints original dimensions and is said to
behave elastically. Beyond the range itheterialdose notregain its original dimensions and
the permanent deformati@ppears. This ithe plastic or inelastic rangehich the segment
BF represents in Fig. 4he plastic rangshows anonlinear relation between tis¢ress and
the strain. The dash line which parallels the segment GAgin4 representshe behavior of
the material inunload after thenaterial are loaded up to Gyhich meanghe material is
elastoplastic.
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Fig. 4. Behavior of material

The permanent strain should be determined bgttless. But, we doot exactly calculate
the stress and strain time surface and do not considiie state obtressand strain for any
point. This means that we just use the idea of elastoplastic of mechanics in the graphics rather
than the strict method of elastoplastic theory. From EquéBprnwe know, wherthe forces
are removed the particles will go back to original positighsFor eachstepthe deformation
of the surface is calculated. the deformation is largenough ovetthe elasticlimit, the
permanent deformation is calculated &l kinds of the approximatenethod. Then, the
permanent deformation issedinstead of the origingbosition g,. So, wherthe forces are

removed the permanent deformation appears on the surface.

4. Simulation Examples

In this section, we describe a few examples that camib®ated in near-real-time on SGI
Indigo-2.

4.1 The skin with wrinkles

This method is suitable to creatend animate theskin with the wrinkles because the
surface developed by the method has the hlgjlity to go back to origingbosition. In fact,
the realskin appears smooth undie pressure othe blood andthe muscle, and most of
wrinkles on the skin always appear at same place. Fig. 5 sheeeeofskin of a forehead.
At first, the skin with wrinkles is made, which is easy to dbene. The usercan design



various wrinkles on the skin. Then, put it on the frontal bone by the fawndst it smooth

as (a). when the forces are released (the eyebrow upward), the wrinkles appear on the
forehead. (b) - (d) show the different wrinkles. Finally, the forces exert on the skin again (the
eyebrow move downward), the skin become smooth again.

4.2 The head

Fig. 6illustrate another application of the methasing our Marylin'spolygonal head.
Every vertex of thepolygon is used as particle with mechanicalproperties attached.
Therefore, thegeometricalurfacesare changed into the elassiarfaces of physically based
modeling. In fact, thisnethod can be combinedth surfaces of arbitrarjopology. At the
beginning, no forces are exerted the head aga). When theforcesexert on the top of the
head,the head are deformed @3 - (d). When theforcesareremoved,the deformed head
recovers to its original shape as (e) and the top of head can vibrates severatdimédsthe
original position, which can be controlled by the damping pararoeter

4.3 The membrane shrinking around a jack

A shrink wrapeffect isshown in Fig. 7. Fig.7(a) showe model of the jackvhich
consist of six balls on the cross rods. Fig.7(b) shows the membrane surrojauk thefore
shrinking. When the externdbrcesexert onit, the membrane wilshrink until the elastic
forcesbalance the externébrces. Fig.7(c) showshe shrinking result undesmall forces.
Fig.7(d) shows the shrinking result under large forces.

4.4 The elastoplastic surface

Fig. 8 show a&imple test of the elastoplassarface on shellThe slider can control the
permanent deformation on the shell. Fig.8(a) shows the shell wiacforce is exerting on.
The other imageshowthe different permanent deformation on the shdlen the force is
removed, from 100%lastic surface (plasticity = 0) td00% plastic surface (plasticity =
100%).

5. Discussion

In this paper, waaveshownthat deformablesurfaces based guarticle systemsnay be
as realistic as thatsing continuous systemshese particle-basexirfaceshave alsomany
advantages as statadove. From anathematicapoint-of-view, wehave used a series of
simple methods in this paper, such as analytical solution, discretization and time-step method.
All the methods can approximately change rtr@hematicaproblems to solvalifferential



eqguations whicldon't have analyticatolution into elementary mathematic$herefore, we
can make use of a lot ofiethods ofelementary mathematics to define the intefaetes, to
calculate the position and so on. We also use approximate methzalsulate thestress and
strain on the elastoplastic modelgraphics. Of course, wean calculate the exact value of
the stressand strain fieldusing elastoplasti¢heory, but this is noinecessaryThe methods
we use are simple, but they satisfy the requirements for good visual results.

The method proposed has many advantages:

» Good stability and convenienceBecause the analyticablutionsare used,there is no
problem of convergenc&he deformablesurface is very stable even under véarge
deformations. The calculation is very easy to implement, and the visual result is realistic.

» Efficiency Because the calculation is more simphel more effective, the result can be
obtained quickly. Using the method, interactive animation caobkeined. For example,
for Marilyn’s head deformation, 60 frames were obtained on SGI Indigo-2 in 20 seconds
(3 frame /second). Fothe example of membrarshrinking around a jack, 6fames
were produced in 25 seconds to 40 seconds (1.5 - 2.4 frame / second). Time is dependent
on the condition of the surface, such as forces, stiffness and so on.

» Wideapplication The method may be easily applied to &myd of deformable surface
without topology limitation, from small deformations to very ladgformations, from a
movement with smaldamping, even nodamping, to amovement with verylarge
damping, etc. So, the method can be usettdateand animate theskin with or without
wrinkles, cloth, paper, rubber, plastic and other surfaces etc..
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Color Figure Captions

Fig. 5. Skin of a forehead with wrinkles
Fig.6. Head with elastic surfaces

Fig.7. Membrane shrinking around a jack
Fig. 8. Test of elastoplastic surface



